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Coffee is one of the most popular and consumed beverages worldwide, and caffeine is
its best-known component, present also in many other beverages (tea, soft drinks, energy
drinks), foodstuffs (cocoa, chocolate, guarana), sport supplements and even medicines.
Besides caffeine, many other components, either beneficial for health (chlorogenic acids,
polyphenols, diterpenes, micronutrients, melanoidins, fiber) or not (lipids in unfiltered
coffee, or acrylamide resulting from coffee bean roasting), are present in coffee. Just to illus-
trate the scientific interest of coffee and caffeine, when these terms are combined in PubMed
(as “coffee OR caffeine”), almost 50,000 papers can be retrieved (as of 10 August 2021).
Furthermore, from 2000 to 2020, the number of manuscripts published per year has more
than doubled (from 972 to 2601). Within this context of increasing interest in the topic, the
Special Issue (SI) on “Coffee and Caffeine Consumption for Human Health” has collected
twenty-one manuscripts (five narrative reviews and sixteen original articles, including two
meta-analyses).

Most of the original reports obtained information on coffee or caffeine consumption in
humans through dietary surveys or interviews. These studies have the limitation of recall
bias. In addition, caffeine content needs to be estimated for most foods from packaging,
databases, scientific literature or extrapolated from similar foods, although in some cases
it was directly measured from samples of coffee or soft drinks. Rochat et al. found that,
in agreement with reports from other high-income countries, coffee is the main source of
caffeine consumption in Switzerland, mostly consumed early in the morning (6–9 am),
although some differences were found across age groups, smoking status, and linguistic
regions [1]. Cultural differences in coffee/caffeine consumption are important and may
contribute to the health effects observed in different geographic regions. Furthermore,
coffee/caffeine consumption may be likewise modulated by expectation (placebo) effects
and vice versa. Mendes et al. translated, adapted, and validated the Caffeine Expectancy
Questionnaire (CaffEQ), originally designed for the American population [2], to the Brazil-
ian culture (CaffEQ-BR), and confirmed that coffee is the main source of daily caffeine
intake in Brazil [3], the largest coffee producer and exporter in the world market.

Most studies tried to determine whether there is an association between coffee/caffeine
intake and different health outcomes. Rodas et al. specifically evaluated the effect of caf-
feine intake, physical activity levels, and sedentary behavior on the inflammatory status in
healthy staff and students at the University of the Balearic Islands (Mallorca, Spain). In this
sample, sedentary behavior and body fat accumulation had clear pro-inflammatory effects,
whereas regular but relatively low caffeine consumption (whose main source was also
coffee) could not be demonstrated to exert robust anti-inflammatory effects [4]. Antwer-
pes et al., analyzed the relationship between regular coffee intake and neurocognitive
performance in patients coinfected with human immunodeficiency virus and hepatitis C
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virus, who experience an accelerated aging process and cognitive impairment. The authors
showed a positive association between elevated coffee intake (three or more cups per day)
and neurocognitive functioning parameters, even after adjusting for liver disease corre-
lates, suggesting that coffee intake may be neuroprotective in these patients [5]. Likewise,
Herden and Weissert studied the effect of coffee and caffeine consumption on patients with
multiple sclerosis (MS)-related fatigue. Importantly, the authors showed that coffee intake
did not cause severe side effects in MS patients and identified a specific set of patients
who might benefit from coffee consumption [6]. One meta-analysis evaluated the effect
of caffeine consumption on the risk and progression of Parkinson’s disease (PD). Individ-
uals consuming caffeine on a regular basis had a significantly lower risk of developing
PD during follow-up evaluation, and those that already had the disease and consumed
caffeine showed a significantly decelerated PD progression. However, Hong et al. could
not determine the optimal daily dosage or food source of caffeine [7]. According to the
review by Jee et al., coffee/caffeine neuroprotective effects seem to be broader and sex-
and age-specific. Indeed, they concluded that caffeine consumption reduces the risk of
stroke, dementia, and depression in women and that of PD in men. Nevertheless, it may
increase sleep disorders and anxiety disorders in adolescence in both men and women.
They suggested that caffeine use should be individualized according to sex (and age) in
the context of neurologic and psychiatric diseases [8]. Nowaczewska et al., on the other
hand, reviewed the ambiguous role of caffeine in migraine headache. They did not find any
scientific evidence showing that a single dose of caffeine may trigger migraine, although it
may influence migraines (i.e., through its vasoconstrictor actions during the premonitory
symptoms). Chronic caffeine overuse may lead to migraine chronification and sudden
caffeine cessation may trigger migraine attacks. Thus, as recommended by the authors,
migraine sufferers should avoid caffeine withdrawal headache by keeping a consistent
daily intake, not exceeding 200 mg [9].

Three studies evaluated the relationship of coffee consumption with the risk of
metabolic, endocrine, or cardiovascular diseases according to genetic polymorphisms.
Using data from the Korean Genome and Epidemiology Study (KGES), Jin et al. identified
five single nucleotide polymorphisms (SNPs) related with habitual coffee consumption
in this Korean population and showed the lowest risk of prediabetes and type 2 diabetes
among black-coffee consumers with minor alleles of these SNPs compared with those with
major alleles [10]. Using data from KGES too, Han et al. found that subsets of genetic
variants in the adenosine receptors (involved in caffeine signaling) gene family modulate
the effect of coffee intake on dyslipidemia risk in a sex-dependent manner [11]. In the third
study, Liu et al. found that consumption of coffee was significantly associated with a de-
creased risk of coronary heart disease among Taiwanese adults carrying the GG genotype of
TRIB1 (tribbles pseudokinase 1, a gene involved in cholesterol metabolism and atheroscle-
rosis process) [12]. These three examples of genetic studies strongly suggest that dietary
guidelines for coffee intake in the prevention and management of metabolic, endocrine,
and cardiovascular disorders should consider the influence of genetic polymorphisms.

The main problem with the survey/interview-based studies is the lack of accurate
information regarding type (roasting) or brand of coffee, caffeine content (caffeinated,
decaffeinated), methods of preparation (boiled, filtered, brewed), and consumption of
other caffeine sources. Thus, quantification of daily consumption of caffeine (and other
compounds) is a real challenge in this kind of studies. Moua et al. tried to overcome
this limitation by using volume of coffee consumed (not number of cups) in a dose-
response meta-analysis of the association between coffee consumption and c-reactive
protein, a general biomarker of chronic inflammation. Unfortunately, heterogeneity of
study populations (differences in sample size; cultural differences in coffee composition;
relevant individual confounders such as age, sex, body mass index, smoking, alcohol
intake, diet, activity, comorbidities, etc.) produced inconsistent associations [13]. Thus,
in addition to collecting detailed information on coffee type and preparation method,
measuring biomarkers of coffee consumption such as urinary metabolites may be helpful to
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more precisely determine the amounts of bioactive compounds consumed and their effects.
In this sense, Wu and Chen explored the association between urine caffeine metabolites
and urine flow rate, using data from the US National Health and Nutrition Examination
Survey (NHANES) and metabolomics for urine analyses. The association was positive,
with more metabolites showing certain flow-dependency in males compared to females
and in young compared to elderly participants [14]. This factor is important to correctly
interpret urinary data regarding caffeine.

Intervention studies allow to establish more robust cause-effect associations. In this SI,
two original studies used a double-blind, placebo-controlled crossover design to evaluate
the ergogenic effects of caffeine. In 13 males and 17 females, Fuller et al. examined the
effects of trait (long-standing pre-disposition) mental and physical energy and fatigue
to changes in moods, cognitive and fine-motor task performance. The results suggest
that evaluating trait may be a practical, low-cost method to control for interindividual
differences in the ergogenic neurocognitive effects of caffeine, without the need for genetic
testing [15]. On the other hand, Wilk et al. demonstrated that a single moderate dose of
caffeine (3–6 mg/kg b.m.) increased mean power output and mean bar velocity during an
explosive bench press throw in 12 male athletes habituated to caffeine ingestion, meaning
that caffeine enhances performance in this context, although the long-term training effects
with caffeine need to be determined [16].

This SI includes three original studies showing new data in animal models using dif-
ferent beverages for different purposes, somehow representative of those also addressed in
humans. Ahmad et al. performed a classical toxicity study in rats of the beverage Tongkat
ali, widely used in Malaysia, made of coffee infused with the additive Eurycoma longifolia.
This study demonstrated a good safety profile for this beverage in male and female rats [17].
The other rat study, by Velázquez et al., investigated the effects of caffeine alone or as
part of a green coffee extract (GCE) in lean female rats with diet-induced hepatic steatosis,
as a preclinical model of non-alcoholic fatty liver disease, a highly prevalent condition
nowadays, without specific pharmacological treatment. Using different techniques, includ-
ing lipidomics on liver tissue, the GCE, but not caffeine alone, was found to reduce liver
triglyceride levels, through a combination of different molecular mechanisms of action [18].
Whether longer treatment duration and/or higher doses might be even more effective is
unknown. In the last preclinical study, a controlled laboratory trial performed in piglets,
Treml et al. showed that a high dose of Red Bull, a popular energy drink among athletes
containing caffeine, taurine and glucose among other compounds, increased heart rate at
near sea level. However, a high dose of this beverage did not worsen tachycardia during
acute short-term hypoxia (simulating high altitude conditions). The authors demonstrated
that this beverage significantly increased pulmonary shunt fraction without changing
distribution of pulmonary blood flow during hypoxia [19]. The specific contributions of
the different components of this beverage remain to be identified.

Ruta and Farcasanu reviewed the studies evaluating the molecular mechanisms of
action of caffeine in Saccharomyces cerevisiae as a simple model of eukaryotic cell. In addition
to its three well-known mechanisms, namely intracellular mobilization of calcium, inhibi-
tion of phosphodiesterases and antagonism of adenosine receptors, the studies performed
in this yeast model have confirmed that the pleiotropic effects of caffeine involve also
key molecular mechanisms related with DNA repair mechanisms, cancer, and aging [20].
In contrast, Kolb et al. reviewed the mechanisms that might contribute to explain the
beneficial effects of habitual coffee consumption on health. The authors excluded caffeine
content as well as radical scavenging properties, anti-inflammatory activity, and genetic
polymorphisms as major contributors to coffee healthy effects. Instead, they propose
that the mechanisms involve a combination of factors promoting cell protection, namely
upregulation of proteins with antioxidant, detoxifying and repair functions through coffee
phenolic phytochemicals, as well as modulation of the gut-microbiota, through the non-
digestible components of coffee (prebiotics), although this has been scarcely explored [21].
Since the gastrointestinal tract is the first body system that gets in contact with ingested cof-
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fee, Iriondo-DeHond et al. reviewed the effects produced by coffee and its components on
the different constituents of the gut wall (mucosa, muscle layers, enteric nervous system),
the different gastrointestinal organs, the gastrointestinal tract as a whole and the brain-gut
axis, only to find that the effects of coffee and its derivatives on the health of this axis (that
affect not only gastrointestinal motility, permeability and sensitivity but also a complete
spectrum of central nervous functions and disorders, from emotions to neurodegeneration)
have not been deeply investigated yet [22].

Altogether, the current view is that coffee/caffeine intake exerts multiple health
benefits in humans, at least in specific populations (with a particular genetic profile or
suffering from specific diseases), but the specific effects in the different organs and systems,
as well as the mechanisms involved are far from clear. Furthermore, within the current
context aiming to sustainable development, the coffee plant Coffee sp. and its so-far
relatively neglected by-products are expected to become soon a source of ingredients for
new functional foods whose properties will need to be precisely determined. We hope the
readers of this SI will find inspiration for new studies on the topic.
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Abstract: Caffeine is a natural psychostimulant with a potentially positive impact on health when
consumed in moderation and a negative impact at high dose (>400 mg/day). So far, no study has
examined self-reported caffeine consumption in Switzerland. Our objectives were to determine (1) the
caffeine consumption per adult, (2) the main sources of caffeine intake in the Swiss diet, and (3) the
timing of caffeine consumption during the day. We used data from the 2014–2015 national nutrition
survey menuCH (adults aged 18 to 75 years old, n = 2057, weighted n = 4,627,878), consisting of
two 24-h dietary recalls. Caffeine content in consumed foods was systematically assessed using
laboratory analyses in samples of Swiss caffeinated beverages, information from food composition
databases, and estimations from standard recipes. Mean (±SD) daily caffeine consumption per person
and percentile 95 were 191 mg/day (±129) and 426 mg/day, respectively. We observed differences in
mean caffeine consumption across age groups (18–34 y: 140 mg/day; 50–64 y: 228 mg/day), linguistic
regions (German-speaking: 204 mg/day; French-speaking: 170 mg/day, Italian-speaking: 136 mg/day),
and smoking status (never smokers: 171 mg/day; current smokers: 228 mg/day). The three main
sources of caffeine intake were 1) coffee (83% of total caffeine intake), 2) tea (9%) and 3) soft drinks
(4%). Caffeine consumption was highest between 06:00 and 09:00 (29%) and the circadian rhythm
slightly differed across linguistic regions and age groups. The mean caffeine consumption in the
Swiss adult population was similar to that reported in neighbouring countries.

Keywords: caffeine intake; Switzerland; national nutrition survey; coffee; tea; soft drinks

1. Introduction

Caffeine is a psychostimulant naturally present in coffee and cocoa beans, tea leaves, mate,
kola nuts and guarana berries [1–3]. Short-term effects of caffeine on health are well documented:
stimulation of the central nervous system [2,4], increased metabolism [4], acute elevation of blood
pressure [2,4–6], and diuresis [4]. Caffeine is particularly known and sought for its effects on alertness [7]
and cognitive performance [7]. However, in some individuals, it can have a negative impact on sleep in
a dose-dependent manner if consumed late in the day [2,7,8]. Longer-term effects of caffeine intake on
health are more debated. A meta-analysis of randomized controlled trials indicated that caffeine may
increase systolic blood pressure after several weeks of moderate to high caffeine intake [5,9]. On the
other hand, the umbrella review by Grosso et al. [5] showed that, based on data from observational
studies (i.e., cohorts and case-controls studies), caffeine probably decreases the risk of Parkinson’s
disease and type 2 diabetes, and possibly decreases the risk of cognitive disorders. In pregnant women,
observational and experimental studies have warned about a potential increased risk of pregnancy
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loss and of infants having a low birth weight [5]. In this context, the European Food Safety Authority
(EFSA) [2] and other authors [1,6,10] recommend a caffeine consumption of a maximum 400 mg per
day in healthy adults, and 200–300 mg during pregnancy.

Data from the 2007–2012 National Health and Nutrition Examination Survey (NHANES) informed
that consumption of caffeine in U.S. adults was on average of 169 mg/day [7] and had been relatively
stable for at least 10 years [7,11,12]. In Western Europe, the average daily intake of caffeine is similar as
in the U.S [2,7]. In Europe, the most important sources of caffeine are: (1) coffee, (2) cola-based soft
drinks and 3) tea [13]. Currently, little is known on the timing of caffeine consumption throughout the
day [14]. One study in the U.S., based on the 2007–2012 NHANES data, showed that caffeine is mainly
consumed before noon (70% of total daily intake) with a peak between 06:00 and 09:00 (40%) [7].

In Switzerland—a wealthy country whose population exhibits one of the highest life expectancies
worldwide [15] and where dietary habits highly vary between the three main linguistic regions
(German, French and Italian) [16]—information on caffeine consumption is lacking, although some
data on 24-h urinary caffeine and methylxanthine excretion in the general adult population have
been recently published [17]. Therefore, we quantified caffeine consumption in the Swiss population
aged 18 to 75 using data from the first national nutrition survey, menuCH. We calculated the average
consumption of caffeine per person, as well as the main sources of caffeine in the Swiss diet and the
timing of caffeine consumption during the day.

2. Methods

2.1. Study Design and Population

This study uses cross-sectional data from the first national population-based nutrition survey in
Switzerland, menuCH, conducted between January 2014 and February 2015 [16]. A stratified random
sample covering the three main linguistic regions and five categories of predefined age between 18 and
75 years was taken from the national sampling frame for surveys of persons and households by the
Federal Statistical Office [18]. Out of the 5496 eligible people invited and reachable by phone, 2086 took
part in the survey (response rate: 38%) [19]. Among them, 2057 participants had two complete 24-h
dietary recalls (24 HDR). This survey was conducted in accordance with the guidelines of the Helsinki
Declaration and all participants signed a written informed consent. The survey was registered in the
primary clinical trial registry (ID number: ISRCTN16778734). Further information about menuCH is
available in these references [16,19,20].

2.2. Dietary Assessment

Details on dietary assessment methods were described in a previous article [20]. In brief, dietary
intake was assessed by dietitians through two non-consecutive 24 HDR, spread across all days of the
week and all seasons. The 24 HDRs were multiple-pass automated using the GloboDiet®software
(International Agency for Research on Cancer, Lyon, France), which had been adapted to the Swiss
food market. To support survey participants in food intake quantification, dietitians used a set of
about 60 actual household measures (e.g., cups, glasses, spoons, plates) and a picture book with 119
series of six graduated portion-sizes and with the household measures [21]. The picture book was
particularly useful for the second 24 HDR conducted by phone. Detailed descriptions of all consumed
foods, beverages, and ingredients of recipes, including flavours and brand names, were collected.
For coffee-based beverages, information about caffeine content (i.e., decaffeinated vs. caffeinated
coffee) and the preparation method (i.e., prepared from instant powder vs. not) were available.
We had, however, no information regarding the brewing methods, such as made from branded
capsules, coffee maker brand, moka pot, etc. All foods were grouped into five groups: (1) beverages
made of coffee and/or coffee substitutes (e.g., chicory coffee), (2) tea and mate (e.g., white, green and
black tea, jasmine tea), (3) soft and energy drinks (e.g., Coca Cola®, iced teas, Red Bull®), (4) pure
chocolate and chocolate-based confectionary (e.g., chocolate bars, chocolate spread, chocolate powder,
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Easter Bunny) and (5) all other foods (e.g., mocha yogurt). These groups came from the pre-defined
GloboDiet®classification (18 food groups and 85 subgroups) and were selected based on the published
literature [2,12,13,22].

2.3. Estimated Caffeine Content (Most Foods)

We estimated the caffeine content for most foods reported by survey participants following
a systematic approach, described in Supplementary Figure S1: (1) contain caffeine (e.g., coffee),
(2) may contain caffeine depending on flavour, brand, etc. (e.g., soft drinks), (3) do not contain
caffeine (e.g., vegetables). Since the Swiss Food Composition Database [23] does not include caffeine,
the caffeine level reported on the packaging, when present, and the American (ndb.nal.usda.gov) and
Canadian (food-nutrition.canada.ca) food composition databases, were the main references to assign
caffeine value in consumed foods (see values in Supplementary Table S1). For some specific Swiss or
European foods or recipes manufactured locally (e.g., branded chocolate bars), we estimated caffeine
content based on the quantity of ingredients containing caffeine from standard recipes/compositions:
e.g., cocoa or chocolate powder, milk and dark chocolate. If no information was found in these
references, we used values published in a scientific article (e.g., white tea [24]). Finally, we relied
on www.caffeineinformer.com for Jasmin tea (reported 22 times out of a total of 121,047 reported
foods) and mate (8×), and www.frc.ch/yaourt-a-la-cafeine for mocha yogurt (122×) to estimate caffeine
content. For foods having “coffee extract” in their ingredient list (22×), we extrapolated their caffeine
content from similar foods because we could not find this item in food composition databases nor the
literature. When caffeine concentrations were estimated to be less than 1 mg/100 g of product (70×,
e.g., rocket ice cream with coated chocolate on the top), we assigned these foods a caffeine content
equal to zero for simplification.

2.4. Measured Caffeine Content (Coffee and Soft Drinks)

For coffee and a few soft drinks, we measured the caffeine content in Swiss samples. Several
reasons justify this decision: (1) coffees and soft drinks are the main providers of caffeine in Western
Europe [13], (2) we found large differences regarding their caffeine content in food composition
databases and literature, and (3) coffee preparation and soft drink recipes/compositions may vary
from country to country [25]. In total, we collected 8 samples of soft drinks and 42 samples of
coffees for laboratory analyses (Supplementary Table S2). For soft drinks, we measured caffeine
in five branded cola-based soft drinks (i.e., Coca Cola®and Pepsi®) and three branded iced teas.
As for coffee, we measured caffeine content in ristrettos (about 35 mL, according to menuCH data),
espressos (about 64 mL), and lungos (about 144 mL). In this study, we focused only on caffeinated coffees.
Decaffeinated coffees were assigned a caffeine concentration of 2 mg/100 mL based on previous analyses
conducted in the same Swiss laboratory (unpublished data). In addition, this value corresponded to
information found in the literature [26]. Ristrettos were divided into two categories: “self-made” (one
Nespresso®capsule) and “take-away/restaurant/vending machine” (four different places). Espressos
and lungos were each divided into three categories: "powder-based" (one Nescafé®instant powder),
“self-made” (three different Nespresso®capsules), and "take-away/restaurant/vending machine" (four
different places). For each type of coffee, two samples were collected, one directly after the other and
both results were averaged. Levels of caffeine, paraxanthine, theophylline and theobromine were
quantified by ultra-high-performance liquid chromatography (Waters ACQUITY UPLC system, Waters
Corporation, Milford, USA) coupled to a tandem quadrupole mass spectrometer (Waters TQD) with
electrospray ionization. The limit of quantification for all analytes was 5 ng/mL. The method was
validated according to international guidelines using a stable isotope-labelled internal standard for
each analyte (detailed method available on request). Because we only had information on whether the
coffee was prepared from instant powder or not (no information on brewing method), and because
there were important variations regarding caffeine content measured in “self-made” coffee (capsules)
and coffee prepared in “take-away/restaurant/vending machine”, we calculated an average caffeine
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concentration in ristrettos (265 mg/100 mL), espressos (119 mg/100 mL) and lungos (67 mg/100 mL) by
hypothesizing that 2/3 of coffees were “self-made” using branded capsules and 1/3 were bought in
"take-away/restaurant/vending machine" [27]. The contents of caffeine in coffee-based beverages (e.g.,
cappuccino, latte macchiato) were then calculated from these data using standard recipes/compositions.
For details on the estimated and measured caffeine content in the different foods, see Supplementary
Table S1.

2.5. Anthropometry and Other Parameters

Following the World Health Organization’s MONICA Manual [28], dietitians measured body
weight and height to the nearest 0.1 kg/cm with a calibrated Seca 701 scale, equipped with a Seca 220
telescopic measuring rod (Seca GmbH, Hamburg, Germany) [20]. For pregnant and lactating women,
or where measurements were impossible (e.g., disability, refusal), self-reported weight and/or height
were used (n = 34) [16,28]. Body mass index (BMI) was then calculated and categorised as follows:
normal weight (BMI < 25 kg/m2), overweight (25 ≤ BMI < 30 kg/m2), and obesity (BMI ≥ 30 kg/m2).
A standardized questionnaire was used to assess: (1) sex [men, women], (2) age [age groups: 18–34 years,
35–49 years, 50–64 years, 65–75 years], (3) the language region based on home address (German-,
French-, Italian-speaking parts of Switzerland), (4) nationality [Swiss, not Swiss], (5) education [lower
(max. 1–2 years after compulsory school), middle (3–4 years after compulsory school), higher (>5 years
after compulsory school)], (6) household income [lower (<5999 CHF), middle (6000–8999 CHF), higher
(>9000 CHF)] and (7) smoking status [never smokers (<100 cigarettes in life), ex-smokers (used to
smoke, >100 cigarettes in life), current smokers (occasional or daily smokers)].

2.6. Statistical Analyses

Usual daily consumption of caffeine intake was modelled out of the two 24 HDR (n = 2057)
using the Multiple Source Method (MSM, https://nugo.dife.de/msm) [29]. MSM has been developed
to predict typical consumption based on short-term measurements, such as 24 HDR, accounting for
day-to-day variations (within-person variations). In MSM, we assumed that all survey participants
were potential consumers of caffeine. We calculated the percentage of people with consumption of
caffeine potentially harmful for health based on thresholds defined by EFSA: i.e., 400 mg/day and
5.7 mg/kg/day [2]. The contribution of main food group sources of caffeine was estimated using the
mean intake of the two recorded days (no use of MSM). The timing of caffeine consumption was
assessed only in the first 24 HDR, as was the case in Lieberman et al. [7]. We estimated caffeine
intake per 3-hour period [7] and per hour [11], assuming that the time of meal/snack start reported by
survey participants was the time of consumption. Findings are presented by sex, age groups, linguistic
regions, and when appropriate, nationality, educational level, income, smoking status, and weight
status. All results were weighted for age, sex, marital status, administrative regions of Switzerland,
nationality and household size to take into account sampling design and non-response. Results were
also weighted to correct for the slightly uneven distribution of 24 HDR over seasons and weekdays.
The weighing strategy intends to provide results that are more representative of the Swiss population
aged 18 to 75 years old and of any day in the year. A detailed documentation about the weighting
strategy is available at https://menuch.iumsp.ch/index.php/home. All statistical analyses were carried
out using STATA version 13 (Stata Corp., College Station, TX, USA).

3. Results

Table 1 describes the daily caffeine consumption across selected strata. Mean (± SD) of caffeine
for the entire Swiss population aged 18 to 75 years was 191 mg/day (± 129) with a P95 estimated
at 426 mg/day. Mean caffeine intake was higher in men than in women, with 210 (± 138) and 172
mg/day (± 117), respectively. Pregnant women (n = 14) had a much lower caffeine intake, with a mean
intake of 74 mg/day (± 49) (data not shown). P95 for men and women were 445 and 388 mg/day,
respectively. The daily consumption of caffeine tended to increase with age with a peak in people aged
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50–64 years, then decreased in those aged 65 to 75 years. People aged 18–34 years had a mean intake of
140 mg/day (± 111), 35–49 years of 202 mg/day (± 134), 50–64 years of 228 mg/day (± 135) and 65–75
years of 202 mg/day (± 111). We also found differences across linguistic regions: German-, French-
and Italian-speaking had a mean caffeine intake of 204 (± 136), 170 (± 112), 136 mg/day (± 85) and P95
of 445, 399 and 270 mg/day, respectively. Smokers (228 mg/day ± 152) appeared to be larger caffeine
consumers than ex-smokers (197 mg/day ± 115), who themselves consumed more caffeine than never
smokers (171 mg/day ± 121). Table 1 also highlights that P95 was above 500 mg/day in three groups of
the Swiss population: smokers, people with lower education, and obese people. No major differences
were found with respect to nationality and income.

Supplementary Table S3 describes the daily caffeine consumption per kilo of body weight. Mean
(± SD) caffeine consumption in the entire population was 2.66 mg/kg/day (± 1.78), with equivalent
values in men and women. Table 1 and Supplementary Table S3 also highlight that 6.6% and 5.6% of
the Swiss population consumed more than 400 mg/day or 5.7 mg/kg per day of caffeine. None of the 14
pregnant women had a caffeine intake above 200 mg/day (data not shown).

Figure 1 and Supplementary Figure S2 show the main food group sources of caffeine, in relative
values (percentage of total intake) and absolute values (mg/day), respectively. The three main sources
of caffeine intake at the population level were (1) coffee (83% of total caffeine intake), (2) tea (9%)
and (3) soft drinks (4%). Men consumed more caffeine from coffee and soft drinks than women: i.e.,
86% (184 mg/day) and 6% (12 mg/day) in men, compared to 81% (139 mg/day) and 3% (5 mg/day)
in women. In contrast, women consumed more caffeine from tea: 12% of total daily caffeine intake
(21 mg/day) compared to men with 6% (13 mg/day). Coffee was the main caffeine provider in diet
among all age groups, and relative values increased with age, from 73% to 87% of total caffeine intake.
Respectively, people aged 18–34 years consumed 73% (101 mg/day) of caffeine from coffee, 35–49 years
85% (174 mg/day), 50–64 years 87% (203 mg/day) and 65–75 years 87% (173 mg/day). The absolute
intake of caffeine from tea increased with age, with 16 mg/day in the youngest group (18–34 years) to
20 mg/day in the oldest group (65–75 years). Both absolute and relative values of caffeine intake from
soft drinks decreased with age, from 11% (15 mg/day) in 18–34 year olds to 1% (1 mg/day) in 65–75
year olds. Individuals residing in the German-speaking, French-speaking and Italian-speaking regions,
respectively, consumed caffeine mainly from coffee at 85%, 79% and 85%, and from tea at 7%, 14%
and 9%.

Table 2 shows the distribution of caffeine consumption during the day by sex, age group and
language region. Caffeine intake in the entire Swiss population was the highest between 06:00 and
09:00 (29%), then decreased gradually during the day: 26% (09:00−12:00), 16% (12:00–15:00), 14%
(15:00–18:00), 9% (18:00–21:00) and 3% (21:00−00:00). More than half of the caffeine (58%) was consumed
in the morning between 03:00 and 12:00. No major differences were found between men (57%) and
women (59%). The largest differences in caffeine consumption regarding age were observed between
06:00 and 12:00. From 06:00 to 09:00, caffeine intake was higher in older people: 22% in people aged
18–34 years and 37% in 65–75 year olds. The trend reversed in the second half of the morning (09:00 to
12:00) with the largest caffeine consumption among people aged 18–34 years (33% of total daily intake)
compared to those aged 65–75 years (19%). The German-speaking and French-speaking regions had
similar caffeine consumption trends over the day. However, the Italian-speaking region consumed
more caffeine in the early morning (40% from 06:00 to 09:00) compared to the other two regions: 28%
and 31% for German- and French-speaking, respectively. For more information on hourly caffeine
consumption, see Supplementary Figure S3.
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4. Discussion

The mean caffeine intake of the Swiss adult population was 191 mg/day, with higher intake in the
age group 50–64 years (228 mg/day), the German-speaking region (204 mg/day), smokers (228 mg/day),
and obese people (217 mg/day). In the Swiss population, the three main sources of caffeine consumption
were (1) coffee (83%), (2) tea (9%) and (3) soft drinks (4%). Caffeine was mostly consumed between
06:00 and 09:00, then its intake decreased during the day. The circadian rhythm of caffeine intake
slightly differed across linguistic regions and age groups.

4.1. Total Daily Caffeine Intake

Overall, the mean caffeine intake in the entire Swiss population (191 mg/day), was similar to that in
other Western European countries [2] and the U.S. (169 mg/day, NHANES data). Because Switzerland
has different food and caffeine consumption patterns across linguistic regions, we need to compare
our results found in the three different regions. Specifically, our results for the population aged 18–64
years (202, 170, and 133 mg/day for the German-, French- and Italian-speaking regions, respectively,
Supplementary Table S4) are very similar to values published in the corresponding neighbouring
countries for the same age group: i.e., 238 mg/day in Germany, 155 in France, and 139 in Italy [2].
According to our study, 6.6% of the Swiss population consumed more than 400 mg/day of caffeine,
the threshold below which it has been shown that caffeine consumption does not raise health issues
in healthy adults [1,2,6]. In this regard, we also found differences between the linguistic regions.
However, our observed percentages were lower than in the neighbouring countries (18–64 years old,
Supplementary Table S4): 8.5% for the German- (14.6% in Germany), 4.9% in the French- (5.8% in
France) and 0.3% for Italian-speaking part of Switzerland (2.1% in Italy) [2]. The comparison between
countries should, however, be done with caution because methods used in the different national
nutrition surveys were slightly different in terms of data collection years, dietary assessment methods,
and sampling design [2].

4.2. Differences Across Population Subgroups

Previous studies have shown similar results as our study with greater consumption of total
caffeine in men than in women [7,12,22,30,31]. However, this difference between sexes seemed to be
due to confounding factors, such as body weight, as shown in our study. Indeed, Mitchell et al. also
demonstrated that, when consumption is adjusted to the body weight, women consumed slightly more
caffeine than men [22]. Another study in the U.S. found no significant difference between sex after
adjusting for working hours or employment status [7]. The curvilinear association between caffeine
consumption and age observed in our study was also already documented in the literature [7,12,22,31].
Consumption increases with age, reaching a peak at around 51–70 years old and declines among
older people. Although our results suggest that people with lower education consumed more
caffeine, studies in the U.S. did not find a systematic association between caffeine consumption and
education [7,31], nor income [31]. Finally, as expected from the literature [32], our study found higher
caffeine consumption among smokers. This association might have several explanations: (1) smoking
causes the induction of cytochrome P450 1 A2 (CYP1A2), causing an acceleration of the elimination of
caffeine, which may lead to a better tolerance to caffeine [33], (2) genetic factors [34] and (3) behavioural
and environmental factors [35].

4.3. Main Sources of Caffeine

The large proportion of caffeine brought by coffee in Switzerland (83% of total daily intake) is
comparable to proportions in the U.S. [12,22] and European countries [2], with the exception of Ireland,
the United Kingdom and Latvia, for which a major source of caffeine was tea (between 52% and
60%) [2]. The main food sources of caffeine seemed to be specific to each culture, as the proportions
found in the three linguistic regions of Switzerland are, again, very similar to those published in their
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neighbouring countries [2]. In addition, we found that younger adults (18–34 years) consumed more
caffeine from soft drinks (including energy drinks) than older people. An Austrian study of young
adults showed similar results with a decreasing consumption of caffeine from soft and energy drinks
with age: 94 mg/day in 18–25 year olds vs. 74 mg/day in 26–39 year olds [36]. Mitchell et al. also
found a higher consumption of caffeine from energy drinks in younger than older U.S. adults [22].
This difference may be due to a preference for soft and energy drinks rather than coffee among young
people [37].

4.4. Timing of Caffeine Consumption

Our study showed a maximum consumption of caffeine in the morning (58%), with a decreasing
consumption throughout the day, as already demonstrated in several North-American studies [7,11,14].
For instance, Martyn et al. showed that 61% of caffeine was consumed in the morning, defined as
from before breakfast until lunch (not included), 21% between lunch and dinner (not included) and
18% in the evening (i.e., during and after dinner) [14]. Lieberman et al. found a much higher caffeine
consumption peak in the morning, with about 70% of caffeine consumed between 03:00 and 12:00 (58%
in our study) and 40% just between 06:00 and 09:00 (29% in our study) [7]. Our results have also shown
that caffeine intake in the younger population is slightly delayed in the morning (09:00–12:00 instead
of 06:00–09:00), afternoon (03:00–06:00 instead of 12:00–15:00), and evening (21:00–00:00 instead of
06:00–21:00), compared to the older population. However, it seems there are no major differences in
caffeine consumption among the four age groups, when grouping periods by two: i.e., 55%–57% of
caffeine consumed in the morning (06:00–12:00), 29%–30% in the afternoon (12:00–18:00) and 12%–13%
in the evening (18:00–00:00) (Table 2). In the U.S., Martyn et al. found a positive association between age
and caffeine intake in the morning: 18–24 year olds consumed 50% of their daily caffeine intake in the
morning, whereas those aged 65 consumed over 66% (and 23% vs. 16% in the evening, respectively) [14].
To our knowledge, no study has yet investigated the timing of caffeine consumption in Western Europe.

4.5. Strengths and Limitations of the Study

The strengths of our study were that we used data from a representative sample of the Swiss
population, we took into account all the different sources of caffeine, not only beverages, and we used
MSM to predict the usual consumption. However, since a menuCH project was not planned to assess
caffeine intake, we did not have a detailed description of the different types of coffee with their brand,
place of purchase and/or brewing method, even though this information highly influences caffeine
concentration in coffee, as shown in literature [38,39] and our measurements (Supplementary Table
S2). In this context, we lack precision in the assignment of caffeine concentration in different types of
coffees, and had to rely on averages.

5. Conclusions

To the best of our knowledge, this is the first study looking at self-reported caffeine intake in
Switzerland. The average consumption in the entire adult population was 191 mg/d, which was
consistent with data from other high-income countries, particularly neighbouring countries. Only a
small proportion of the Swiss adult population (6.6%) consumes above the maximum intake of
400 mg/day recommended by EFSA. Differences in caffeine consumption were observed across age
groups, linguistic regions and smoking status, but in all population subgroups, coffee was the main
source of caffeine intake, and caffeine was mostly consumed in the morning.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/1/28/s1,
Figure S1: Decision tree regarding food groups with or without caffeine, Table S1: Overview of caffeine
concentration in foods, by food groups, Table S2: Measurements of caffeine concentration in coffee and soft drinks,
Table S3: Daily caffeine consumption per kg of body weight (mg/kg/day), Figure S2: Main food groups sources
of caffeine (mg/day), Figure S3: Distribution of caffeine consumption per hour during the day (percentage/day),
Table S4: Daily caffeine consumption in the population aged 18–64 years old (mg/day).
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Abstract: Caffeine is the world’s most commonly used stimulant of the central nervous system.
Caffeine is present in coffee and other beverages such as tea, soft drinks, and cocoa-based foods.
The caffeine expectancy questionnaire was developed to investigate the effects of caffeine expectations
and thus contribute to knowledge about its usage and subjective effects (response expectancies).
This study aimed to evaluate caffeine expectation psychometrically in a sample of the Brazilian
population. The original version of the “Caffeine Expectancy Questionnaire (CaffEQ)” was translated
and validated into Brazilian-Portuguese and adapted to Brazilian culture to be used in the Brazilian
adult (19–59 y) population. After the translation and back-translation processes of the original
CaffEQ questionnaire, the content and semantic validation were performed by a group of experts.
The Brazilian-Portuguese version of the questionnaire consists of 47 items, in seven factors,
which assess subjective perceptions about the effects of caffeine. Interobserver reproducibility
and internal consistency of the questionnaire were tested with a convenience sample (n = 50) of
Brazilian adult consumers of caffeine sources, who completed the Brazilian CaffEQ (CaffEQ-BR)
on two occasions separated by 24 h. All of the 47 questions were adequate regarding reliability,
clarity, and comprehension. Psychometric properties could be replicated consistently. Appropriate
internal consistency and validation were confirmed by Cronbach’s alpha (α) 0.948, and an intraclass
correlation coefficient of 0.976 was observed. The CaffEQ-BR was applied using a web-based platform
to a convenience sample of Brazilian adults from all 27 Brazilian states (n = 4202 participants),
along with measures of sociodemographic and caffeine consumption data. Factor validity was
verified by confirmatory factor analysis. The seven factors presented a good fit for Root Mean Square
Error of Approximation—RMSEA = 0.0332 (95% CI: 0.0290–0.0375). By confirming the validity and
reliability of CaffEQ-BR, a useful tool is now available to assess caffeine expectations in the Brazilian
adult population.

Keywords: caffeine; subjective; expectancy; instrument; validation; Brazilian; Portuguese
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1. Introduction

Caffeine (1,3,7-trimethylxanthine) is the most widely consumed psychoactive substance in
the world [1,2] with several guidelines addressing the form of use, dosage, and limits for safe
consumption [3–5]. Worldwide, and in Brazil, caffeine intake occurs primarily through coffee
consumption [1]. The estimation of the Brazilian population’s average daily coffee intake is 163 mL [6],
being the most consumed non-alcoholic drink in Brazil [7,8]. In addition, caffeine is also widely
consumed in other foods and beverages such as cola, cocoa, chocolate, guarana, and in matte, black,
and green teas [9]. Furthermore, a range of energy drinks and sports supplements also contain caffeine
in their composition [5]. The differences in biological individuality and cultural factors can influence
the habits of caffeine consumption [10,11]. Therefore, the ingestion of products that contain caffeine is
not only associated with their sensorial characteristics and eating habits but also with caffeine effect
expectations [12].

It is well established that placebo effects are associated with caffeine supplementation, likely due
to an expectancy surrounding its effects. Double-blind studies have shown that participants receiving
a placebo treatment perceived to be caffeine improved exercise performance to a similar extent when
compared with caffeine ingestion [13,14]. Positive expectation associated with caffeine ingestion
appeared to drive this effect since individuals correctly believing that they had ingested caffeine
improved to a greater extent than the average effect of caffeine [13,15]. However, these results
were not observed in physiological variables, such as heart rate and blood pressure [16], further
reinforcing the notion that the expected effect of caffeine plays a subjective role in the belief around
its consumption [16,17]. Regarding expectancy, factors such as motivation and belief can influence
the ergogenic response of caffeine in adults [17]. Therefore, expectancies associated with caffeine
use/outcome may play an important role in the development, maintenance, and reinforcement of its
consumption patterns [12,18,19]. Studies have attempted to associate habitual caffeine consumption
with changes in mood, appetite, sleep/alertness, exercise performance, and other factors [19–21].
Based on these observations, standardized questionnaires were constructed using psychometric
techniques [22] to assess expectancy about caffeine consumption [19–21], or to evaluate the motives for
caffeine consumption [12].

In this regard, Heinz et al. (2009) [18] proposed a questionnaire with 37 items to examine
caffeine expectancy comprising four factors: ‘withdrawal symptoms’, ‘positive effects’, ‘acute negative
effects’, and ‘mood effects’. Subsequently, Huntley and Juliano (2012) [20] proposed the Caffeine
Expectancy Questionnaire (CaffEQ), a structured questionnaire based on a detailed review of the
literature and a series of preliminary studies for construction of the items. The final version of
the CaffEQ (originally in English, designed for the United States of America) includes 47 items,
evaluated using a six-point Likert scale, distributed across seven factors: ‘withdrawal/dependence’,
‘energy/work enhancement’, ‘appetite suppression’, ‘social/mood enhancement’, ‘physical performance
enhancement’, ‘anxiety/negative physical effects’ and ‘sleep disturbance’. Besides its use in the English
language, the CaffEQ was also translated and validated for German-speaking countries (Germany,
Switzerland, and Austria) by the authors Schott et al. (2016) [21].

However, since the validation and standardization of the CaffEQ questionnaire were performed
only for English and German speaking populations [19–21], there are currently no studies with Latin
American countries using the CaffEQ due to linguistic barriers and cultural differences that cause
difficulties in using the original questionnaire. In this sense, there has been no study proposed to
evaluate caffeine expectations in the Brazilian population due to the lack of a valid questionnaire in the
Brazilian-Portuguese language. Therefore, this study aimed to translate, culturally adapt, and validate
the CaffEQ to the Brazilian population (CaffEQ-BR), and also to evaluate caffeine expectations in
Brazilian adult participants. We expect that this study can provide a questionnaire with internal and
external validity to characterize caffeine expectations in the Brazilian adult population and be an easy
questionnaire to incorporate into research and clinical contexts.
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2. Materials and Methods

The present study used the original CaffEQ and translated it from the English version to
Brazilian-Portuguese [20]. The CaffEQ is composed of 47 items, evaluated using a six-point Likert scale.
In order to create the CaffEQ for the Brazilian population (CaffEQ-BR), our study was conducted in four
stages: (1) Translation, Cultural Adaptation, and Semantic Evaluation; (2) Internal Consistency and
Reproducibility of CaffEQ-BR; (3) Brazilian nationwide CaffEQ-BR application; (4) Statistical analysis.
The study was approved by the Ethics Committee of the University Católica of Brasília (Brasília, Brazil)
(number: 23019319.3.0000.0029) and followed the guidelines established by the Declaration of Helsinki.
The volunteers were informed about the study protocol and provided web-based consent.

In the present study, the survey was carried out using Google Forms™ web-based platform [23].
The online form maintained the original CaffEQ version layout and content [20]. The expert panel
suggested inserting an explanation about the meaning of the word caffeine (as well as about its main
sources) in the questionnaire heading for a better understanding of the questionnaire by the general
public, since the term “caffeine” is not common to the Brazilian population.

2.1. Translation, Cultural Adaptation, and Semantic Assessment

The translation and cultural adaptation of the questionnaire was performed according to World
Health Organization (WHO) recommendations [24]. A bilingual researcher native in Portuguese
(T.H.M.d.C.) translated the original version (in English) of the CaffEQ into the Brazilian-Portuguese
language. Subsequently, another bilingual researcher, a native English speaker (resident in Brazil for
eight years) (B.S.), with no knowledge of the original work, back-translated the Brazilian-Portuguese
version (made by T.H.M.d.C.) into English. After that, three collaborators (G.F.M.; C.E.G.R.; R.P.Z.)
compared the back-translated version (in English, made by B.S.) with the original questionnaire and
analyzed the Brazilian-Portuguese translation version to make adjustments in case of non-conformities.
The final version was agreed upon by the bilingual translators (T.H.M.d.C. and B.S.) as a final step in
the translation process.

The questionnaire was subsequently analyzed and revised by a panel of health professional experts
(n = 20) distributed across the following academic degrees: Master’s (n = 7; 35%), Doctorate (n = 9; 45%)
and Post-doctorate (n = 4; 20%), all associated with universities and all residents in Brasília Federal
District [22]. The experts individually analyzed the cultural adaptation and semantic assessment
using parameters of the ‘importance’ and ‘clarity’ of each question (n = 47) on a Likert scale of 1 to 5,
where 1 indicates “I totally disagree with the item”; 2—“I partially disagree with the item”; 3—“I
neither agree nor disagree with the item”; 4—“I partially agree with the item”; and 5—“I fully agree
with the item”. The objective was to achieve more than 80% agreement among the experts (mean > 3)
for each question [25,26]. Pending items were adjusted according to the experts’ observations and
sent back to them for compliance analysis. This process occurred until all items achieved at least 80%
agreement (mean> 3). The degree of agreement among experts in the evaluation of the ‘importance’ and
‘clarity’ of the questions was performed by the Kendall correlation coefficient (W) ranging from 0 to 1.
A W-value ≥ 0.66 indicates that the experts applied the same evaluation standards, and W-values < 0.66
suggest disagreement between experts. To approve an item, it was deemed necessary that at least 80%
agreement was achieved among the experts (W values ≥ 0.8) [26].

2.2. Internal Consistency and Reproducibility of CaffEQ-BR

The reproducibility of the translated and adapted instrument CaffEQ-BR was analyzed before
nationwide application since, before application in a large sample, it is important to test the
reproducibility (reliability) and internal consistency with a small sample size [27]. Internal consistency
refers to the variation in measurements made under changing conditions and reproducibility evaluates
the agreement between any two measurements made on the same subject [27].
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For this purpose, the questionnaire was applied using the Google Forms™ platform to a
convenience sample (n = 50) of Brazilian adults (>19–59 y) who were regular consumers of caffeine
from various sources. Participants were invited through pilot advertising on social media (for example,
Facebook™, Instagram™, and WhatsApp™). The questionnaire was answered twice (test-retest) by
each person. The second questionnaire was sent within 24 h and returned within the next 24 h.
The test-retest questionnaires evaluated reproducibility. It is important to note that the participants did
not previously know that they would have to answer the questionnaire a second time. The test-retest
reliability (reproducibility) analysis was performed using the intraclass correlation coefficient (ICC),
and the internal consistency of the factors was verified using Cronbach’s alpha (α). The number of
individuals used in this step was considered sufficient once the results were statistically significant
(p < 0.05) and the effect size was significant (alpha > 0.9 and ICC > 0.6) [28,29].

2.3. Brazilian Nationwide Application of CaffEQ-BR

In order to validate the CaffEQ-BR in Brazil and also to evaluate the Brazilian adult population,
we used a questionnaire composed of three parts: (i) sociodemographic and health-related questions;
(ii) evaluation of caffeine consumption; and (iii) the CaffEQ-BR. According to Hair et al. (2010) [30],
the process of validating a questionnaire requires 20 respondents per item (20:1). In this sense,
the minimum sample size was estimated as 940 participants to validate this questionnaire composed
of 47 items. In addition, as this is a nationally external validation study, the sample size adopted for
calculation was in accordance with the last Brazilian national census [26], with adequacy greater than
or equal to 70% of the sample distribution, according to the various states of Brazil. In the example
of the state of Rio de Janeiro, the population of 17,264,943, represents 8.22% of the population of
Brazil. Therefore, the CaffEQ-BR sample, to obtain 100% adequacy, must have 8.22% of its total sample
composed of participants from the state of Rio de Janeiro. In this way, we balanced the sample among
the states of Brazil.

The questionnaire was applied using the Google Forms™ platform to a convenience sample
of Brazilian adults from all 27 Brazilian states. Participants were recruited by advertising on social
media (e.g., Facebook™, Instagram™, and WhatsApp™) [21]. The data collection period occurred
from December 2019 to April 2020.

The initial page of the online survey presented the informed consent form with details of the
inclusion criteria: (i) adults (>19–59 y) [31,32]) living in Brazil; (ii) regular consumer of caffeine
sources (at least three times per week [33]), later confirmed by the caffeine consumption questionnaire.
Those who did not agree to participate were directed to a page thanking them for their time,
while those who agreed were directed to the first page of the questionnaire with sociodemographic
and health-related questions, then caffeine consumption assessment and the 47-item CaffEQ-BR.

2.3.1. Sociodemographic and Health Data

Sociodemographic variables were gender; self-identification of ethnicity; state of the federation
of current residence; education level; and average monthly income (BRL/month/person or family).
The variables concerning health aspects were height (m) and weight (kg) (self-reported);≥150 min weekly
physical exercise; and previous diagnosis of self-reported chronic diseases with current medication.

2.3.2. Caffeine Consumption

The caffeine consumption questionnaire [33,34] was used to assess the caffeine consumed over the
past two weeks prior to the completion of the questionnaire. Participants were asked to indicate the
number of servings of coffee, tea, soft drinks, energy drinks, and other caffeine-containing products
consumed. The questionnaire also includes a list categorized into eight groups of caffeine sources:
1. Filtered or espresso, hot or iced coffee; 2. Tea sources of caffeine like mate, green and black tea;
3. Pure chocolate with 50% cocoa; 4. Chocolate beverages with 50% cocoa; 5. Cola or guarana based
soft drinks; 6. Caffeinated drugs; 7. Commercial drink sources of anhydrous caffeine or guarana
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extract beverage; 8. Sports supplements sources of anhydrous caffeine. Standardized doses of coffee,
in homemade measures, were adopted according to the national reference study [35]. The typical
serving size and caffeine values were based on the products’ manufacturer information and the food
composition table [36].

2.4. Statistical Analysis

A confirmatory factor analysis verified the factor validity. The factor validity was evaluated by
the Root Mean Square Error of Approximation (RMSEA). The RMSEA ranges from 0 to 1, where the
value 0 indicates a perfect model fit. A value of 0.05 or less is indicative of an acceptable model fit.
Caffeine intake was expressed as a mean ± standard deviation (SD). Shapiro-Wilk test was used to
evaluate the normality of distribution. The independent samples t-test was used to compare means
between gender. All tests were conducted considering a significance level of 5%. The statistical
packages IBM SPSS (Statistical Package for Social Sciences) version 22 (IBM SPSS Statistics for Windows,
IBM Corp, Armonk, NY, USA) and IBM SPSS AMOS (Analysis of Moment Structures) version 22
(Amos, IBM SPSS, Chicago, IL, USA) were used for the analyses.

3. Results

3.1. Translation, Cultural Adaptation, Semantic Evaluation, and Content Validation

The CaffEQ-BR (available in Brazilian-Portuguese in Appendix A) was constructed considering
the translation/back-translation process and the suggestions made by the expert panel. Following the
translation/back-translation phase, the first stage of semantic evaluation and content validation was
carried out by the panel of 20 experts who decided to keep 47 items with cultural and semantic
adaptations, since we chose to follow the original CaffEQ questionnaire [20]. Throughout three rounds
of assessment, with modifications in the items regarding cultural and semantic aspects, the experts
reached agreement (≥80%) on the evaluation of the 47 items in the questionnaire. After that, with a
convenience sample of 50 Brazilian adults (60% female, 36.4 ± 12.4 y, 62.2% self-identification as white),
the internal consistency and reproducibility of CaffEQ-BR were verified. A summary of the translation,
cultural adaptation, semantic evaluation, and content validation processes for CaffEQ-BR is shown
in Figure 1.

3.2. Reproducibility and Internal Consistency of the CaffEQ-BR

All seven factors of the CaffEQ-BR showed no significant difference (ICC > 0.9) in the responses
from the same individual (n = 50) (Table 1). As shown in Table 1, all seven factors indicated good
internal consistency (α ≥ 0.8) [29,37].

Table 1. Reproducibility and internal consistency of the instrument and factors of the Caffeine
Expectancy Questionnaire in Brazil (CaffEQ-BR) *.

Factors N. Items
Internal Consistency

Cronbach Alpha
(95% CI)

Reproducibility
Intraclass Correlation
Coefficient (95% CI)

Withdrawal/dependence 12 0.948 (0.923–0.968) 0.983 (0.969–0.991)
Energy/work enhancement 8 0.926 (0.888–0.923) 0.953 (0.912–0.975)

Appetite suppression 5 0.872 (0.802–0.923) 0.951 (0.903–0.974)
Social/mood enhancement 6 0.889 (0.829–0.932) 0.949 (0.900–0.973)

Physical performance enhancement 3 0.924 (0.875–0.956) 0.965 (0.936–0.981)
Anxiety/negative physical effects 9 0.872 (0.807–0.921) 0.953 (0.907–0.976)

Sleep disturbance 4 0.941 (0.907–0.965) 0.970 (0.945–0.983)
Overall 47 0.948 (0.923–0.967) 0.976 (0.935–0.989)

* For reproducibility and internal consistency of items and factors of the CaffEQ-BR, conducted with a convenience
sample of 50 Brazilian adults: 60% female, 36.4 ± 12.4 y, 62.2% of self- identification as white.
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English original version CaffEQ:
Huntley, E. D., & Juliano, L. M. 

(2012) .

Translation/Back-translation
• Brazilian-Portuguese translation  (two 

bilingual English-Portuguese translators). 
• Consensual Brazilian-Portuguese version by 

translators.
• Back-translation to check.

Version reviewed by a panel of
experts: Consensual Brazilian-

Portuguese version.

Cultural adaption, semantic 
evaluation and content validation 

(20 experts used Likert-scale): 3 
rounds

1st round:
• 42 of 47 questions presented >80% of 

agreement by a panel of experts.

2nd round:
• Experts received the modifications of 

questions  2, 11, 39, 42 and 44 which were not 
approved due to issues of clarity and/or 
importance. Only question 2 was not 
approved at this stage.

3rd round:
• A new version of  question 2 was presented 

to the experts and approved.

The bilingual translators compared 
the new Brazilian-Portuguese 
version of the questionnaire 
(approved by a panel of experts) to 
the original English version:
• The questionnaire was according to the 

original version.

Validation - internal consistency 
and reproducibility of CaffEQ:
• Convenience sample (n = 50) of Brazilian 

adults consumers of caffeine sources, 
answered the Brazilian CaffEQ two times. 

• All of the 47 questions were adequate 
regarding reliability, importance and clarity.

The internal consistency and 
reproducibility of Brazilian CaffEQ 

(CaffEQ-BR) was confirmed

CaffEQ-BR application:
• Nationwide online recruitment to participate
• 4202 Brazilian adults regular consumers of 

caffeine answered the CaffEQ-BR.

Figure 1. Flowchart of translation, cultural adaptation, semantic evaluation, content validation
processes and application of the Caffeine Expectancy Questionnaire in Brazil (CaffEQ-BR).

3.3. Brazilian Nationwide Application of the CaffEQ-BR

3.3.1. Participants

From 4339 individuals who responded to the online CaffEQ-BR questionnaire, the final sample
was composed of 4202 participants, since some participants (n = 137) did not provide all the data
necessary for their inclusion in the survey. The nationwide distribution of the participants among
the Brazilian states is presented in Figure 2. Participants were mostly from the Southeast Brazilian
region (n = 1390; 33.08%), followed by the Northeast (n = 1175; 27.96%), Midwest (n = 716; 17.04%),
South (n = 566; 13.47%) and North (n = 355; 8.45%). The state with the highest participation was
São Paulo-Southeast region (n = 683; 16.25%), and the lowest was Acre-North region (n = 18; 0.43%).
Figure 2 shows the methodological rigor of adequacy of 70% or more in the sample representation,
according to the last national census [38], since all Brazilian states achieved this goal. Figure 2 also
displays the mean of participants’ caffeine and coffee consumption by each Brazilian state.
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Figure 2. National distribution of participants and average caffeine consumption. * As this is an
external validation study of national scope, the sample calculation was performed according to the last
Brazilian national census [38], with adequacy greater than or equal to 70% of the sample distribution
according to the states of Brazil; ** caffeine in general sources. Northeast Region-Alagoas, Bahia,
Ceará, Maranhão, Paraíba, Pernambuco, Piauí, Rio Grande do Norte, Sergipe; North Region-Acre,
Amazonas, Amapá, Pará, Rondônia, Roraima, Tocantins; Midwest Region-Distrito Federal, Goiás,
Mato Grosso, Mato Grosso do Sul; South Region-Paraná, Santa Catarina, Rio Grande do Sul; Southeast
Region-Espírito Santo, Minas Gerais, Rio de Janeiro, São Paulo.

Table 2 shows the balanced distribution of participants by gender, with the highest frequency of
participants aged between 31 and 59 y (n = 2625; 62.5%) and the majority of people of normal weight
(classified by BMI between 18.5–24.9 kg/m2 [31]). More than half of the sample (n = 2328; 55.4%) was
white, as well as physically active (n = 2278; 54.2%). Graduates and postgraduates were the most
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frequent educational level (n = 2477; 59%). A monthly income between 3000.01 and 5000.00 (BRL)
was the most frequent (n = 865; 20.6%). A large part of the sample did not report having any chronic
disease (n = 3397; 80.8%). More information on sociodemographic aspects is shown in Table 2.

Table 2. Sociodemographic data, sample profile of the CaffEQ-BR study (2019–2020).

Categories
Total (n = 4202)

n %

Gender
Male 2063 49.1

Female 2139 50.9

Age

19–24 822 19.5
25–30 755 18.0
31–40 1331 31.7
41–59 1294 30.8

Body Mass Index * (kg/m2)

<18.5 106 2.5
18.5–24.9 1751 41.7
25–29.9 1498 35.6
≥30 847 20.2

Self-Identified ethnicity

Asia descendants 114 2.7
White 2328 55.4

Indigenous 41 1.0
Pardo 1330 31.6
Black 309 7.4

Without description 80 1.9

Physical Exercises ≥ 150 min/week
No 1924 45.8
Yes 2278 54.2

Educational Level

No schooling 3 0.1
Incomplete elementary school 17 0.4
Completed elementary school 37 0.9

Incomplete high school 101 2.4
Completed high school 596 14.2

Incomplete higher education 955 22.7
Higher education graduate 1162 27.6

Postgraduate studies 1315 31.3
Without description 16 0.4

Monthly Income (BRL) **

1000.00 407 9.7
1000.01 to 2000.00 769 18.3
2000.01 to 3000.00 669 15.9
3000.01 to 5000.00 865 20.6

5000.01 to 10,000.00 796 18.9
Above 10,000.00 575 13.7

Without description 121 2.9

Self-Reported Chronic Diseases
No 3397 80.8
Yes 805 19.2

* Body mass index (BMI) followed the criteria adopted by the World Health Organization (WHO) [39] underweight
(BMI < 18.5 kg/m2), adequate (BMI between 18.5 and 24.9 kg/m2), overweight (BMI between 25 and 29.9 kg/m2) and
obesity (BMI ≥ 30 kg/m2). ** 5.55 BRL = 1.00 USD on the last day of data collection, April 2020.

3.3.2. Caffeine Consumption

Based on weekly consumption of caffeine sources, the average daily intake observed was
265± 159 mg (minimum 49 mg; maximum 1200 mg). The total caffeine intake for males (274± 162 mg/day)
and for females (256 ± 155 mg/day) was statistically different (t = 3703; df = 4200; p < 0.001). Figure 2
shows descriptive data of average caffeine consumption by Brazilian states. A very similar pattern
of consumption was observed between states. The average consumption by regions was as follows:
North (n = 355; caffeine consumption: 253 ± 150 mg/day); Northeast (n = 1175; caffeine consumption:
262 ± 157 mg/day); Midwest (n = 716; caffeine consumption: 267 ± 162 mg/day); Southeast (n = 1390;
caffeine consumption: 267 ± 158 mg/day); South (n = 566; caffeine consumption: 274 ± 164 mg/day).
Thus, the highest absolute consumption of caffeine was in the southern region. Table 3 shows the
distribution of consumption of caffeine sources and the time of the day that these were consumed.
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The participants’ main source of caffeine was coffee, mostly consumed in the morning. In the
afternoon, soft drinks and chocolates were the primary sources of caffeine. In the evening,
the consumption of coffee, teas, chocolate, soft drinks, caffeine medications, and energy drinks
was more frequent. Chocolate beverages showed no difference in consumption during the day.
Caffeine-based sports supplements were most frequent in the morning. Coffee was the only source of
caffeine with a predominance (73.3%) of consumption of two or more servings daily.

3.3.3. Confirmatory Factor Analysis and Associations of the CaffEQ-BR

Based on the national sample (n = 4202), the external factor validity of CaffEQ-BR was verified by
confirmatory factor analysis. The seven factors presented RMSEA = 0.0332 (95% CI: 0.0290–0.0375),
which shows satisfactory external validity.

Table 4 shows the results of the Pearson correlation coefficient between the CaffEQ-BR scores,
divided between the seven factors, and the consumption of caffeine. All correlation between caffeine
consumption and CaffEQ-BR factors (F1 to F6) were positive weak (r < 0.4) and significant (p < 0.001),
except for F7 (−0.074; p< 0.001). Therefore, the higher the consumption, the higher the score. Despite the
weak correlation (r < 0.4), the association between caffeine consumption and the CaffEQ-BR scores
were all significant (p < 0.001), due to the large sample size (n = 4202).

Table 4. Correlations Between Caffeine Expectancy Questionnaire in Brazil (CaffEQ-BR) Factors and
Caffeine-Related Variables (n = 4202).

Sources
Factors of the CaffEQ-BR *

F1 F2 F3 F4 F5 F6 F7

Caffeine ** (mg/day) 0.085 *** 0.102 *** 0.081 *** 0.141 *** 0.097 *** 0.095 *** −0.074 ***

* Factors of the CaffEQ-BR: F1 Withdrawal/dependence; F2 Energy/work enhancement; F3 Appetite suppression;
F4 Social/mood enhancement; F5 Physical performance enhancement; F6 Anxiety/negative physical effects; F7 Sleep
disturbance; ** Caffeine in general sources (Tea, coffee, chocolate above 50% cocoa, chocolate beverages, cola nut or
guarana based soft drinks, caffeinated drugs, commercial drinks and sports supplements sources of anhydrous
caffeine or guarana extract beverage); Pearson correlation *** p < 0.001.

In Table 5, the region of Brazil with the highest average for F1 factor (withdrawal/dependence)
was the southeast. The F2 (energy/work) enhancement factor resulted in the highest average score
among all factors and was similar between regions in Brazil. The F3 factor (appetite suppression) was
below 3 on the six-point Likert scale for all regions of Brazil. The factors F4 (social/mood enhancement)
and F5 (physical performance enhancement) were above 3 on the Likert scale, with emphasis on the
upper average for F4 in the north region, and the lower average for F5 in the south region of Brazil.
The F6 factor (anxiety/negative physical effects) resulted in the lowest average score among all factors,
with a similarity between regions. The F7 factor (sleep disturbance) was also below 3 on the Likert
scale, with the lowest average for the south region of Brazil.
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Table 5. Mean and Standard Deviation (SD) of the scores on a six-point Likert scale of the seven factors
of the Caffeine Expectancy Questionnaire in Brazil (CaffEQ-BR) by regions of Brazil (n = 4202).

Regions **
Factors of the CaffEQ-BR * Mean (SD)

F1 F2 F3 F4 F5 F6 F7

North 3.48 (1.49) 4.16 (1.37) 2.21 (1.15) 3.56 (1.45) 3.49 (1.55) 1.78 (0.69) 2.51 (1.60)
Northeast 3.44 (1.41) 4.15 (1.31) 2.24 (1.14) 3.44 (1.38) 3.55 (1.53) 1.81 (0.77) 2.45 (1.58)
Midwest 3.34 (1.39) 4.08 (1.32) 2.13 (1.14) 3.25 (1.34) 3.50 (1.53) 1.85 (0.82) 2.62 (1.69)
Southeast 3.60 (1.45) 4.17 (1.33) 2.26 (1.18) 3.41 (1.38) 3.47 (1.49) 1.75 (0.75) 2.44 (1.62)

South 3.47 (1.43) 4.08 (1.30) 2.36 (1.24) 3.42 (1.34) 3.24 (1.48) 1.74 (0.75) 2.36 (1.57)
Brazil 3.48 (1.43) 4.14 (1.32) 2.24 (1.17) 3.41 (1.38) 3.47 (1.51) 1.78 (0.77) 2.47 (1.62)

* Factors of the CaffEQ-BR, range: 1.00–6.00: F1 Withdrawal/dependence; F2 Energy/work enhancement; F3 Appetite
suppression; F4 Social/mood enhancement; F5 Physical performance enhancement; F6 Anxiety/negative physical
effects; F7 Sleep disturbance. ** Regions of Brazil: North Region-Acre, Amazonas, Amapá, Pará, Rondônia,
Roraima, Tocantins; Northeast Region-Alagoas, Bahia, Ceará, Maranhão, Paraíba, Pernambuco, Piauí, Rio Grande
do Norte, Sergipe; Midwest Region-Distrito Federal, Goiás, Mato Grosso, Mato Grosso do Sul; South Region-Paraná,
Santa Catarina, Rio Grande do Sul; Southeast Region-Espírito Santo, Minas Gerais, Rio de Janeiro, São Paulo.

4. Discussion

In this original study, we developed and validated the Brazilian version of the CaffEQ. Until now,
there has been no adaptation of CaffEQ to Brazilian-Portuguese in the cultural context of Brazil, or in
Latin American countries. Its application may assist in observational studies for clinical trials that
assess caffeine consumption in Brazil. The selected questionnaire also allowed us to make comparisons
with data available from other countries that used the same questionnaire [19–21]. The CaffEQ-BR is a
questionnaire designed to identify the expectations that Brazilian individuals have about the subjective
effects of caffeine on the biopsychosocial aspects involved in its consumption [19–21].

In order to create the CaffEQ-BR, the translation and back-translation process (linguistic validation
of the instrument) was necessary, since the original questionnaire was developed in another language
and there was no translated and validated version in the target language [24]. Therefore, the first
step of this study was to translate/retranslate the original version of CaffEQ from English to
Brazilian-Portuguese to English following the scientific guidelines proposed by the WHO [12,24].
After this, the questionnaire was sent to experts for evaluation, since semantic evaluation is necessary to
ensure its clarity and comprehension [40,41]. In this sense, CaffEQ-BR presented cultural and semantic
adequacy according to the consensus of the experts (at least 80% of agreement). After this stage, the
test-retest with 50 individuals was used to assess the reliability of the CaffEQ-BR, which analyzes the
questionnaire’s ability to reproduce consistent results [29,41]. The internal consistency of CaffEQ-BR
was measured by Cronbach’s alpha coefficient (α = 0.94), considered acceptable when ≥0.8 [28,37].
This result was similar to the findings of Huntley and Juliano (2012) [20] (n = 1046; α = 0.96), and
Schott et al. [21] (n = 352; α = 0.98) for the same questionnaire in English and German, respectively.
In addition, the CaffEQ-BR presented excellent measures of reproducibility (ICC = 0.97). This result
confirms that the questionnaire is able to consistently measure the subjective effects of caffeine perceived
by the interviewed user. Every scale used to measure health results needs this reliability performed by
exploratory and confirmatory factor analysis [37].

After internal validation of the CaffEQ-BR, we conducted a national study in Brazil, using a
sample of all 27 Brazilian states (Figure 2) with uniform distribution of age and sex (Table 2), similar to
the last available national census (Brazil-IBGE (Instituto Brasileiro de Geografia e Estatística) 2010) [42].
The national census is usually held every decade, and the 2020 edition is in progress. The first five
most populous Brazilian states (Figure 2) had two or more rounds of dissemination of the survey on
social networks, to achieve the established interview number goal. The Federal District had the highest
representation in percentage points because the research group is based in Brasília, Federal District.
Naturally, in a convenience sample, there was greater participation in our hometown.

The sociodemographic data of the CaffEQ-BR participants are closer to the measures of the adult
Brazilian population on gender and age than the sample of the original study (CaffEQ) [20], which had
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a predominance of young female students. Although the CaffEQ-BR sample is representative of the
population distribution parameters in the Brazilian states [38], there is a selection bias in relation to the
respondents’ education and socioeconomic level, which was above the national average family income
(1439 BRL per month in 2019) [43] directly influencing educational status [44]. Another factor was
the use of social networks to disseminate the research questionnaire. Other nationwide surveys in
Brazil from our institution/research groups, released through web-base, also observed greater access
by higher economic classes compared to the national average [45,46]. Therefore, it is not possible to
extrapolate our results to the entire Brazilian adult population. This is not a national census or national
sample representation.

Regarding the self-reported categories for BMI ≥ 25 and chronic disease being treated, our sample
data showed a lower incidence of these two variables (55.8%; 19.2%, respectively) compared to the
results of the Brazilian national study “Surveillance of risk and protective factors for chronic diseases
by telephone research” (VIGITEL 2019) (75.7%; 31.9%, respectively). However, our sample showed
a higher frequency of people who self-reported being physically active: 54.2%, compared to the last
VIGITEL (2019) which showed 39.5% [47]. The VIGITEL study used a representative random sample
only from the state capitals of Brazil, through phone interviews. Our survey did not cover capitals
only, with a convenience sample by invitation on social networks with predominant access via mobiles.
There was an inclination towards greater sample composition of middle-aged adults, with a higher
level of education and income for the CaffEQ-BR. There are studies that indicate a greater preference,
especially for coffee, in individuals with this sociodemographic profile [6–8]. The VIGITEL study in
different periods of time (2006 to 2019) showed that that part of the population that has more years of
schooling (≥12 years) is less overweight, sedentary, and chronically ill. The reverse context, low income
and education level and high morbidity rate, are also observed [48]. The self-reported ethnicity
comparison between the National Household Sample Survey (2018/2019) [43] and that obtained in
the CaffEQ-BR was: 45.2–55.4% of Brazilians that declared themselves as white, 45.0–31.6% as pardo,
8.8–8% as black, 0.47–2.7% as Asian descendants and 0.38–1.0% as indigenous.

The average caffeine intake in our sample (265 ± 159 mg/day) is above the published standards
for Brazil (115 ± 96 mg/day) [49]. According to Sartori et al., the survey on caffeine consumption
in Brazil was based on food sources, extracted from data from the national survey of 2008 and
2009 [49]. In addition to the difference in the observation periods (2008/09 vs. 2019/20), our survey
included other sources of caffeine as supplements and medications. This fact is relevant according to
Arrais et al. (2016) [50], as self-medication is a recurrent practice in Brazil, including among young
adults, mainly associated with the use of non-prescription medications, such as analgesics and muscle
relaxants. In the national market, these drugs take in their composition, on average, 30 to 50 mg of
caffeine per serving. Our study also focused on individuals who are regular consumers of caffeine
(from different sources); therefore, we expect that the participants’ average usual intake could be higher
than the general Brazilian population. These values were similar to those found by Schott et al. (from
Germany, Switzerland, and Austria: 236 ± 235 mg/day) [21] but considerably below the consumption
found by Huntley and Juliano (from U.S.: 323 ± 297 mg/day), which was based on the consumption of
a younger population, containing many college/university students [20]. Another point is that the
volume of coffee consumed in Brazil is not a standard variable to be compared with a North American
or European study, since Brazilians and inhabitants of other Latin American countries usually drink
small portions of stronger coffee (approx. 50 mL of small cups) compared to the American culture
of large cups (approx. 250 mL) of lighter coffee, a fact observed by De Paula and Farah (2019) [51].
Total caffeine intake in males (274 ± 162 mg/day) was higher than in females (256 ± 155 mg/day),
similar to the results observed by other studies [8,49,52]. Probably these gender differences are
related to cultural and behavioral factors in males as well as to the gender differences in physiological
responses to caffeine [53–56]. A study showed that males differ in cardiovascular responses to caffeine,
while females did not differ in their responses as a function of typical caffeine use [55]. Males also
presented greater decreases in heart rate in response to caffeine than did females, probably related
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to changes in circulating steroid hormone, in which increased circulating estradiol increases the
physiological and subjective effects associated with caffeine, influencing the high consumption of
caffeine on males [53].

Across previous CaffEQ studies, caffeine was consumed mainly in coffee, a habit also observed
in Brazil [6–8]. Globally, habitual coffee consumption ranges from about 1 to more than 5 cups per
day, which indicates that the daily dose is defined by several reasons, like lifestyle, gender, expectance
of caffeine effects, culture, genetics, health effects, among others [2,36,57]. Most of our sample (69%)
are used to consuming 2 or 3 portions of coffee daily (Table 3). The culture of coffee in Brazil has a
historical origin in its production capacity, as it is the largest coffee exporter in the world market [58].
Brazil accounts for one-third of the world’s coffee production, making it the world’s largest producer,
a position it has occupied for more than 150 years. In Brazil, at the beginning of the 19th century, coffee
was already treated as an investment. With the expansion of plantations in the country, there was also
an expansion of investment favoring urbanization, such as the construction of railroads responsible
for the national distribution and export of coffee, in addition to the arrival of immigrants. Thus,
in Brazil, coffee is considered one of those products responsible for the modernization, urbanization
and development of some cities [59], and it is still widely consumed and appreciated throughout
the country. Annual per capita Brazilian consumption is 6.02 kg, which represents 13% of world
demand [60]. Easy access to coffee naturally influences the consumption culture of Brazilians [8].
Coffee is the main drink consumed, with an average of 163 mL per day, and is also the second most
consumed food [6,7].

In Brazil, coffee consumption is widespread [6]. This reflects a very similar average consumption
between regions [6], as observed in the CaffEQ-BR survey. The differences are greater when other
eating habits are associated with the daily use of coffee. For example, the habit of consuming a hot mate
called “Chimarrão” in the south region, a cold mate called “Terere” in the Midwest region [61] and
guarana extract in the northern region of Brazil [62]. The fact that the Northeast region is the largest
consumer of coffee was also confirmed by the study of Sousa and Da Costa [6]. We also emphasize that
coffee and other caffeine sources are also sources of other bioactive compounds, including polyphenols
and chlorogenic acids [63]. However, the main substance with psychoactive properties is caffeine,
confirmed by several meta-analyses [4]. The construction of the original CaffEQ [20] takes into account
the estimated average consumption of caffeine in general (from all sources), without the intention of
associating it with other compounds present in food sources of caffeine.

The statistical correlations (r< 0.4) shown between CaffEQ factors, scores and caffeine consumption
were also observed in previous studies that used the original CaffEQ in the United States [20] and the
translated and validated version in German-speaking countries [21].

When observing the descriptive results of the CaffEQ-BR scores divided into seven factors using
the original questionnaire [20], it is possible to observe similarity in the factors Withdrawal/dependence
3.48 (1.43)–3.22 (1.45), Energy/work enhancement 4.14 (1.32)–3.92 (1.17), Appetite suppression
2.24 (1.17)–2.70 (1.20), Social/mood enhancement 3.41 (1.38)–2.98 (1.21), respectively. However,
there was a difference of approximately one point for the factors Physical performance enhancement
3.47 (1.51)–2.41 (1.07), Anxiety/negative physical effects 1.78 (0.77)–2.68 (1.04) and Sleep disturbance
2.47 (1.62)–3.20 (1.45). Differences in mean scores in the seven factors were also observed in the other
cultures where CaffEQ was studied [20,21].

Data from the latest survey published by the Brazilian Institute of Geography and Statistics
showed that three out of four Brazilians in metropolitan capitals (Belém (Pará), Fortaleza (Ceará),
Recife (Pernambuco), Salvador (Bahia), Belo Horizonte (Minas Gerais), Rio (Rio de Janeiro), São Paulo
(São Paulo), Curitiba (Paraná) and Porto Alegre (Rio Grande do Sul)) have access to the Internet,
and the number of households with landlines dropped from 33.6 % to 31.5%, while ownership of
devices with mobile internet increased from 92.6% to 93.2% [64]. The smartphone was also the main
tool used to access the internet. Therefore, although web-based research may be limited because it is
not possible to reach every portion of the population, it can still be considered a viable strategy since
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our web search could be answered on any device with internet. There is also the limitation of memory
and intake bias, which is intrinsically related to frequency questionnaires [65].

There is no other scientifically validated Brazilian research questionnaire that evaluates
consumption related to caffeine. Therefore, there are no parameters for comparison except with
the original version of the CaffEQ [20] and the German version [21]. Another important factor is
the heterogeneity of the Brazilian-Portuguese language in the national territory. Certainly, there are
aspects of regionality, but despite these limitations, due to the construction process in several stages
and the wide statistical confirmation, the Brazilian version of CaffEQ represents a reliable and valid
questionnaire to assess expectations of caffeine intake. Analytical item analysis confirms the quality of
the translated items. Overall, the CaffEQ’s translation and validation for Portuguese and Brazilian
culture were successful.

5. Conclusions

The full version of the Caffeine Expectancy Questionnaire in Brazil (CaffEQ-BR) is available for
Brazilian adults, translated into Portuguese and adapted to Brazilian culture. This study confirmed
the validity and reliability of the CaffEQ-BR. Its internal and external consistency allows its use
throughout the national territory, if the sampling conditions are similar. The CaffEQ-BR observed the
pattern of consumption of caffeine sources by Brazilian adults, confirming the national preference for
coffee as the main source of daily caffeine. Future studies may validate the CaffEQ-BR in children,
adolescents and the elderly, since caffeine is widely consumed across the lifespan. The present study
contributes to a better understanding of the expectations of the most used psychoactive substance in
Brazil, systematizing several expectations in seven factors that can be explored and categorized. Thus,
the CaffEQ-BR can be used to facilitate our understanding of the use of caffeine. Other studies may
also replicate our results, pointing out the temporal stability of the CaffEQ-BR, monitoring changes in
expectations in longitudinal exposure to caffeine.
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Appendix A

Questionário de Expectativa de efeitos da Cafeína/café, versão brasileira (CaffEQ-BR)

Instruções: Estamos interessados em suas crenças sobre os efeitos que a cafeína tem sobre você.
Abaixo há uma lista de possíveis efeitos da cafeína presentes nos produtos listados na tabela acima
preenchida. Usando a escala como guia, avalie cada afirmação em termos de quanto é PROVÁVEL
ou IMPROVÁVEL para esses efeitos como consequências do consumo da cafeína. As possibilidades
de respostas são: 1 =Muito improvável; 2 = Improvável; 3 = Um pouco improvável; 4 = Um pouco
provável; 5 = Provável; 6 =Muito provável. Baseie suas respostas no produto com cafeína que escolheu.
Se você usa muitos tipos de produtos com cafeína, escolha o mais usual para basear suas respostas,
ou você pode optar por basear suas respostas em “cafeína/café”.
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Itens
Muito

Improvável
Improvável

Um Pouco

Improvável

Um Pouco

Provável
Provável

Muito

Provável

1. Cafeína/café me dá ânimo quando
estou cansado � � � � � �
2. Eu fico extrovertido quando tomo
cafeína/café

� � � � � �

3. Cafeína/café me ajuda a não comer
mais do que deveria

� � � � � �

4. Fico facilmente estressado depois de
tomar cafeína/café

� � � � � �

5. Cafeína/café melhora meu
desempenho físico

� � � � � �

6. Fico menos cansado depois de
tomar cafeína

� � � � � �

7. A cafeína/café tira minha fome � � � � � �
8. Fico triste quando não tomo
cafeína/café

� � � � � �

9. Cafeína/café melhora meu humor � � � � � �
10. Eu fico ansioso quando não tomo
cafeína/café

� � � � � �

11. Eu me sinto angustiado quando
tomo cafeína/café

� � � � � �

12. Eu me exercito melhor depois de
tomar cafeína/café

� � � � � �

13. Eu sinto muita falta de cafeína/café
quando não tomo

� � � � � �

14. Eu não gosto do jeito que eu me
sinto após tomar cafeína/café

� � � � � �

15. Eu me sinto mal se ficar sem
cafeína/café

� � � � � �

16. Cafeína/café aumenta minha
motivação para trabalhar

� � � � � �

17. Eu me sinto mais confiante depois
de tomar cafeína/café

� � � � � �

18. Tomar cafeína/café a qualquer hora
do dia atrapalha o meu sono

� � � � � �

19. Quando tomo cafeína/café fico
nervoso(a)

� � � � � �

20. Quando tomo cafeína/café fico
mais alerta

� � � � � �

21. Mesmo quando tomo uma pequena
quantidade de cafeína/café fico ansioso

� � � � � �

22. Cafeína/café melhora minha
concentração

� � � � � �

23. Quando tomo cafeína/café fico
mais amigável

� � � � � �

24. Eu tenho que tomar cafeína/café
todos os dias

� � � � � �

25. Cafeína/café me faz suar � � � � � �
26. Cafeína/café me faz pular refeições � � � � � �
27. Tenho muita vontade de tomar
cafeína/café se não tiver tomado a
quantidade de sempre

� � � � � �

28. Tomar cafeína/café na hora de
dormir atrapalha meu sono

� � � � � �

29. Cafeína/café me deixa irritado � � � � � �
30. Eu desejo cafeína/café o tempo todo � � � � � �
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Itens
Muito

Improvável
Improvável

Um Pouco

Improvável

Um Pouco

Provável
Provável

Muito

Provável

31. Cafeína/café me ajuda a trabalhar
por mais tempo

� � � � � �

32. Cafeína/café me faz sentir feliz � � � � � �
33. Eu não funciono sem tomar
cafeína/café

� � � � � �

34. Quando tomo cafeína/café meu
coração acelera

� � � � � �

35. Eu tenho dificuldade em começar o
dia sem tomar cafeína/café

� � � � � �

36. Sinto dor de estômago quando
tomo cafeína/café � � � � � �
37. Eu não conseguiria parar de tomar
cafeína/café

� � � � � �

38. Tomar cafeína/café no final da
tarde atrapalha o meu sono

� � � � � �

39. Cafeína/café me ajuda a regular
o peso

� � � � � �

40. Quanto não tomo cafeína/café sinto
dor de cabeça

� � � � � �

41. Cafeína/café melhora minha
atenção

� � � � � �

42. Eu fico mais extrovertido(a)
quando tomo cafeína/café

� � � � � �

43. Cafeína/café me ajuda a me
exercitar por mais tempo

� � � � � �

44. Sinto-me mais disposto quando
tomo cafeína/café

� � � � � �

45. Cafeína/café me faz sentir com
mais energia

� � � � � �

46. Cafeína/café diminui o meu apetite � � � � � �
47. Tomar cafeína/café no final do dia
não me deixa dormir

� � � � � �
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Abstract: Low-grade chronic inflammation is associated with many chronic diseases and pathological
conditions. The aim of the present study was to determine the effect of regular caffeine intake, physical
activity levels, and sedentary behavior on the inflammatory status in healthy participants. In total,
112 men and 132 women aged 18 to 55 years and belonging to the staff and student population of
the University of the Balearic Islands volunteered to participate in this descriptive cross-sectional
study. Plasma concentrations of pro-inflammatory and anti-inflammatory markers were measured.
Weight, height, and body composition (bioelectrical impedance) were determined. Caffeine intake,
physical activity levels and sitting time, and diet quality were determined using questionnaires.
Statistical regression analysis showed that caffeine intake was a negative predictor of C-reactive
protein (CRP) (p = 0.001). Body fat percentage was positively associated with CRP (p < 0.001) and
inversely associated with adiponectin (p = 0.032) and interleukin (IL)-10 levels (p = 0.001). Visceral fat
was the main predictor for IL-6 (p < 0.001) and tumor necrosis factor (TNF)-α (p < 0.001). Sitting time
was found to be the main, inverse, predictor for IL-10 (p < 0.001), and a positive predictor for TNF-α
(p < 0.001). In conclusion, regular caffeine consumption induced very limited anti-inflammatory
effects. Sedentary behavior and body fat accumulation induced significant pro-inflammatory effects.

Keywords: caffeine; coffee; physical activity; siting time; inflammation; body fat

1. Introduction

Low-grade chronic inflammation is characterized by chronically (two to three-fold) increased
concentrations of several cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, as well
as other pro-inflammatory substances such as C-reactive protein (CRP) [1]. Fat accumulation has
been suggested to be the main reason for increased levels of these pro-inflammatory markers [2,3].
Many chronic diseases such as arthritis, type-2 diabetes or cancer, and pathological conditions such
as insulin resistance or atherosclerosis have been found to be associated with low-grade systemic
inflammation [2–4].

Physical inactivity has also been linked to low-grade systemic inflammation and subsequent
increased risk for the development of chronic diseases [5]. On the other hand, regular exercise has
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been associated with an anti-inflammatory status, characterized by higher levels of anti-inflammatory
markers such as IL-10 and adiponectin, and lower levels of pro-inflammatory cytokines, including IL-6,
TNF-α, and IL-1β [2,4]. It has been pointed out that exercise-induced anti-inflammatory effects could
be produced by reduced fat accumulation [2]. Interestingly, sedentary behavior, commonly defined as
any sitting activity with a low energy expenditure, has been also linked to low-grade inflammation,
independently of physical activity levels or adiposity [6–9].

Caffeine, due to its widespread presence in foods such as coffee, tea, and chocolate, and its stimulant
effects, is highly consumed around the world. In vitro studies have suggested an anti-inflammatory
role for caffeine, mainly inhibiting TNF-α production [10]. Regarding in vivo studies, only a few have
addressed the effects of caffeine supplementation on blood inflammatory markers in humans [11].
These studies used a single dose of caffeine or used coffee as supplement when longer interventions
were tested, reporting slight anti-inflammatory effects from the supplementation [12,13]. However,
when coffee is used, many more components than caffeine alone are included in the supplement,
as coffee is rich in bioactive compounds with antioxidant and anti-inflammatory properties, mainly
chlorogenic acids [14,15]. In a similar way, when effects of habitual caffeine intake are analyzed it
is impossible not to consider coffee consumption and the contribution of other coffee components,
because in most countries, including Spain, coffee has been reported to be the main dietary source of
caffeine [16]. In this regard, it has been shown that regular coffee intake is associated with reduced
risk of type 2 diabetes [17,18] and metabolic syndrome [19] among other clinical conditions where
low-grade inflammation and oxidative stress is involved in their development [11]. Furthermore,
studies have shown anti-inflammatory effects of regular coffee consumption [20–23].

To our knowledge the effect of habitual caffeine intake on the inflammatory status of people
performing different levels of physical activity, while taking into consideration the amount of sitting
time, in a healthy young population has not yet been determined. Therefore, the aim of the present
study was to determine the effect of regular caffeine intake, physical activity levels and sedentary
behavior on the inflammatory status in healthy participants. Because physical activity and also caffeine,
or coffee, have been suggested to induce anti-inflammatory effects, it could be expected that physically
active participants consuming caffeine could present a more anti-inflammatory profile.

2. Materials and Methods

2.1. Study Design and Participants

Two hundred and forty-four participants (112 men and 132 women) volunteered to participate in
this descriptive cross-sectional study. Participants were recruited among healthy students, workers,
researchers and lecturers from the University of the Balearic Islands. All the participants were
informed of the purpose and demands of the study before giving their written consent to participate.
The protocol was in accordance with the Declaration of Helsinki for research of human participants
and was approved by the Balearic Islands Clinical Investigation Ethics Committee (IB 2399/14 PI).

Participants were enrolled after fulfilling all inclusion criteria and presenting none of the exclusion
criteria. Participants could be included if they were currently healthy, aged between 18 and 55 years
and to have maintained constant physical activity levels (regardless of how high or low the level of
activity) and sedentary behavior within the previous two months. Exclusion criteria were: smokers,
professional, elite and those athletes with a habitual participation in endurance and ultra-endurance
events, significant body weight fluctuations within the previous two months (±2 kg), regular alcohol or
drugs consumption, and habitual consumption, or consumption within the 2 weeks preceding the study,
of anti-inflammatory medication. Two hundred and forty-eight participants were recruited, but blood
samples could not be obtained from four, leading to the final number of participants indicated above.
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2.2. Laboratory Visit

Participants arrived at the laboratory between 08:00 and 10:00 h following an overnight fast of
approximately 12 h. They had been previously informed about the study demands and about the
inclusion and exclusion criteria. They had also been instructed to abstain from any moderate-vigorous
intensity exercise during the 24 h before coming to the laboratory. Information about the study was
given again to the participants, they completed an inclusion/exclusion criteria questionnaire and they
then signed an informed consent form. Each participant was asked to empty their bladder before
body mass, height and body composition were recorded. Participants then sat quietly for 10 min and
completed questionnaires to determine physical activity levels, caffeine intake and adherence to the
Mediterranean diet, before a blood sample was taken. The women were also asked about the date
of their last menstruation. Seated venous blood samples were collected in suitable vacutainers with
ethylenediaminetetraacetic acid (EDTA). Plasma was obtained from the blood samples within 30 min
after blood collection by centrifugation (15 min, 1000× g, 4 ◦C). Plasma aliquots were stored at −70 ◦C
until measurements were performed.

2.3. Anthropometrical Measurements

Height was measured to the nearest 0.5 cm using a stadiometer (Seca 220 (CM) Telescopic Height
Rod for Column Scales, Seca gmbh, Hamburg). Body weight, percentage of body fat mass, and rating
of visceral fat were measured using a Body Composition Analyzer (Bioelectrical Impedance Analysis,
TANITA MC-780MA, TANITA Europe BV, Amsterdam, The Netherlands). Body weight was measured
to the nearest 0.1 kg. The visceral fat measurement using this methodology provides a rating from
1 to 59, with values from 1 to 12 considered healthy (arbitrary units and information provided by
the manufacturer, https://tanita.eu/help-guides/products-manuals/). Body mass index (BMI) was
calculated as weight (kg) divided by height (m) squared (kg·m−2).

2.4. Questionnaires

Physical activity levels were determined using the standard short form of the validated
International Physical Activity Questionnaire (IPAQ), thus providing quantitative information on
physical activity levels in metabolic equivalents (MET)-h·week−1. Total weekly physical activity time
and daily sitting time were also determined.

Diet quality was measured as the Adherence to the Mediterranean diet using a simplified
assessment of adherence to the Mediterranean Diet (14-item questionnaire), previously developed and
validated for the Spanish population [24]. Each item was scored as 0 or 1. A global score of 9 or higher
indicates a good adherence to the Mediterranean Diet.

Habitual caffeine intake was measured using a self-reported questionnaire previously developed
and used by our group [25,26]. The frequency intake of common products containing caffeine
was ascertained, and caffeine daily consumption determined by using the caffeine content of each
product [16]. Products included in the questionnaire were coffee preparations, including decaffeinated
coffee, instant coffee (as cups or spoons), tea, chocolate, cola drinks, energy or stimulant beverages,
and pharmaceutical caffeine supplements. Coffee intake was estimated from the intake of each coffee
preparation contained in the questionnaire. The most common preparations in Spain were considered:
espresso, “cortado” (espresso coffee, one serving, with a shot of milk), and “café con leche” (white
coffee, or espresso coffee, one serving, with the remaining half of a cup filled with milk or steamed
milk). Because a dose-response plasma appearance of the chlorogenic and phenolic acids contained in
coffee has been shown after instant coffee ingestion [27], and because of its caffeine content, instant
coffee was also considered as a coffee preparation. When applicable, the number of instant coffee
servings was determined considering the number of spoons indicated by participants and that each
serving contained 3.4 g of instant coffee [27]. Therefore, the total coffee intake, in number of servings,
was determined considering all preparations indicated above.
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2.5. Measurement of Inflammatory Markers

Plasma IL-10, IL-6, IL-1β, TNF-α, adiponectin, and CRP concentrations were determined to
describe the inflammatory status of participants. These inflammatory markers were measured using
commercially available solid-phase sandwich enzyme-linked immunosorbent assays and performed
according to the manufacturers’ instructions. Concentrations of IL-10, IL-6, and TNF-α were measured
using Invitrogen high sensitivity kits (ThermoFisher SCIENTIFIC, Waltham, MA, USA). IL-10 was
measured using the “IL-10 Human ELISA Kit, High Sensitivity” (BMS215HS); IL-6 was measured using
the “IL-6 Human ELISA Kit, High Sensitivity” (BMS213HS); and TNF-α was measured using the “TNF
alpha Human ELISA Kit, High Sensitivity” (BMS223HS). IL-1β, adiponectin and CRP were measured
using RayBio® kits (RayBiotech, Norcross, GA, USA). IL-1β was measured using the “Human IL-1
beta ELISA” (ELH-IL1b); Adiponectin was measured using the “Human Adiponectin (Acrp30) ELISA”
(ELH-Adiponectin); and CRP was measured using the “Human CRP ELISA” (ELH-CRP). All kits
were exclusive for human samples (plasma, serum, and culture supernatants), and micro-plates were
supplied with wells pre-coated with the specific antibody. For all assays, the absorbance was measured
spectrophotometrically on a microplate reader (PowerWavei; BioTek, Winooski, VT, USA), and the
concentration of each cytokine was calculated by comparison with a calculation curve established in
the same measurement.

2.6. Statistical Analysis

Statistical analysis was carried out using IBM SPSS Statistics 22.0 software (SPSS/IBM, Chicago, IL,
USA). All the data were tested for their normal distribution (Kolmogorov–Smirnov test). The results
are expressed as means and standard deviations (SD), or median and interquartile ranges as specified.
Percentages were also used when required. Student’s t-test for unpaired data or the Mann-Whitney U
test were used to evaluate differences between sexes. Kruskal-Wallis one-way ANOVA was used to
determine the effect of the menstrual cycle on cytokine, adiponectin and CRP concentrations in women.
Because no effect of menstrual cycle was observed (results not shown), this variable was not included
in the following main analysis. The existence of significant bivariate correlations between the main
variables was ascertained by determining Pearson correlation coefficients. These correlations were
determined for the whole sample and for male and female participants separately. Multiple linear
regression analysis, using the stepwise procedure, was applied to determine the relation between
each dependent variable (logarithmic transformed IL-10, IL-6, IL-1β, TNF-α, adiponectin, and CRP
concentrations) and independent and control variables. Habitual caffeine intake, IPAQ score and
sitting time were included in the analysis as independent variables. Sex, body fat percentage, visceral
fat rating, and diet quality, measured as the Adherence to the Mediterranean diet, were included in
the analysis as control variables. Kruskal-Wallis one-way ANOVA was used to analyze IL-10 and
TNF-α values depending on sitting time categorized in tertiles. A post-hoc power analysis calculation
was performed (G*Power 3.1.9.4. Universität Kiel, Germany) for the regression analysis (n = 244,
eight predictors, α = 0.05). The power statistical calculation reported values higher than 90% for all
significant regression reported. Statistical significance was accepted at p < 0.05.

3. Results

3.1. General Characteristics of Participants in the Study

Table 1 shows the general characteristics of participants in the study stratified per sex. The study
population was, on average, young, with a BMI value within the normal weight range, a Mediterranean
diet score slightly under the threshold for a good adherence, and with a higher number of women.
Regarding anthropometrical characteristics, 20.5% of participants were overweight (BMI between
25 and 30 kg·m−2), and 3.7% were obese (BMI higher than 30 kg·m−2). On the other hand, 2.2% of
participants showed an unhealthy visceral fat rating. Regarding caffeine intake, 4.9% of participants
did not take caffeine, and 17% of participants took more than 400 mg per day (which is considered
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the higher-end value for a throughout the day, not in a single dose, safe consumption in healthy
people [16]). Regarding coffee intake, 22.1% of participants reported no coffee intake, and 7% of
participants reported an intake greater than 3 servings. Men reported non-significantly higher physical
activity levels, both when expressed in METs and in hours. No significant differences between sexes
were observed in the sitting time.

Table 1. General characteristics of participants in the study.

All
(n = 244)

Men
(n = 112)

Women
(n = 132)

p Value

Age (years) 32.1 ± 10.8 33.4 ± 10.8 31.1 ± 10.8 0.098
Weight (kg) 66.9 ± 13.3 76.3 ± 11.4 58.9 ± 8.7 <0.001 *
Height (cm) 170.0 ± 9.0 177.0 ± 6.5 164.0 ± 6.0 <0.001 *
BMI (kg·m−2) 23.0 ± 3.4 24.3 ± 3.3 22.0 ± 3.2 <0.001 *
Fat mass (%) 23.3 ± 7.9 18.3 ± 6.3 27.6 ± 6.5 <0.001 *
Visceral fat rating 4.01 ± 3.30 5.66 ± 3.68 2.63 ± 2.12 <0.001 *
Mediterranean diet score 8.18 ± 1.91 8.22 ± 1.93 8.15 ± 1.91 0.771
Caffeine intake (mg·day−1) 164.3 ± 143.4 174.7 ± 152.4 155.5 ± 135.3 0.298
Caffeine intake (mg·kg body weight−1·day−1) 2.48 ± 2.18 2.33 ± 2.18 2.60 ± 2.18 0.346
Coffee intake (servings·day−1) 1.32 ± 1.35 1.41 ± 1.47 1.24 ± 1.25 0.311
Physical activity levels (METs-hour·week−1) 43.8 ± 36.1 48.7 ± 33.7 39.7 ± 37.5 0.054
Physical activity (hours·week−1) 9.18 ± 8.50 9.90 ± 7.36 8.57 ± 9.35 0.224
Sitting time (hours·day−1) 6.96 ± 2.77 7.20 ± 3.09 6.77 ± 2.46 0.235

Values are expressed as means ± standard deviations. * indicates significant differences between sexes (with
p significant values also in bold) (p < 0.05), Student’s t-test for unpaired data. BMI: body mass index.

3.2. Sources of Caffeine Consumption

Among caffeine consumers, coffee was the main caffeine source for participants in the study
(Table 2). No significant differences were found between male and female participants.

Table 2. Sources of caffeine intake among those participants consuming caffeine.

Source
All

(n = 228)
Men

(n = 105)
Women
(n = 123)

p Value

Coffee (%) 67.5 ± 37.1 69.6 ± 37.4 66.0 ± 36.9 0.538
Tea (%) 10.1 ± 19.8 8.9 ± 19.4 11.0 ± 20.1 0.425
Cola drinks (%) 12.8 ± 24.7 14.0 ± 26.8 11.8 ± 22.9 0.506
Chocolate (%) 7.9 ± 20.4 5.2 ± 14.1 10.2 ± 24.2 0.054
Energetic drinks (%) 1.6 ± 7.6 2.2 ± 9.0 1.0 ± 6.1 0.241
Sport products (%) 0.1 ± 0.7 0.1 ± 1.0 n.d. 0.175

Values are expressed as means ± standard deviations and represent the caffeine contribution in percentage of each
source with respect to total caffeine intake. No differences between men and women were found, Student’s t-test for
unpaired data. n.d.: non detected (no consumption reported).

3.3. Concentration of Inflammatory Markers

Table 3 shows cytokine concentrations of all participants and categorized by sex. Significant
differences were observed for IL-6, TNF-α, CRP, and adiponectin, with higher values in men for IL-6
(p = 0.003) and TNF-α (p = 0.005), and higher values in women for CRP (p < 0.001) and adiponectin
(p < 0.001).

3.4. Bivariate Correlations between Dependent and Independent Variables

Table 4 shows bivariate correlations between all dependent and independent (continuous) variables.
Positive correlations were found for IL-6 (p = 0.001) and TNF-α (p = 0.014) with age. However, IL-10
was inversely correlated with age (p = 0.032). Caffeine intake was inversely correlated with CRP levels
(p = 0.044). Physical activity levels were correlated with IL-10 (p = 0.002). Sitting time showed a
positive correlation with TNF-α (p < 0.001) and an inverse correlation with IL-10 levels (p < 0.001).
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Percentage of body fat was correlated with CRP (p < 0.001), while it was inversely correlated with
IL-10 (p = 0.001) and adiponectin (p < 0.001). An inverse correlation was found between visceral fat
rating and IL-10 (p = 0.013). However, visceral fat showed positive correlations with IL-6 (p < 0.001)
and TNF-α (p < 0.001). IL-1β levels were correlated with the adherence to the Mediterranean diet
(p = 0.039).

Table 3. Cytokine concentrations of participants in the study.

Inflammatory Marker
All

(n = 244)
Men

(n = 112)
Women
(n = 132)

p Value

IL-10 (μg·mL−1) 0.65 (0.54, 0.77) 0.65 (0.55, 0.83) 0.66 (0.54, 0.74) 0.333
IL-6 (μg·mL−1) 2.17 (1.44, 3.04) 2.38 (1.84, 3.12) 1.89 (1.14, 2.99) 0.003 *
IL-1β (pg·mL−1) 3.84 (2.66, 6.29) 4.02 (2.88, 6.40) 3.58 (2.43, 6.00) 0.205
TNF-α (pg·mL−1) 1.98 (1.52, 2.68) 2.11 (1.64, 3.04) 1.76 (1.49, 2.51) 0.005 *
CRP (μg·mL−1) 3.50 (1.81, 5.67) 2.46 (1.58, 4.28) 4.26 (2.42, 6.34) <0.001 *
Adiponectin (μg·mL−1) 5.78 (3.62, 7.96) 4.59 (3.12, 6.22) 6.72 (4.77, 8,78) <0.001 *

Values are expressed as median (25th, 75th percentile). * indicates significant differences between men and
women (with p values in bold) (p < 0.05), Mann Whitney U test. IL: interleukin; TNF: tumor necrosis factor; CRP:
C-reactive protein.

Table 4. Bivariate correlations between dependent and independent variables (all participants).

Age %Fat Vis Fat MD Caffeine PA Sit

IL-10 −0.138
(0.032 *)

−0.219
(0.001 *)

−0.159
(0.013 *)

−0.083
(0.197)

−0.094
(0.142)

0.195
(0.002 *)

−0.325
(<0.001*)

IL-6 0.205
(0.001 *)

0.063
(0.329)

0.290
(<0.001 *)

−0.032
(0.615)

0.089
(0.164)

−0.037
(0.561)

0.003
(0.957)

IL-1β 0.006
(0.932)

0.071
(0.267)

0.052
(0.417)

0.132
(0.039 *)

−0.006
(0.930)

−0.009
(0.889)

−0.030
(0.639)

TNF-α 0.157
(0.014 *)

0.086
(0.180)

0.335
(<0.001 *)

−0.023
(0.717)

0.067
(0.299)

−0.081
(0.208)

0.249
(<0.001 *)

CRP 0.009
(0.889)

0.427
(<0.001 *)

0.115
(0.074)

−0.109
(0.088)

−0.129
(0.044 *)

−0.037
(0.563)

−0.039
(0.549)

Adiponectin −0.107
(0.095)

−0.222
(<0.001 *)

−0.117
(0.072)

−0.012
(0.429)

−0.087
(0.182)

−0.041
(0.520)

−0.003
(0.963)

Pearson correlation coefficient and (p value) is shown (n = 244). * indicates significant correlations (with p values in
bold) (p < 0.05). % Fat: percentage of total body fat; Vis fat: visceral fat rating; MD: adherence to the Mediterranean
diet; Caffeine: caffeine intake; PA: physical activity levels. Sit: sitting daily time. Logarithmic transformations of
dependent variables were used. IL: interleukin; CRP: C-reactive protein; TNF: tumor necrosis factor.

Table 5 shows bivariate correlations between all dependent and independent variables in female
participants. An inverse correlation was found between IL-10 and age (p = 0.020). However, a positive
correlation was found for IL-6 with age (p = 0.023). Physical activity levels were correlated with
IL-10 (p = 0.033). Sitting time showed a positive correlation with TNF-α (p = 0.001) and an inverse
correlation with IL-10 levels (p = 0.001). Percentage of body fat showed a positive correlation with CRP
(p < 0.001). Positive correlations were found for IL-6 (p = 0.037) and TNF-α (p = 0.049) with visceral fat.
No correlation was found for adherence to the Mediterranean diet or caffeine intake with any of the
dependent variables.

Table 6 shows bivariate correlation between all dependent and independent variables in male
participants. A positive correlation was found between TNF-α and age (p = 0.042). Physical activity
levels were positively correlated with IL-10 (p = 0.010) and inversely correlated with TNF-α (p = 0.005).
Sitting time showed a positive correlation with TNF-α (p = 0.047) and an inverse correlation with IL-10
levels (p< 0.001). Percentage of body fat was correlated with IL-6 (p= 0.001), TNF-α (p< 0.001), and CRP
(p < 0.001), while it was inversely correlated with adiponectin (p < 0.001) and IL-10 (p = 0.002). Visceral
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fat was correlated with IL-6 (p = 0.002), TNF-α (p < 0.001), and CRP (p < 0.001), and it was inversely
correlated with IL-10 (p = 0.008). No correlation was found for adherence to the Mediterranean diet or
caffeine intake with any of the dependent variables.

Table 5. Bivariate correlations between dependent and independent variables in females.

Age %Fat Vis Fat MD Caffeine PA Sit

IL-10 −0.203
(0.020 *)

−0.133
(0.128)

−0.170
(0.052)

−0.045
(0.605)

−0.098
(0.265)

0.185
(0.033 *)

−0.281
(0.001 *)

IL-6 0.198
(0.023 *)

0.162
(0.064)

0.182
(0.037 *)

−0.046
(0.597)

0.054
(0.539)

−0.100
(0.254)

0.017
(0.844)

IL-1β −0.005
(0.959)

−0.011
(0.902)

0.048
(0.588)

0.157
(0.072)

−0.016
(0.854)

−0.028
(0.754)

−0.091
(0.300)

TNF-α 0.096
(0.274)

0.164
(0.060)

0.172
(0.049 *)

−0.062
(0.479)

−0.034
(0.699)

−0.016
(0.856)

0.297
(0.001 *)

CRP −0.066
(0.455)

0.330
(<0.001 *)

0.158
(0.070)

−0.097
(0.267)

−0.155
(0.077)

0.030
(0.729)

0.048
(0.582)

Adiponectin −0.111
(0.243)

0.063
(0.510)

−0.053
(0.579)

0.152
(0.109)

−0.027
(0.773)

−0.106
(0.268)

−0.062
(0.513)

Pearson correlation coefficient and (p value) is shown (n = 132). * indicates significant correlations (with p values in
bold) (p < 0.05). % Fat: percentage of total body fat; Vis fat: visceral fat rating; MD: adherence to the Mediterranean
diet; Caffeine: caffeine intake; PA: physical activity levels. Sit: sitting daily time. Logarithmic transformations of
dependent variables were used. IL: interleukin; CRP: C-reactive protein; TNF: tumor necrosis factor.

Table 6. Bivariate correlations between dependent and independent variables in males.

Age %Fat Vis Fat MD Caffeine PA Sit

IL-10 −0.100
(0.296)

−0.295
(0.002 *)

−0.249
(0.008 *)

−0.120
(0.207)

−0.102
(0.286)

0.242
(0.010 *)

−0.369
(<0.001 *)

IL-6 0.180
(0.058)

0.300
(0.001 *)

0.293
(0.002 *)

−0.024
(0.803)

0.130
(0.164)

−0.023
(0.806)

−0.042
(0.662)

IL-1β −0.002
(0.980)

−0.054
(0.577)

−0.011
(0.913)

0.094
(0.323)

−0.006
(0.953)

0.004
(0.953)

0.026
(0.784)

TNF-α 0.193
(0.042 *)

0.353
(<0.001 *)

0.378
(<0.001 *)

0.115
(0.226)

0.148
(0.118)

−0.262
(0.005 *)

0.188
(0.047 *)

CRP 0.166
(0.079)

0.366
(<0.001 *)

0.381
(<0.001 *)

−0.122
(0.200)

−0.074
(0.440)

−0.051
(0.594)

0.076
(0.424)

Adiponectin −0.107
(0.095)

−0.222
(<0.001 *)

−0.117
(0.072)

−0.012
(0.429)

−0.087
(0.182)

−0.041
(0.520)

−0.003
(0.963)

Pearson correlation coefficient and (p value) is shown (n = 112). * indicates significant correlations (with p values in
bold) (p < 0.05). % Fat: percentage of total body fat; Vis fat: visceral fat rating; MD: adherence to the Mediterranean
diet; Caffeine: caffeine intake; PA: physical activity levels. Sit: sitting daily time. Logarithmic transformations of
dependent variables were used. IL: interleukin; CRP: C-reactive protein; TNF: tumor necrosis factor.

3.5. Multivariable Linear Regression Analysis

Table 7 shows the results of the regression analysis for IL-10. Regression analysis revealed that
sitting time (p < 0.001) and the percentage of fat (p = 0.001) were negative predictors for IL-10 levels,
while physical activity was a positive predictor (p = 0.028). Sitting time was found to be the main
predictor (change in R2 0.106 vs. 0.040 for fat mass and 0.017 for physical activity).

Table 8 shows de-regression analysis results for adiponectin. Sex was revealed as the main predictor
for adiponectin (change in R2 0.097, p < 0.001), with higher values for females, as has been indicated above.
Percentage of fat mass was inversely associated with adiponectin (change in R2 0.017, p = 0.032).
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Table 7. Multiple linear regression for IL-10.

Variable B 95% CI β t p Value

Age −0.002 (−0.006, 0.002) −0.104 −1.706 0.089
Sex 0.010 (−0.060, 0.080) 0.042 0568 0.570
Fat mass −0.003 (−0.005, −0.001) −0.189 −3.171 0.002 *
Visceral fat rating −0.002 (−0.014, 0.010) −0.066 −1.346 0.180
Adherence to MD −0.005 (−0.013, 0.003) −0.078 −1.324 0.187
Caffeine intake 0.000 (−0.001, 0.000) −0.080 −1.336 0.183
Physical activity 0.000 (0.000, 0.001) 0.136 2.218 0.028 *
Sitting time −0.012 (−0.017, −0.007) −0.281 −4.607 <0.001 *

Model: R: 0.405; R2 0.164; Adjusted R2 0.153; p < 0.001; * indicates significant predictors (with p values in bold)
(p < 0.05). IL: interleukin; MD: Mediterranean diet; CI: confidence intervals.

Table 8. Multiple linear regression for adiponectin.

Variable B 95% CI β t p Value

Age 0.000 (−0.004, 0.004) −0.019 −0.285 0.776
Sex 0.194 (0.124−0.265) 0.407 5.426 <0.001 *
Fat mass −0.005 (−0.009, −0.001) −0.162 −2.156 0.032 *
Visceral fat rating 0.004 (−0.004−0.012) 0.050 0.443 0.658
Adherence to MD 0.008 (−0.006, 0.022) 0.065 1.075 0.283
Caffeine intake 0.000 (−0.001, 0.000) −0.068 −1.092 0.276
Physical activity 0.000 (−0.001, 0.000) −0.012 0.010 0.846
Sitting time 0.003 (−0.007, 0.013) 0.039 0.637 0.585

Model: R2 0.115; Adjusted R2 0.107; p < 0.001; * indicates significant predictors (with p values in bold) (p < 0.05).
MD: Mediterranean diet; CI: confidence intervals.

Table 9 shows the results of the regression analysis for IL-6. Visceral fat was revealed as the only
significant predictor for IL-6 (p < 0.001), with a positive association.

Table 9. Regression analysis for IL-6.

Variable B 95% CI β t p Value

Age 0.001 (−0.003, 0.005) 0.013 0.151 0.880
Sex −0.035 (−0.075, 0.005) −0.073 −1.055 0.292
Fat mass −0.001 (−0.003, 0.001) −0.028 −0.439 0.661
Visceral fat rating 0.021 (0.012, 0.030) 0.290 4.701 <0.001 *
Adherence to MD −0.005 (−0.017, 0.007) −0.044 −0.706 0.481
Caffeine intake 0.000 (0.000, 0.001) 0.039 0.579 0.563
Physical activity −0.001 (−0.002, 0.001) −0.059 −0.948 0.344
Sitting time −0.003 (−0.011, 0.005) −0.033 −0.532 0.595

Model: R2 0.084; Adjusted R2 0.080; p < 0.001; * indicates significant predictors (with p values in bold) (p < 0.05). IL:
interleukin; MD: Mediterranean diet; CI: confidence intervals.

Sitting time (change in R2 0.044, p < 0.001,) and visceral fat rating (change in R2 0.112, p < 0.001)
were found as positive predictors for TNF-α concentrations, with visceral fat as the main predictor
(Table 10).

Table 11 shows the results of the regression analysis for CRP. Percentage of fat mass was found as
the main predictor for CRP (change in R2 0.182, p < 0.001), showing a positive association. Caffeine
intake was shown to be a negative predictor for CRP (change in R2 0.037, p = 0.001). The regression
analysis did not report any significant predictor for IL-1β.

48



Nutrients 2020, 12, 2325

Table 10. Multiple linear regression for tumor necrosis factor (TNF) -α.

Variable B 95% CI β t p Value

Age −0.002 (−0.005, 0.001) −0.108 −1.327 0.186
Sex −0.014 (−0.128, 0.100) −0.041 −0.608 0.544
Fat mass −0.001 (−0.011, 0.010) −0.023 −0.367 0.714
Visceral fat rating 0.016 (0.010, 0.022) 0.309 5.166 <0.001 *
Adherence to MD 0.001 (−0.009, 0.012) 0.007 0.119 0.905
Caffeine intake 0.000 (−0.001, 0.000) −0.060 −0.936 0.350
Physical activity 0.000 (−0.001, 0.000) −0.025 −0.984 0.326
Sitting time 0.013 (0.004, 0.019) 0.211 3.538 <0.001 *

Model: R2 0.156; Adjusted R2 0.149; p < 0.001; * indicates significant predictors (with p values in bold) (p < 0.05).
TNF: tumor necrosis factor; MD: Mediterranean diet; CI: confidence intervals.

Table 11. Multiple linear regression for C-reactive protein (CRP).

Variable B 95% CI β t p Value

Age −0.002 (−0.010, 0.006) −0.039 −0.601 0.549
Sex −0.016 (−0.082, 0.050) −0.021 −0.288 0.774
Fat mass 0.018 (0.013, 0.022) 0.454 7.885 <0.001 *
Visceral fat rating 0.006 (−0.022, 0.034) 0.063 0.980 0.328
Adherence to MD −0.011 (−0.029, 0.007) −0.070 −1.219 0.224
Caffeine intake −0.002 (−0.003, −0.001) −0.195 −3.379 0.001 *
Physical activity 0.000 (−0.004, 0.004) 0.023 0.407 0.684
Sitting time 0.000 (−0.013, 0.013) 0.011 0.187 0.852

Model: R2 0.219; Adjusted R2 0.213; p < 0.001; * indicates significant predictors (with p values in bold) (p < 0.05).
CRP: C-reactive protein; MD: Mediterranean diet; CI: confidence intervals.

3.6. Effects of Sitting Time on IL-10 and Tumor Necrosis Factor (TNF) -a Concentrations

Figure 1 shows values of IL-10 (a) and TNF-α (b) categorized by sitting time tertiles. A significant
effect of sitting time was found for both IL-10 (p = 0.001) and TNF-α (p < 0.001). IL-10 values in the
third tertile (longer sitting time, 9 to 15 h) were significantly lower (p = 0.001) than in the first tertile
(shortest sitting time, 1 to 5 h). TNF-α values in the third tertile were significantly higher than in the
second tertile (p = 0.004) and in the first tertile (p < 0.001).

Figure 1. IL-10 (a) and TNF-α (b) plasma concentrations categorized by sitting time tertiles. Median,
25th, 75th percentile, and lowest and highest values are shown for IL-10 and TNF-α values. # indicates
significant differences to first tertile. & indicates significant differences to second tertile. IL: interleukin;
TNF: tumor necrosis factor.
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4. Discussion

The main finding of the present study was that in a healthy population, low caffeine intake
could exert a slight anti-inflammatory effect characterized by lower CRP plasma levels. Body fat,
both total and visceral, and sedentary behavior have been shown to be important and independent
inflammatory predictors, inducing higher levels of pro-inflammatory markers, but also decreased
levels of anti-inflammatory markers.

Participants in the study population were, on average, young and with a higher number of
women. These characteristics reflect properly the university population, with higher figures for young
female students. Caffeine intake observed in the present study was similar to previous studies in
Spain, and similar, or slightly lower to the average value, when participants of a similar age from most
occidental countries were considered [16,28–30]. Concerning this consumption, coffee remains the
main source for caffeine intake, a common finding in most European countries, except for the UK and
Ireland [16]. As coffee preparations in Spain are quite different from the ones in other countries, it
becomes difficult to compare coffee intake observed in the present study with the habitual intake of
other countries. For these reasons, caffeine intake, rather than coffee intake, has been used as the main
variable for the analysis, and also as an indicator of coffee consumption.

Previous studies, both observational and clinical trials, have reported that coffee intake increases
adiponectin levels [13,20]. The mechanism involved seems to be the stimulatory effect of caffeine on
the expression of the peroxisome proliferator activated receptor γ (PPARγ), which positively elevates
the adiponectin concentration [31]. In fact, a previous study reported increased levels of adiponectin
after a supplementation with caffeinated coffee but no effect with decaffeinated coffee [13]. However,
a higher daily intake of coffee (four cups, or more than 600 mg of caffeine) than that observed in the
present study, seems to be required to increase adiponectin levels [20]. Therefore, and as suggested,
low amounts of coffee or caffeine consumption may be the reason for not observing a significant
effect of caffeine intake on adiponectin [32] but also on IL-10, TNF-α, and IL-6 concentrations in the
present study. It should also be considered that some studies reporting positive effects of regular
coffee consumption on adiponectin levels were performed in overweight participants [13], while in
the present study only ~24% of participants were overweight or obese; or in older populations [20].
Therefore, it is possible that the protective effect of coffee was emphasized in such conditions.

The association between CRP, which is considered an appropriate marker for low grade systemic
inflammation [33], and coffee intake has been recently reviewed [34]. Despite this review suggesting
that on average, coffee consumption is not associated with CRP levels, some studies have reported a
protective healthy effect because decreased levels of CRP have been observed in participants ingesting
at least a daily cup of coffee [20–23]. Results of the present study are in agreement with this observation
as it was observed that caffeine consumption is inversely associated with CRP levels. Therefore, it
seems that in contrast with the other inflammatory markers analyzed, low regular coffee intake could
be enough to prevent higher CRP levels. It is worth noting however, that decaffeinated coffee seems to
also be effective in decreasing CRP levels, therefore other components of coffee rather than caffeine
itself, could contribute to this effect [22]. It has been suggested that chlorogenic acid, the main phenolic
acid in coffee with antioxidant and anti-inflammatory properties [14], can play an important role in
the reduction of inflammatory factors such as CRP [35]. The low, on average, BMI of participants
in the present study could have been an important factor that influenced the inverse association
between coffee intake and CRP, as all studies reporting the protective anti-inflammatory effect of coffee
consumption were performed in populations with low BMIs [20–23]. In fact, it has been suggested
that the different BMI of populations considered in previous studies could be a key factor for the
inconsistent results found regarding this association [34]. Interestingly, in the present study, and in
agreement with previous reports [36,37], a positive association was found between body fat mass and
CRP. Therefore, our data indicates that, in the context of an average low BMI, caffeine consumption,
probably as a coffee consumption marker, presents an inverse association with CRP, inducing the
opposite effect of body fat mass accumulation.
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Inverse associations were found between percentage of body fat and anti-inflammatory markers
such as adiponectin and IL-10. Adiponectin is an anti-inflammatory adipokine secreted almost
exclusively from adipose tissue [38], and low adiponectin levels have been associated with body
fat accumulation and obesity, leading to increased risk of inflammation [3]. It is striking that in the
present study this potential negative effect was observed in young and healthy participants, with an
incidence of obesity as low as 3.7%. In addition, and despite the fact women present a relatively greater
percentage body fat, adiponectin levels were found to be higher in women, which is in agreement with
previous results, mainly when lean populations have been considered [39].

The anti-inflammatory IL-10 has not been commonly measured when associations between
fat mass and inflammation have been investigated. In the present study, and in the same line of
results indicated above, IL-10 was inversely associated with body fat mass. It has been reported
that fat accumulation is accompanied by adipose tissue infiltration by pro-inflammatory immune
cells (T2), increased release of pro-inflammatory markers such as TNF-α, decreased production of
anti-inflammatory markers, such as IL-10, and the development of the low-grade systemic inflammatory
state described above [3]. Within this picture, and regarding adipose tissue, visceral fat has been
suggested to play an important role [2]. In the present study positive associations were found between
visceral fat and TNF-α and also between visceral fat and IL-6. Previous studies, using different
approaches to measure visceral fat, have shown similar associations [40–42]. Whether TNF-α and
IL-6 levels are more dependent on total body fat or visceral fat remains to be elucidated, because
some studies have reported associations with both parameters [37,42,43]. However, taken together,
the opposite associations found for IL-10 and, on the other hand, TNF-α and IL-6 with regard to fat
content, total or visceral, could reflect the predominant anti-inflammatory production when fat content
is low as well as the predominant pro-inflammatory release when fat is accumulated.

In the present study only a small effect of physical activity levels on the IL-10 concentrations were
observed. However, more strong associations were found for sedentary time: a positive association
with TNF-α and an inverse association with IL-10, which, together, define a pro-inflammatory picture
induced by sedentary behavior and independent of physical activity levels. It is possible that the
average moderate levels reported could limit the effects of physical activity. However, previous
studies showed that sedentary behavior was linked to low-grade inflammation, independently of
physical activity levels or adiposity [6–9]. This observation is in agreement with results obtained in the
present study and suggests an independent link between sitting time and low-grade inflammation [7].
To our knowledge, the association between sedentary time and IL-10 has not been reported, as previous
studies focused on the pro-inflammatory markers. This novel result could indicate that sedentary
behavior, independent of fat mass and physical activity, influences levels of both pro-inflammatory
and anti-inflammatory compounds.

This study presents some limitations that should be acknowledged. In addition to the limitations
due to the observational nature, the current study was limited to cross-sectional data from a single
university population. However, the patterns of physical activity and sedentary behavior observed in
the present study could be applied to other populations, even outside the university. Both sedentary
time and physical activity levels, two of the main variables of the study, were self-reported. However,
the IPAQ, which is a widely used and validated questionnaire, was utilized to collect these data, as has
been done in previous studies using the same or similar questionnaires [6,9]. Regarding sedentary
time, an important limitation was that the number, duration, and frequency of sedentary breaks were
not recorded. In this regard, it has been reported that these breaks could modify to some extent
associations between sedentary time and inflammatory markers [8], at least when sitting time is not
too long [7]. Furthermore, methodology used to determine both percentage of fat mass and visceral fat
rating has been reported to present some limitations [44]. Finally, despite the statistical power analysis
revealed high power for most of the associations found, these associations could be considered weak.
However, there is a concordance between most of them, highlighting the pro-inflammatory role of
sedentary behavior and fat mass accumulation.
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5. Conclusions

The limited effects of caffeine or coffee intake observed in the present study could be explained by
relatively low caffeine and coffee intakes. However, this relatively low caffeine or coffee consumption
could slightly prevent CRP increases induced by increased fat mass. Sedentary behavior and body
fat accumulation, even within the young, healthy and, on average, normal weight participants in the
present study induced pro-inflammatory effects. However, only slight effects of physical activity levels
were observed. Interestingly, both sedentary behavior and fat accumulation induced lower levels
of the essential anti-inflammatory cytokine IL-10. Future studies should be performed to determine
coffee intake needed to observe greater health effects and, also, to determine the mechanism linking
sedentary behavior to inflammation.
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Abstract: Coffee is one of the most consumed beverages worldwide. Previous research
has demonstrated its neuroprotective effects in the elderly. People coinfected with human
immunodeficiency virus (HIV) and hepatitis C virus (HCV) experience an accelerated aging process
and cognitive impairment, which significantly impair quality of life and may affect disease-related
dimensions such as treatment adherence. This study aimed to analyse the relationship between
regular coffee intake and neurocognitive performance (NCP) in HIV-HCV coinfected people. We used
data from 139 coinfected patients who participated in both the ANRS CO13 HEPAVIH cohort
and the HEPAVIH-Psy cross-sectional survey. Linear regression models adjusting for potential
sociodemographic (age, gender, educational level), clinical (liver disease status, ongoing HCV
treatment, HIV viral load, major depressive disorder) and socio-behavioural (cannabis use) correlates
of NCP were used. Our results showed significant, positive associations between elevated coffee
intake (ECI) (three or more cups of coffee per day) and NCP in verbal fluency, psychomotor speed
(coding) and executive functioning. ECI might therefore preserve neurocognitive functioning in
people living with HIV and HCV.

Keywords: coffee; hepatitis C; HIV; neurocognitive disorders
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1. Introduction

Coffee is one of the most widely consumed drinks in the world, especially in high-resource
settings [1]. It is associated with better overall health and a reduced risk of both mortality [2] and
cancer [3] in the general population.

In people infected with hepatitis C virus (HCV), coffee consumption is associated with lower
liver stiffness [4] and with decreased rates of liver disease progression and severity [5]. Specifically,
an in vitro study showed that coffee extract and caffeic acid inhibit HCV viral propagation [6]. Elevated
coffee intake (ECI) (three or more cups per day) is an independent predictor of improved virological
response to peginterferon plus ribavirin therapy in patients with chronic HCV infection [7] and is
associated with improved treatment tolerance.

In people living with HIV and HCV, previous research has shown that ECI can reduce the risk of
mortality by 50% [8]. With regard to liver function, Yaya et al. pointed out that ECI is associated with a
significantly reduced risk of advanced liver fibrosis in HIV-HCV coinfected patients, even in those
with unhealthy alcohol use [9]. Furthermore, reduced levels of liver enzymes have been highlighted in
patients with ECI by Morisco et al. [5] and Carrieri et al. [10]. Other beneficial effects of ECI in this
population are its positive effects on insulin resistance [10], perceived toxicity and fatigue [11].

Apart from its beneficial effects on liver disease, coffee intake also significantly impacts cognition
because of its stimulating effects on the central nervous system (CNS). In a study performed in
1875 healthy adults, habitual caffeine consumption was significantly related to better long-term
memory performance and faster locomotor speed. No relationships were found between habitual
caffeine consumption and short-term memory, information processing, planning and attention [12].
A meta-analysis showed a J-shaped association between coffee intake and incident cognitive disorders,
with the lowest risk of incident cognitive disorders observed for a daily consumption level of 1–2 cups
of coffee [13]. In the elderly, Haller et al. (2018) demonstrated an association between moderate caffeine
consumption (from one to two cups of coffee/day) and better neurocognitive performance (NCP) and
between moderate to ECI and better white matter preservation and cerebral blood flow [14]. ECI has
also been associated with a reduced risk of Alzheimer’s disease [15]. Furthermore, people living with
HIV and HCV experience an accelerated aging process [16] and suffer from neurocognitive aging.

Cognitive impairment is prevalent in HIV-HCV coinfected people, with rates ranging from 40%
to 63% [17]. Compared with HIV mono-infected patients, coinfected patients have higher levels of
cognitive impairment, particularly in information processing speed [18]. Vivithanaporn et al. showed
that the presence of HCV coinfection in HIV-infected individuals is likely to increase the neurologic
disease burden and risk of death [19]. With regard to the underlying mechanisms, an HCV-encoded
protein, named Core, has been found to cause neuroinflammation and neuronal death by potentiating
HIV-associated neurotoxicity [20].

No study, to date, has examined the association between coffee consumption and neurocognitive
functioning in HIV-HCV coinfected patients. The present study aimed to analyse the relationship
between coffee consumption and neurocognitive performance (NCP) in a sample of HIV-HCV coinfected
patients, characterized by a high rate of HIV viral suppression.

2. Materials and Methods

We used data from 139 HIV-HCV coinfected patients who participated in both the ANRS CO13
HEPAVIH cohort [21] and the HEPAVIH-Psy cross-sectional survey [22]. The latter was nested in the
former and was designed to estimate the prevalence of mental health and substance use disorders in
HIV-HCV coinfected patients recruited in 10 French HIV services between 2012 and 2014. Exclusion
criteria for HEPAVIH-Psy were diagnosis of a current psychotic episode and neurological or medical
disorders that may affect NCP, such as cerebrovascular disease or head trauma.

HEPAVIH-Psy provided data about current major depressive disorder (MDD) and NCP, the
latter being assessed by measuring the following functions (with associated test/scale in brackets):
visuospatial abilities and visual memory (Rey–Osterrieth complex figure test (ROCF) [23], vocabulary
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size or lexical access speed (verbal fluency task) [24], processing speed (coding task, a subtest of the
fourth version of the Wechsler Adult Intelligence Scale (WAIS-IV)) [25] and executive functioning (Trail
Making Test (TMT) part B minus A) [26]. The TMT B-A score was calculated as the difference between
TMT-A and TMT-B times and is considered a measure of cognitive flexibility relatively independent
of manual dexterity [27]. These cognitive functions, which have been shown to be sensitive enough
to detect a possible neurocognitive impairment in HIV-infected individuals [28], were considered
outcomes in our study. We tested coffee consumption in the previous six months and other factors,
including age, gender, educational level, liver disease status (presence of cirrhosis), ongoing HCV
treatment, HIV viral load and MDD, as potential correlates of neurocognitive performance. All of these
variables were included in the HEPAVIH cohort and measured at the closest visit to the date of the
HEPAVIH-Psy survey, except for MDD, which was documented in the HEPAVIH-Psy survey itself.

Our study outcomes were the five raw test scores measuring NCP (ROCF—direct copy and
delayed reproduction, verbal fluency, coding, TMT B-A), with higher scores indicating better results
for all tests/scales except TMT. Results for TMT are reported as the logarithm of the number of
seconds required to complete the given task. Therefore, higher scores reflect greater impairment.
Distributions of raw test scores are illustrated in Section 3.2. We used linear regression models to
study the association between coffee intake during the previous six months (≥3 cups per day (ECI),
≤2 cups per day, no consumption) and each of the five outcomes. First, we selected all variables
associated with the outcomes using a liberal p-value < 0.20 in the univariable analysis. We then built
the five multivariable models. Only variables associated with at least one out of the five outcomes
in univariable and multivariable analyses (using a p-value < 0.05) were included in order to have
comparable multivariable models. Educational level was forced into all models, as it is an important
cofactor of NCP.

3. Results

3.1. Study Population

Study patients were mostly men (66.9%), median (IQR) age was 50 (48–53) years, and 40.3% of
patients had an educational level above or equal to the French high school diploma. A total of 91.3% of
patients had an undetectable HIV viral load and 23.7% had cirrhosis. A total 28.8% reported ECI in the
previous six months (Table 1).

Table 1. Characteristics of HIV-HCV coinfected patients in the study population, the ANRS CO13
HEPAVIH cohort and the HEPAVIH-Psy cross-sectional survey (N = 139).

N (%)

Age, years
Median (IQR) 50 (48–53)

Gender
Male 93 (66.9)

Female 46 (33.1)

High school certificate *
No 83 (59.7)
Yes 56 (40.3)

Current MDD (N = 137)
No 107 (78.1)
Yes 30 (21.9)

HIV-related characteristics:

CD4 count, cells/mm3 (N = 138)

Median (IQR) 522 (346–726)
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Table 1. Cont.

N (%)

Detectable HIV viral load (N = 138)
No 126 (91.3)
Yes 12 (8.7)

HCV-related characteristics:
Ongoing HCV-treatment

No 116 (83.5)
Yes 23 (16.6)

Presence of cirrhosis
No 106 (76.3)
Yes 33 (23.7)

Cannabis use
No 81 (58.3)
Yes 58 (41.7)

Coffee intake
≥3 cups/day 40 (28.8)
≤2 cups/day 81 (58.3)

No consumption 18 (13.0)

* Educational level above or equal to the French Baccalaureate. Abbreviations: IQR—interquartile range;
MDD—major depressive disorder; HIV—human immunodeficiency virus; HCV—hepatitis C virus.

3.2. Outcomes

The distributions of the five raw test scores measuring NCP (ROCF—direct copy and delayed
reproduction, verbal fluency, coding, TMT B-A) are presented as boxplots. We stratified by coffee
consumption, comparing the distributions of test scores in the three groups: no consumption,
≤ 2 cups/day and ≥ 3 cups/day (Figure 1).

Figure 1. Cont.
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Figure 1. Distribution of raw test scores of HIV-HCV coinfected patients in the study population,
the ANRS CO13 HEPAVIH cohort and the HEPAVIH-Psy cross-sectional survey (N= 139). Abbreviations:
ROCF: Rey-Osterrieth complex figure; TMT B-A: Trail Making Test part B minus A.

3.3. Coffee Consumption Associated with Neurocognitive Performance in HIV-HCV Coinfected People

Interestingly, we found that ECI was positively associated with four of the five outcomes,
as follows: ROCF (copy score only), verbal fluency, coding and TMT B-A. This result was confirmed
after adjusting for clinical (presence of cirrhosis, ongoing HCV treatment, detectable HIV viral
load, MDD), sociodemographic (age, gender, educational level) and socio-behavioural (cannabis use)
correlates of the outcomes (Table 2).
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4. Discussion

This is the first study to explore the relationship between coffee intake and neurocognitive
performance in people coinfected with HIV and HCV. We showed that elevated coffee intake (ECI) (i.e.,
three cups or more per day) was associated with better NCP, as measured by the ROCF (direct copy
only), verbal fluency, coding and TMT B-A tests. These results are clinically relevant given that the
HIV-HCV coinfected population is doubly affected by their vulnerability to cognitive impairments
and the burden of their diseases [17,19]. A meta-analysis comparing cognitive performance between
HIV-HCV coinfected and HIV and HCV mono-infected patients showed significantly poorer information
processing speed in the coinfected group [18]. Our results showed significant, positive associations
between information processing speed (measured by the coding task test) and ECI.

Our findings are in line with previous research in people living with HIV [29], showing the
protective effects of moderate coffee intake on cognitive function. For example, Bragança and colleagues
showed that regularly drinking espresso was associated with better Global Deficit Scores (GDS) and
improved cognitive performance in five out of eight cognitive tests. They also found daily espresso
consumption to be a positive predictor for performance in attention, working memory, executive
functions and GDS.

Interestingly, our results remained valid after adjustment for known correlates of neurocognitive
impairment. We presume that this observed effect is not “acute” but attributable to prolonged exposure
to ECI.

In particular, the positive relationship between ECI and NCP persisted even after adjusting
for known liver disease correlates (cirrhosis and ongoing HCV treatment), which suggests that the
beneficial influence of coffee intake on NCP may occur irrespective of liver disease related factors.
Accordingly, our results might be explained by a direct effect of caffeine on the CNS [30]. Caffeine targets
specific brain regions involved in executive and verbal working memory functions [31], explaining the
positive associations with NCP in verbal fluency observed in our study. In addition, caffeine enhances
information processing speed and attention, which are two cognitive functions mobilised during the
coding test [32].

With regard to the underlying mechanisms, our results may be explained, at least in part, by
the antioxidant properties of coffee [33], which are able to counter the harmful effects of HCV- and
HIV-induced neuro-inflammation. More specifically, chlorogenic acid, an important polyphenol
found in coffee, has been shown to improve the oxidative system [34] and, therefore, may counter
the inflammatory effects of HCV and HIV on the CNS. This is particularly relevant since HCV is
characterized by high oxidative stress, which is shown to promote liver fibrosis, cirrhosis and cancer, as
well as metabolic dysfunction [35]. This study’s strengths include rigorous control for several clinical
(HIV viral load, presence of cirrhosis, treatment status) and socio-behavioural (age, gender, educational
level) confounding factors. Moreover, MDD in the study population was diagnosed by psychiatrists
and taken into account in our analysis.

Our study also has limitations. First, because it was cross-sectional, we were not able to infer
causality for the associations found. Furthermore, we used raw scores as outcomes instead of a global
deficit score, which is frequently used in other studies [18,29]. However, not aggregating our results
into a single score enabled us to distinguish the cognitive functions assessed by the different tests
and to provide more detailed results. Furthermore, we did not have information about the type
of coffee consumed (caffeinated or decaffeinated, green or roasted), and we did not consider other
caffeine sources, such as energy drinks, tea, chocolate or cocoa, which are likely to affect cognitive
functioning [36]. Future research using consistent and comprehensive neuropsychological assessment
batteries is needed in order to clarify the effects of coffee intake (including the cumulative effect of
prolonged coffee consumption) on cognitive function and the mechanisms underlying these effects.
It may also be useful to disentangle the effects of the numerous coffee compounds and their potential
antioxidant activity on NCP and inflammation indicators in HIV-HCV coinfected patients to further
explore these effects in certain categories of patients (such as patients with metabolic syndrome)
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and to assess the potential dose–response pattern of coffee intake on neurocognitive functioning in
this population.

5. Conclusions

The strong relationship we found between coffee intake and NCP underlines the multiple benefits
of coffee consumption in HIV-HCV coinfected people, ranging from reduced inflammation and risk of
liver disease to reduced morbidity and mortality risk. Because cognitive deficits can have significant
functional consequences for patients’ everyday lives—such as difficulties in remembering important
information, reduced quality of life, and poor adherence to treatments—our results may have important
implications for the planning of effective clinical management of these diseases. The effect of coffee
and other functional food on HIV-HCV-related outcomes should also be included in the clinical and
public health research agenda.
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Sicart-Payssan, E. Bedel, S. Anriamiandrisoa, C. Pomes, F. Touam, C. Louisin, M. Mole, C. Bolliot, P
Catalan, M. Mebarki, A. Adda-Lievin, P. Thilbaut, Y. Ousidhoum, F.Z. Makhoukhi, O. Braik, R. Bayoud,
C. Gatey, M.P. Pietri, V. Le Baut, R. Ben Rayana, D. Bornarel, C. Chesnel, D. Beniken, M. Pauchard, S.
Akel, S. Caldato, C. Lions, A. Ivanova, A-S. Ritleg, C. Debreux, L. Chalal, J.Zelie, H. Hue, A. Soria,
M. Cavellec, S. Breau, A. Joulie, P. Fisher, S. Gohier, D. Croisier-Bertin, S. Ogoudjobi, C. Brochier, V.
Thoirain-Galvan, M. Le Cam. Management, statistical analyses: P. Carrieri, M. Chalouni, V. Conte, L.
Dequae-Merchadou, M. Desvallees, L. Esterle, C. Gilbert, S. Gillet, R. Knight, T. Lemboub, F. Marcellin,
L. Michel, M. Mora, C. Protopopescu, P. Roux, B. Spire, S. Tezkratt, T. Barré, M. Baudoin, M. Santos, V.
Di Beo, M.Nishimwe, L Wittkop.
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HEPAVIH-Psy clinical centres (ward): Centre hospitalo-universitaire (CHU) Cochin (Médecine
Interne et Maladies Infectieuses); CHU Pitié-Salpêtrière (Maladies Infectieuses et Tropicales); CHU
Sainte-Marguerite, Marseille (Service d’Immuno-Hématologie Clinique/CISIH); CHU Purpan Toulouse
(Maladies Infectieuses et Tropicales); CHU Archet, Nice (Médecine Interne); CHU Saint-Louis (Médecine
Interne); CHU Saint Antoine (Maladies Infectieuses et Tropicales); CHU Necker (Maladies Infectieuses
et Tropicales); ANRS CO3 Aquitaine cohort (Hôpital Saint André and Hôpital Pellegrin).
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Abstract: Background: Coffee and caffeine are considered to have beneficial effects in patients with
multiple sclerosis (MS), an autoimmune disease of the central nervous system (CNS) that can lead to
disability and chronic fatigue. Methods: In the present study the preference in terms of coffee and
caffeine consumption in patients with MS was assessed. In total the opinions of 124 MS patients
were explored with a questionnaire, which was developed to investigate the consumption behavior
and associated beneficial and harmful effects of coffee and caffeine concerning symptoms of fatigue.
Results: Our study showed that 37.1% of the included patients experience severe symptoms of fatigue.
In our cohort, fatigue was not related to age, type of diagnosis or duration of the disease. The effects
of coffee did not differ between MS patients with and without fatigue. Very few side effects linked
to coffee consumption were reported, and we could demonstrate that coffee consumption had no
negative impact on quality of sleep. A positive effect on everyday life was observed particularly
among patients with a mid-level expanded disability status scale (EDSS). The strongest effects of
coffee consumption were observed regarding a better ability to concentrate while fulfilling tasks,
an expanded attention span and a better structured daily routine. Conclusions: Since coffee showed
no severe side effects and in the absence of an effective fatigue therapy, coffee consumption might be
a therapeutic approach for selected patients with MS-related fatigue.

Keywords: coffee; caffeine; multiple sclerosis; fatigue

1. Introduction

Multiple sclerosis (MS) is considered a chronic inflammatory and degenerating disease of the
central nervous system (CNS), which often first manifests in early adulthood. What is known so far
is that MS is most likely an autoimmune disease with demyelinating processes, which occur in the
white and grey matter of the CNS [1]. These lesions, which are visible on nuclear magnetic resonance
(NMR) imaging, lead to reduced nerve conductivity in the course of the disease. It is assumed that
auto-reactive, myelin-specific T cells are activated in the periphery due to faulty tolerance development.
They enter the brain and trigger an immune response by binding to “their” antigen, which leads to an
inflammatory process [2]. MS is not a curable disease, but its course can be very positively influenced
by medication. MS can manifest in a variety of disease courses. About 85% of patients first develop
relapsing-remitting MS (RRMS), which can evolve into secondary progressive MS (SPMS) over a longer
period [3]. The other 15% of patients initially develop primary progressive MS (PPMS). The respective
diagnosis is made based on the McDonald Criteria [4]. The variety of possible symptoms of MS differs
depending on the location and size of the lesions. Common symptoms include visual disturbances,
paresis, bladder dysfunction, gait disturbances, as well as paresthesia and hypoesthesia. Another
common symptom of MS is fatigue. Fatigue is an extreme exhaustion that usually occurs very suddenly
and cannot be compared to being tired [5]. In 2007, the symptoms of patients with MS-related fatigue
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were examined in detail and a standardized definition was formulated. They summarized that “fatigue
is defined as a reversible motor and cognitive impairment, with reduced motivation and the desire to
rest. It either occurs spontaneously, or is triggered by mental or physical stress, infection or after eating.
Improvement can be achieved by sleeping or resting without sleep. Fatigue can occur at any time but
is usually worse in the afternoon. In MS, fatigue symptoms can occur daily, are usually present for
years, and are much more severe compared to fatigue caused by other diseases” [6]. More than 70% of
people with MS report symptoms of fatigue [7]. Different studies have shown that 14% of patients
perceive fatigue as their worst symptom, 55% of patients report it as one of the symptoms that affects
them most [8]. Patients suffering from fatigue often do not manage to get through a whole day without
taking breaks. As a result, their ability to work is particularly severely affected [5]. Fatigue is also one
of the main causes of unemployment or early retirement in people with MS [9–12]. As therapy, some
substances have been tested for their effectiveness. Even a meta-analysis of many pharmacotherapeutic
approaches could not define clear therapeutic recommendations [13]. Accordingly, non-drug therapy
and comprehensive education about a healthy lifestyle as a therapeutic approach is becoming important,
such as the impact of sport and regular physical activity as a preventive measure [13,14]. Therefore,
it should be considered whether and to what extent simple therapy approaches, such as coffee or
especially caffeine might be an interesting subject for further research. Coffee consists of more than 1000
ingredients, of which caffeine is by far the best studied one. The effect of caffeine is not restricted to a
stimulation of the CNS; a short-term improvement of attention, as well as a positive effect on cognition
and memory have also been observed [15]. Caffeine reaches its maximum plasma concentration after
20–30 min after intake [16], and caffeine from coffee in particular is absorbed faster as compared to other
sources [17]. Due to its hydrophobic structure, caffeine can pass the blood-brain barrier and thus also act
on receptors in the brain [16,18]. Its main effect, as a psychostimulant of the CNS, is based on its ability
to lower adenosine secretion as an adenosine antagonist on adenosine receptors in certain areas of the
brain [19]. Adenosine signals the body that much energy is consumed and causes self-regulation of the
body, by having a calming and inhibitory effect via various neurotransmitter-induced pathways [20].
By blocking the adenosine receptors, caffeine prevents adenosine from acting and conversely has
a stimulating effect on the CNS. It improves cognitive function, reaction time, concentration, and
alertness, as well as motor coordination [21]. The negative reputation of coffee has been reversed in
recent years, a coffee consumption of up to four cups per day (a 150 mL, i.e., a total of about 400–500 mg
of caffeine) can be considered harmless to human health [22]. Since coffee and caffeine have already
shown a positive effect on daytime sleepiness in Parkinson’s disease [23], the question is whether this
effect can also alleviate the symptoms of fatigue in MS patients. The connection between caffeine and
MS-related fatigue has not been investigated yet. The present study intends to evaluate the possible
effect of coffee or caffeine on fatigue as well as on the everyday life of the patients. The aim of this
work is to better understand the effect of coffee by means of patient interviews and evaluation of
further clinical data. Of interest is the possibility of characterizing a specific group of patients for
whom consumption of coffee or caffeine could be indicated as a therapeutic approach.

2. Methods

2.1. Participants

Questionnaires were distributed to the patients during the weekly consultation hours for MS
patients at the Department of Neurology of the University of Regensburg Hospital between March
2018 and September 2018. Inclusion criteria were a confirmed diagnosis of MS and age of majority
(18 years). Patients with initial diagnoses, who presented themselves for the first time, were also
included. All patients who presented during this period were properly informed about the study
and asked to participate. Those who signed the informed consent form were included in the study.
The responsible ethics committee of the University of Regensburg approved this retrospective study
by data collection in February 2018 (file number 18-890-101).
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2.2. Data Collection

A short, retrospective questionnaire was prepared to provide an overview of coffee consumption
habits in patients with MS. A five-page, simply structured questionnaire was designed, asking about
the respective preferences of coffee intake. It focuses on fatigue and behavior concerning coffee
consumption. To better classify the patients’ fatigue, we used the Fatigue Severity Score (FSS) [11],
as well as the Epworth sleepiness scale (ESS) [24]. Furthermore, patients were specifically asked about
problems falling asleep and/or sleeping through the night. The number of hours awake, as well as the
frequency of waking up at night were recorded. In addition, the patients were asked to assess whether
they felt fit and well rested in the morning or not. Regarding the behavior of coffee consumption,
we focused on the reasons why patients do not drink coffee and the possible associated side effects.
They were asked what kind of coffee they prefer or which other caffeinated drinks they consume.
This, together with the average number of cups consumed per day, as well as the average time of their
coffee consumption should provide a better overview. The times of coffee intake were marked on
a timeline. Finally, patients should indicate whether, and if so, what subjective effect of coffee they
perceive, on what occasions or for what reasons they primarily consumed coffee and what relevance
coffee has in their everyday life. Additionally, all patients were neurologically examined and further
clinical data, such as the Expanded Disability Status Score (EDSS) [25] were collected. Data about the
course of the disease were supplemented from the files.

2.3. Data Analysis

Data were coded using SPSS version 25.0.0.1, IBM corporation (Armonk, NY, USA), 2019.
Descriptive statistics included the calculation, the distribution, the median and the mean with
standard deviation. Differences between groups were presented in cross tables and analyzed by
the chi-square-test for categorical variables or t-test for all metric variables. A p-value of <0.05 was
considered significant. Concerning the presence of fatigue, we decided to set the cut-of score as ≥ four
points in the FSS, as originally defined by the authors [26].

3. Results

3.1. Characteristics of Patients with MS

126 (84.6%) of the 149 questionnaires distributed in the period from March to September 2018
were completed. Two of the 126 questionnaires were filled out incompletely, resulting in a total of
124 (83.2%) completed questionnaires. There was no significant difference between the groups in terms
of age, sex, disease duration, diagnosis, or behavior in coffee consumption (Table 1).
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Table 1. Patient characteristics.

All (n = 124) Fatigue (n = 46) No Fatigue (n = 78) p-Value

Age (y)
Median (r) 46 (18–80) 49 (20–80) 45 (18–64) 0.116

Sex
Female (%) 79 (63.7) 29 (63.0) 50 (64.1)

0.906Male (%) 45 (36.3) 17 (37.0) 28 (35.9)

Diagnosis
RRMS (%) 85 (68.5) 29 (63.0) 56 (71.8)

0.177
PPMS (%) 12 (9.7) 8 (17.4) 4 (5.1)
SPMS (%) 14 (11.3) 6 (13.0) 8 (10.3)
Initial diagnosis (%) 6 (4.8) 2 (4.3) 5 (6.4)
Unspecified (%) 7 (5.6) 1 (2.2) 5 (6.4)

Duration of disease
Mean (y) ± SD 10.45 ± 9.3 11.28 ± 9.4 10.15 ± 9.6 0.532

EDSS (n = 120)
Median (r) 2.5 (0–8.5) 2.0 (0–8.5) 3.0 (0–8.5) 0.003

Working status
Working (%) 81 (65.3) 20 (43.5) 61 (78.2)

<0.001Not Working (%) 43 (34.7) 26 (56.5) 17 (21.8)

Coffee consumption (cups/day)
0 cups (%) 14 (11.3) 7 (15.2) 7 (9.0)

0.606
<2 cups (%) 48 (38.7) 15 (32.6) 33 (42.3)
2 to 4 cups (%) 48 (38.7) 19 (41.3) 29 (37.2)
>4 cups (%) 14 (11.3) 5 (10.9) 9 (11.5)

p, statistical significance; n, number; PPMS, primary progressive multiple sclerosis; r, range; RRMS, relapsing
remitting multiple sclerosis; SD, standard deviation; SPMS, secondary progressive multiple sclerosis; y, year.

Nevertheless, the rate of unemployment was significantly higher in patients experiencing fatigue
(p < 0.001). In total 34.7% (n = 43) were not working anymore at the time of filling out the questionnaire.
Out of these 43 patients 67.4% (n = 29) stated to not be able to work due to their disease. This was
accompanied by an increased EDSS value in the group of patients with fatigue (Table 1).

3.2. EDSS

The clinical classification of patients using the standardized EDSS resulted in a median of 2.5
(n = 124). For further analysis, we defined three groups based on the EDSS value (Table 2). The EDSS
describes the severity of the disease and is correspondingly higher in more severely affected patients.
Group-wise a significant difference in mean age could be seen. The duration of the disease since initial
diagnosis also showed clear differences in the groups. There was a significant positive correlation
between a higher EDSS value and the mean duration of the illness of the patients (r = 0.493, p < 0.001).
Coffee consumption did not differ significantly between the groups.

Table 2. EDSS distribution of patients with MS.

Frequency, n (%) Mean Age (y) Duration of Disease (y)

Groups (n/%)

EDSS = 0 37 (29.8) 34.8 ± 10.2 5.9 ± 6.1
EDSS < 4 54 (43.6) 44.7 ± 11.6 9.1 ±7.7
EDSS ≥ 4 33 (26.6) 53.4 ± 11.5 17.4 ± 11.1
Total 124 (100.0) 44.1 ± 13.1 10.6 ± 9.5

EDSS, expanded disability status scale, n, number; y, year.

3.3. Fatigue

As previously described, we formed two groups “fatigue” and “no fatigue”, based on the FSS-Score.
In comparison, a higher mean EDSS score in patients affected by fatigue could be shown. The group
“fatigue” contained 39.1% with an EDSS score of at least four, in contrast to group “no fatigue” with
19.2% (p = 0.003). As described above (Table 1), the groups presented themselves as homogeneous
regarding most characteristics. Based on this assumption, we compared the different effects and side
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effects of coffee and caffeine consumption. As presented in Table 3, the perceived effects of coffee were
remarkably similar regarding fatigue.

Table 3. Effects of coffee consumption of MS patients without and with fatigue.

No Fatigue (n = 78) Fatigue (n = 46)

“I need the coffee to start the day fitter in the morning”
Yes 36 (46.2%) 22 (47.8%)
No 42 (53.8%) 24 (52.2%)

“I am taking deliberate breaks“
Yes 37 (47.4%) 19 (41.3%)
No 41 (52.6%) 27 (58.7%)

“I feel more active, so I get a little more exercise in my day”
Yes 22 (28.2%) 9 (19.6%)
No 56 (71.8%) 37 (80.4%)

“I have more strength to assert myself in difficult situations and feel more competent in
everyday life as well”

Yes 4 (5.1%) 4 (8.7%)
No 74 (94.9%) 42 (91.3%)

“I can concentrate better and thus fulfill my tasks”
Yes 13 (16.7%) 11 (23.9%)
No 65 (83.3%) 35 (76.1%)

“I can lengthen my attention span and listen more attentively to conversations”
Yes 10 (12.8%) 7 (15.2%)
No 68 (87.2%) 39 (84.8%)

“I drink coffee from the “custom” of going out for coffee with someone, e.g., to get to know
someone or meet a friend again”

Yes 29 (37.2%) 13 (28.3%)
No 49 (62.8%) 33 (71.7%)

“It stimulates my digestion and I notice that I have to go to the toilet more often and more
regularly”

Yes 22 (28.2%) 11 (23.9%)
No 56 (71.8%) 35 (76.1%)

“I feel my heart beating faster or I’m shaking or sweating afterwards”
Yes 3 (3.8%) 4 (8.7%)
No 75 (96.2%) 42 (91.3%)

“I get heartburn or stomachache”
Yes 3 (3.8%) 1 (2.2%)
No 75 (96.2%) 45 (97.8%)

“I feel no effect”
Yes 21 (26.9%) 11 (23.9%)
No 57 (73.1%) 35 (76.1%)

MS, multiple sclerosis; n, number.

3.4. Sleep Characteristics

In total, 34 of 124 participants (27.4%) stated that they had problems falling asleep. No significant
difference in the amount of coffee consumption could be observed in those patients (Table 4).
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Table 4. Characteristics of patients with MS regarding sleep.

All Problem No Problem p-Value

Problems with falling asleep n = 124 n = 34 n = 90
Lay awake (h) 0.5 ± 0.94 1.86 ± 0.93 0.4 ± 0.17 <0.001

Coffee consumption (mean in cups) 2.67 ± 2.08 2.98 ± 2.13 2.55 ± 2.06 0.316
ESS (median + range) 7 (0–18) 8.5 (0–18) 6 (0–18) 0.013

Problems with sleeping through the night n = 124 n = 66 n = 58
Frequency of waking up (median + range) 1 (0–4) 2 (0–4) 0 (0–1) <0.001

Regular coffee consumption (%) 83.9 80.3 87.9 0.249
Coffee consumption (mean in cups) 2.67 ± 2.08 3.02 ± 2.33 2.28 ± 1.69 0.051

ESS, Epworth sleepiness scale; h, hours; n, number; p, statistical significance.

Furthermore, 66 of the 124 patients (53.2%) surveyed, said that they regularly woke up more than
once during the night. Here as well, no significant correlation with regular coffee consumption could
be found. More MS patients laid awake at night who had problems with falling asleep (p < 0.001) and
had a higher ESS (p = 0.013). The frequency of waking up at night was higher in MS patients who had
problems with sleeping through the night (p < 0.001) (Table 4). Patients with fatigue more frequently
replied with “sometimes” or “no” when asked whether they felt fit and well rested in the morning
(Figure 1). In contrast no impact of coffee consumption was observed (Figure 2).

Figure 1. Distribution of sleep quality data in the two groups “fatigue” and “no fatigue”. Patients with
fatigue (n = 46) stated to feel less active and well rested in the morning (p < 0.001), whereas patients
without fatigue (n = 78) felt more fit in the morning (p < 0.001; p, statistical significance).
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Figure 2. Distribution of sleep quality data in the groups “regular coffee” (RC) and “no coffee” (NC).
In the group with RC consumption, patients with an average daily coffee intake of more than 0.5 cups
(n = 104) are shown. In the group of NC, patients with an average daily coffee intake of lower than
0.5 cups (n = 20) are shown. There was no difference in sleep quality regarding coffee consumption
(p, statistical significance).

3.5. Coffee Habits

The amount of coffee consumed per day varied from a minimum of one cup to a maximum of
12 cups (mean = 2.67 ± 2.08) among the patients. For further analysis we built four groups, according
to their average coffee intake per day (Table 1). Only fourteen patients stated no coffee consumption at
all, most of the patients have reported to consume up to four cups per day.

The small group of patients with no regular coffee consumption indicated different reasons for this.
By far the most prevalent reason for not drinking coffee was a dislike for the taste of coffee (Figure 3).

Figure 3. Reasons for patients not to drink coffee indicated in percentages.
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We evaluated the average time of coffee intake in all participants (Table 5). In total 79.9% of all
patients consume their coffee until 6 p.m. Only 8.1% of patients declared to consume coffee after 6 p.m.
(7.3% whole day [in the morning, afternoon, and evening]; 0.8% in the morning and evening [until
12 p.m. and after 6 p.m.]). Patients with late coffee consumption showed a higher mean coffee intake
of 6.6 ± 2.94 cups per day, compared to 2.3 ± 1.59 cups per day (p = 0.001).

Table 5. Time of coffee consumption.

Time of Coffee Consumption n %

In the morning (until 12 p.m.) 24 19.4
In the afternoon (12 p.m. to 6 p.m.) 5 4
In the evening (after 6 p.m.) 0 0
In the morning and afternoon (until 6 p.m.) 70 56.5
In the morning and evening (until 12 p.m. and after 6 p.m.) 1 0.8
Whole day (in the morning, afternoon, and evening) 9 7.3
Never 15 12.0

n, number; p.m., post meridiem (afternoon).

The evaluation of a possible correlation between late coffee consumption and the occurrence of
sleep problem, showed no significant effect of coffee intake after 6 p.m. (p = 0.849).

In the questionnaire, the patients were asked to state their reasons for drinking coffee and the
effects they perceived from it. The most frequently selected answer was “I need coffee in the morning
so that I can start the day fitter” 46.8% (n = 58). While 25.8% (n = 32) said that they did not feel any
effect from coffee consumption. The effects and side effects did not differ significantly between the
groups with different amount of daily coffee intake. The least common reported effect of coffee was
stomach problems, such as heartburn (3.2%, n = 4). The effects were examined regarding the duration
of the illness, for which none of the statements showed a significant difference. Especially the patients
of the group “EDSS between 0 and 4” noticed positive effects regarding concentration and attention
span (Table 6).
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Table 6. Effects of coffee consumption categorized based on the EDSS value.

EDSS = 0
(n = 37)

EDSS < 4
(n = 54)

EDSS ≥ 4
(n = 33)

p-Value

“I need the coffee to start the day fitter in the morning”
Yes 12 (32.4) 31(57.4%) 15 (45.5%)

0.079No 25 (67.6%) 23 (42.6%) 18 (54.5%)

“I am taking deliberate breaks”
Yes 18 (48.6%) 29 (53.7%) 9 (27.3%)

0.049No 19 (51.4%) 25 (46.3%) 24 (72.7%)

“I feel more active, so I get a little more exercise in my day.”
Yes 6 (16.2%) 13 (24.1%) 12 (36.4%)

0.151No 31 (83.8%) 41 (75.9%) 21 (63.6%)

“I have more strength to assert myself in difficult situations and feel more competent in everyday life as well”
Yes 2 (5.4%) 3 (5.6%) 3 (9.1%)

0.771No 35 (94.6%) 51 (94.4%) 30 (90.0%)

“I can concentrate better and thus fulfill my tasks”
Yes 2 (5.4%) 18 (33.3%) 4 (12.1%)

0.002No 35 (94.6%) 36 (66.7%) 29 (87.9%)

“I can lengthen my attention span and listen more attentive in conversations”
Yes 3 (8.1%) 13 (24.1%) 1 (3.0%)

0.011No 34 (91.9%) 41 (75.9%) 32 (97.0%)

“I drink coffee from the ‘custom’ of going out for coffee with someone, e.g., to get to know someone or meet a
friend again”

Yes 12 (32.4%) 18 (33.3%) 12 (36.4%)
0.936No 25 (67.6%) 36 (66.7%) 21 (63.6%)

“It stimulates my digestion and I notice that I have to go to the toilet more often and more regularly”
Yes 7 (18.9%) 19 (35.2%) 7 (21.2%)

0.162No 30 (81.1%) 35 (64.8%) 26 (78.8%)

“I feel my heart beating faster or I’m shaking or sweating afterwards”
Yes 3 (8.1%) 3 (5.6%) 1 (3.0%)

0.671No 34 (91.9%) 51 (94.4%) 32 (97.0%)

“I get heartburn or stomachache”
Yes 3 (8.1%) 0(0.0%) 1 (3.0%) 0,101No 34 (91.9%) 54 (100.0%) 32 (97.0%)

“I feel no effect”
Yes 8 (21.6%) 14 (25.9%) 10 (30.3%)

0.661No 29 (78.4%) 40 (74.1%) 23 (69.7%)

EDSS, expanded disability status scale; n, number; p, statistical significance.

Comparing the four groups with different daily coffee intake there were no significant differences
in the EDSS values, or in ESS and FSS values. No significant correlations to age or gender of the
patients could be found. No correlation was observed between the amount of coffee intake per day and
the presence of a bladder voiding disorder (p = 0.514). The information on the current occupation in all
groups was like the distribution of the entire patient collective (p = 0.205). Furthermore, no differences
could be seen in sleep quality or distribution of difficulties falling asleep.

4. Discussion

The purpose of this study was to determine the characteristics of patients, for whom coffee
consumption might have a beneficial effect on fatigue. This retrospective cohort demonstrated that
46 (37.1%) of the included patients experience severe symptoms of fatigue. The results of this study
indicated that fatigue is not related to age, type of diagnosis or duration of the disease. This is different
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from previous studies in which fatigue was more common in progressive MS forms [27]. Fatigue had
a significant impact on the patients’ ability to work with 56.5% of all patients suffering from fatigue
stating that they were currently not able to work. 67.4% of these were no longer working due to their
disease. This is consistent with previous studies, which identified fatigue as one of the most relevant
causes for unemployment in MS [10,12]. Along with this, a significant correlation between a higher
EDSS value and a present fatigue could be found.

Looking at sleep quality 27.4% of all patients reported problems with falling asleep. In comparing
these patients with those who state no problems, no difference in the behavior of coffee consumption
could be found. Even regular late coffee consumption, after 6 p.m. showed no effect on sleep quality
and most importantly on the ability to fall asleep. Analyses of the relationship between the ESS
value, i.e., the daytime sleepiness and fatigue, showed a positive correlation Other studies found that
prevalence of sleeping disorders in MS patients ranged from 25–54% [28–30]. Better objective sleep
was not related to self-reported scores of sleep-disordered breathing and fatigue [31]. We investigated
which criteria had an influence on whether patients felt fit in the morning. Interestingly in our cohort,
it could not be observed that coffee consumption had any effect. Furthermore, it could be demonstrated
that coffee consumption, regardless of the amount consumed had no negative influence on sleep quality.
There was no association either with daytime sleepiness (ESS value) or fatigue (FSS value). This was
in contradiction to the frequent assumption that coffee consumption has a negative effect on sleep.
Patients with a higher FSS value showed significantly more problems with sleeping.

Coffee and especially caffeine have beneficial effects on various neurological diseases as
demonstrated in different studies [32]. Caffeine has also been investigated in in vitro experiments, where
it showed a significant positive effect on rodents with experimental autoimmune encephalomyelitis
(EAE) [33,34]. In previous research, coffee could lead to various beneficial effects regarding cognition.
The overall mood of the patients who consumed coffee was better, and they showed lower fatigue
levels. Tiredness and headaches also occurred less frequently among these patients [35].

In this study it was not possible to measure the exact amount of caffeine intake of patients, due to
the retrospective nature of the data collection. We evaluated the amount of consumed coffee, measured
in cups per day. However, while present studies have shown that an average caffeine content of
about 30–175 mg caffeine per cup (defined as 150 mL) can be assumed [36], most studies including a
prospective study on the effect of espresso in daytime-sleepiness in patients with Parkinson disease [23]
indicate an amount of 90–100 mg per 150 mL. Since the average coffee consumption in our cohort
amounted two to three cups per day, an estimated amount of 250 to 300 mg caffeine intake can be
presumed. Previous studies demonstrated that an intake of caffeine up to 400 mg can be considered
safe and harmless regarding side effects on human health [22]. In total, only 20 of the patients (16.1%)
stated not to drink coffee regularly, 14 of them never consume coffee. The reason most indicated for not
drinking coffee was simply a dislike for the taste of coffee. The possible perceived side effects tended
to play a rather minor role. No differences could be found in terms of sleeping behavior in the small
group of patients reporting side effects linked to coffee consumption.

In contrast, significant differences in the perceived effects of coffee consumption depending on
disease severity were observed. Especially in patients with an EDSS higher than 0, but below 4, positive
effects on everyday life could be identified. These beneficial effects included an increased ability to
concentrate for performing tasks, a more focused attention, and a better structure in everyday life.
It can be hypothesized that these patients are able to benefit from the effects of coffee consumption due
to their still preserved cognitive reserves. The important influence of the cognitive reserve in MS has
been demonstrated [37–39]. There is also data, which states that this protective role is mostly restricted
to memory function and does not refer to the development of the disease in general [40].

Patients with an EDSS score of more than 4 points tended to have a higher quantity of CNS
lesions [41,42]. The number of lesions has been shown to be associated with cognitive dysfunction in
patients with MS [43]. Lesion load, as defined by conventional NMR imaging techniques, does not
correlate with fatigue [44]. However, data show a possible contribution of the gray matter on fatigue
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development [45]. A recent pilot study demonstrated that patients with MS may link neural resources
less efficiently than healthy people, which might result in higher levels of mental fatigue [46]. Even
though many studies exist on fatigue and its therapy, treatment options remain extremely limited.
The most promising therapy so far has been modafinil. Unfortunately, robust positive effects of
modafinil could not be reproducibly shown in every published study [47–49]. On the contrary, it has
even been shown that physical activity and a well-executed fatigue management in patients with
MS have the same, if not a better effect on fatigue than pharmacological therapy [50]. It must be
assumed, that various factors, such as diet, activity, and the pharmacological management of MS play
an important role regarding fatigue experience [1,51].

A limitation of this study is the fact that the sample size is quite small. Possibly, similar studies
could be performed with larger numbers of patients with multicenter recruitment. It is further not
excluded that the effects of coffee drinking are not necessarily only due to the consumption of caffeine.
Coffee contains high concentrations of other potentially bioactive natural products such as trigonelline
and chlorogenic acids with partly undefined effects on the human body [32]. In addition, some
beverages like tea and soft drinks often contain caffeine which could influence the obtained results to
some degree [32].

5. Conclusions

The lack of therapeutic options of fatigue in patients with MS is the reason why we initiated
this study with the aim to evaluate a simple and maybe helpful approach for fatigue intervention in
patients with MS. In our cohort, no negative impact of coffee or caffeine consumption on sleep quality
could be found and no serious side effects were observed. Especially MS patients with an EDSS score
higher than 0, but lower than 4, noted the strongest effect of coffee consumption on their cognitive
abilities, mainly regarding a higher mental capacity and a more structured daily routine.
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10. Koziarska, D.; Król, J.; Nocoń, D.; Kubaszewski, P.; Rzepa, T.; Nowacki, P. Prevalence and factors leading to
unemployment in MS (multiple sclerosis) patients undergoing immunomodulatory treatment in Poland.
PLoS ONE 2018, 13, e0194117. [CrossRef]

11. Krupp, L.B.; LaRocca, N.; Muir-Nash, J.; Steinberg, A. The fatigue severity scale: Application to patients
with multiple sclerosis ans systemic lupus erythematosus. Arch. Neurol. 1989, 46, 1121–1123. [CrossRef]
[PubMed]

12. Smith, M.M.; Arnett, P.A. Factors related to employment status changes in individuals with multiple sclerosis.
Mult. Scler. 2005, 11, 602–609. [CrossRef] [PubMed]

13. Veauthier, C.; Paul, F. Therapie der Fatigue bei Multipler Sklerose: Ein Behandlungsalgorithmus. Nervenarzt
2016, 87, 1310–1321. [CrossRef] [PubMed]

14. Krupp, L.B. Fatigue in multiple sclerosis: Definition, Pathophysiology and Treatment. CNS Drugs. 2003, 17,
225–234. [CrossRef]

15. Hameleers, P. Habitual caffeine consumption and its relation to memory, attention, planning capacity and
psychomotor performance across multiple age groups. Hum. Psychopharmacol. Clin. Exp. 2000, 15, 573–581.
[CrossRef]

16. Bonati, M.; Latini, R.; Galletti, F.; Young, J.F.; Tognoni, G.; Garattini, S. Caffeine disposition after oral doses.
Clin. Pharmacol. Ther. 1982, 32, 98–106. [CrossRef]

17. Marks, V.; Kelly, J.F. Absorption of caffeine from tea, coffee and coca cola. Lancet 1973, 1, 827. [CrossRef]
18. Blanchard, J.; Sawers, S.J.A. The absolute bioavailability of caffeine in man. Eur. J. Clin. Pharmacol. 1983, 24,

93–98. [CrossRef]
19. Fisone, G.; Borgkvist, A.; Usiello, A. Caffeine as a psychomotor stimulant: Mechanism of action. Cell. Mol.

Life Sci. 2004, 61, 857–872. [CrossRef]
20. Hauher, W. Adenosin: Ein Purinnukleosid mit neuromodulatorischen Wirkungen. E-Neuroforum 2002, 8,

228–334. [CrossRef]
21. McLellan, T.M.; Caldwell, J.A.; Lieberman, H.R. A review of caffeine’s effects on cognitive, physical and

occupational performance. Neurosci. Biobehav. Rev. 2016, 71, 294–312. [CrossRef] [PubMed]
22. Nieber, K. The Impact of Coffee on Health. Planta Med. 2017, 83, 1256–1263. [CrossRef] [PubMed]
23. Ferreira, J.J.; Mestre, T.; Guedes, L.C.; Coelho, M.; Rosa, M.M.; Santos, A.T.; Barra, M.; Sampaio, C.; Rascol, O.

Espresso Coffee for the Treatment of Somnolence in Parkinson’s Disease: Results of n-of-1 Trials. Front. Neurol.
2016, 7, 455. [CrossRef]

24. Johns, M.W. A new method for measuring daytime sleepiness: The Epworth sleepiness scale. Sleep 1991, 14,
540–545. [CrossRef] [PubMed]

25. Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS).
Neurology 1983, 33, 1444–1452. [CrossRef] [PubMed]

26. Krupp, L.B.; Coyle, P.K.; Doscher, C.; Miller, A.; Cross, A.H.; Jandorf, L.; Halper, J.; Johnson, B.; Morgante, L.;
Grimson, R. Fatigue therapy in multiple sclerosis: Results of a double-blind, randomized, parallel trial of
amantadine, pemoline, and placebo. Neurology 1995, 45, 1956–1961. [CrossRef]

27. Patrick, E.; Christodoulou, C.; Krupp, L.B. Longitudinal correlates of fatigue in multiple sclerosis. Mult. Scler.
2009, 15, 258–261. [CrossRef]
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Abstract: Coffee and caffeine are speculated to be associated with the reduced risk of Parkinson’s
disease (PD). The present study aimed to investigate the disease-modifying potential of caffeine
on PD, either for healthy people or patients, through a meta-analysis. The electronic databases
were searched using terms related to PD and coffee and caffeinated food products. Articles were
included only upon fulfillment of clear diagnostic criteria for PD and details regarding their
caffeine content. Reference lists of relevant articles were reviewed to identify eligible studies not
shortlisted using these terms. In total, the present study enrolled 13 studies, nine were categorized
into a healthy cohort and the rest into a PD cohort. The individuals in the healthy cohort with
regular caffeine consumption had a significantly lower risk of PD during follow-up evaluation
(hazard ratio (HR) = 0.797, 95% CI = 0.748–0.849, p < 0.001). The outcomes of disease progression
in PD cohorts included dyskinesia, motor fluctuation, symptom onset, and levodopa initiation.
Individuals consuming caffeine presented a significantly lower rate of PD progression (HR = 0.834,
95% CI = 0.707–0.984, p = 0.03). In conclusion, caffeine modified disease risk and progression in PD,
among both healthy individuals or those with PD. Potential biological benefits, such as those obtained
from adenosine 2A receptor antagonism, may require further investigation for designing new drugs.

Keywords: caffeine; Parkinson’s disease; risk; progression; meta-analysis

1. Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases, second only to
Alzheimer’s disease (AD). Risk factors for PD include genetic mutations, environmental toxins, and
lifestyle [1]. An epidemiological study reported some protective factors for PD worldwide, such as
female sex, physical activity, and smoking [2]. The consumption of coffee or caffeinated food is
associated with the reduction of the risk of PD. Patients with PD are less frequent habitual consumers of
caffeinated food [3,4]. The consumption of either tea or coffee exhibited similar effects on the reduction
of the risk of PD [5]. In a similar manner, the protective effect of coffee was also noted in dementia and
AD [6], whereby caffeine reversed the cognitive impairment and decreased the amyloid burden in
transgenic AD mice model [7].

Nutrients 2020, 12, 1860; doi:10.3390/nu12061860 www.mdpi.com/journal/nutrients

83



Nutrients 2020, 12, 1860

Caffeine is an adenosine A2A receptor antagonist [8]. Different types of adenosine receptors (A1,
A2A, A2B, and A3) are widely distributed in the brain. Adenosine A2A receptors are coupled with
G-proteins and exclusively expressed in dopaminergic neurons. The activation of adenosine A2A
receptors causes an increase in intracellular cAMP levels and the extracellular release of glutamate,
resulting in neural excitotoxicity [9]. The neuroprotective effects of caffeine involved the antagonism
of the adenosine A2A receptor, down-regulating the down streaming phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway, and avoiding excessive calcium releasing-related
neurotoxicity and neuroinflammation [10], which has been experimentally demonstrated in several
in vivo models of PD [11–14].

Whether caffeine can reduce the risk and halt the progression of PD remains unclear. In large-scale
cohort studies, caffeine consumption was inconsistently associated with a low risk of PD during
follow-up [15–18]. However, among patients diagnosed with PD, the administration of caffeine tablets
did not modify the disease course [19]. Furthermore, caffeine metabolism varies among patients
with PD [20], thus potentially resulting in inconsistent protective effects. This study investigated
the association between caffeine and PD progression. Considering disease progression was the
primary temporal outcome, only cohort studies rather than case–control studies were included herein,
because case–control studies cannot delineate this temporal association.

2. Methods

2.1. Literature Search Strategy

All relevant articles published in English between 1 January 1990, and 31 December 2019 were
identified by searching PubMed, BioMed Central, Medline, and Google Scholar. Details regarding
search terms are provided in supplementary data. Moreover, the reference lists of relevant articles
were reviewed to identify eligible studies not derived using these search terms.

2.2. Inclusion and Exclusion of the Literature

Inclusion criteria were as follows: (1) clear definition of PD diagnosis; (2) clear definition regarding
the quantity of caffeine, coffee, or tea consumption; (3) cohort study published as an original article,
case series, or letter to the editor; (4) sample size of ≥50 individuals; and (5) published in English.
After excluding nonqualified studies, 19 studies were entered the full-article assessment process and
another 6 studies were excluded due to the lack of hazard ratio. Finally, 13 studies were included into
qualitative synthesis. We further segregated the remaining 13 studies into two categories: the healthy
cohort including studies (n = 9) that recruited individuals without previous diagnosis of PD, wherein
PD diagnosis was performed during follow-up evaluation, and the PD cohort including studies (n = 4)
on individuals with PD already presenting motor symptoms, wherein PD progression was monitored.
The selection process is illustrated in Figure 1.

2.3. Data Extraction

The following data were extracted: name of the first author; year of publication; country and
location; study design; the original cohort or clinical trial; the starting time of cohort; diagnostic criteria
for PD; the assessment of caffeine consumption; the amount of coffee or caffeine consumption; mean
follow-up period of time; the outcome assessment time; and the outcome of the PD progression. All data
were independently reviewed by three investigators (BAI CH, Hong CT, and Chan L), and conflicts
were resolved through a consensus. Assessing of quality of all studies were done by three investigators
(BAI CH, Hong CT, and Chan L) based on the Newcastle–Ottawa Scale. The study was recommended
(>7) by at least 2 investigators into this study as candidate. Data from these 13 candidate studies were
independently extracted by two investigators (BAI CH and FAN YC).
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Figure 1. A schematic representation of the literature search.

2.4. Statistical Analysis

The hazard ratio (HR) was determined, and 95% CIs were calculated on the basis of a binomial
assumption. I2 was used to assess heterogeneity across studies. All statistical analyses were performed
using SAS software (version 9.3; Statistical Analysis System, SAS.com, USA). All reported probability
(p) values were two-sided, with p < 0.05 considered statistically significant.

2.5. Data Availability

The present study was a meta-analysis and all the studies enrolled into analysis can be found
through the provided searching strategy.

3. Results

Among the nine studies included in the healthy cohort (Table 1) [15–18,21–25], five were conducted
in the United States, three in Scandinavia, and one in Singapore. Some studies were large-scale,
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long-term, population-based epidemiological cohort studies, and the others were specific for individuals
with certain characteristics (nurses, healthcare professions, twins, and ancestry of migrants). Caffeine
consumption was evaluated using questionnaires, either detailed and comprehensive or simple ones.
Five of them investigated overall dietary habits, including coffee, tea, cola, and chocolate consumption,
by using the transforming formula. The rest of them only recorded the daily consumption of coffee
or tea. PD was diagnosed through either self-report and confirmation of medical records or from
the national health care database. Two studies separately reported the results for men and women,
and another study reported data only for women.

Most of the included studies categorized caffeine consumption as degree 4–5 based on the amount
of caffeine or the number of cups of coffee per day. Only one study simply provided options of “yes”
and “no” with regard to regular coffee consumption. Considering the difficulty in transforming the
actual caffeine consumption among studies, this study considered results of all individuals consuming
coffee at all degrees and considered the no-exposure group as a reference group to determine the
HR. Overall, 43 results extracted from nine studies were analyzed herein. Caffeine consumption was
significantly associated with a lower risk of developing remarkable symptoms for the diagnosis of PD
during the follow-up period of time (HR = 0.797, 95% CI: 0.748–0.849, p < 0.001; Figure 2).

This study analyzed the effect of caffeine on patients with PD (Table 2). [26–29] Among the
four studies in the PD cohort, three were conducted in European countries and one in the United
States. Patients with PD were in the early stage of the disease. Similar to the healthy cohort, levels of
caffeine consumption were assessed through either comprehensive questionnaires or simple questions.
The four studies set different parameters for PD progression, including the initiation of levodopa,
levodopa-induced motor complications, and the transition to Hoehn and Yahr stage III. The average
follow-up duration ranged 4 to 10.3 years. Finally, 10 results were extracted from these 4 studies.
Caffeine composition among patients at an early stage of PD significantly decelerated PD progression
(HR = 0.834, 95% CI = 0.707–0.984, p = 0.03; Figure 3).

86



Nutrients 2020, 12, 1860

T
a

b
le

1
.

Li
st

of
th

e
in

cl
ud

ed
co

ho
rt

st
ud

y.

S
tu

d
y

N
a
m

e
C

o
u

n
tr

y
O

ri
g

in
a
l

C
o

h
o

rt
(E

st
a
b

li
sh

e
d

-L
a
st

O
u

tc
o

m
e

A
ss

e
ss

m
e
n

t)
n

A
ss

e
ss

m
e
n

t
C

a
ff

e
in

e
C

o
n

su
m

p
ti

o
n

A
m

o
u

n
t

o
f

C
a
ff

e
in

e
C

o
n

su
m

p
ti

o
n

T
h

e
D

ia
g

n
o

si
s

o
f

P
D

A
sc

he
ri

o
et

al
.[

14
]

U
S

H
ea

lt
h

Pr
of

es
si

on
al

s’
Fo

llo
w

-U
p

St
ud

y
an

d
N

ur
se

s’
H

ea
lt

h
St

ud
y

(1
97

6
an

d
19

86
/1

99
4)

13
5,

91
6

se
m

iq
ua

nt
it

at
iv

e
fo

od
-f

re
qu

en
cy

qu
es

ti
on

na
ir

e
(S

FF
Q

)

ca
ff

ei
ne

w
as

13
7

m
g

pe
r

cu
p

of
co
ff

ee
,4

7
m

g
pe

r
cu

p
of

te
a,

46
m

g
pe

rc
an

or
bo

tt
le

of
co

la
be

ve
ra

ge
,

an
d

7
m

g
pe

r
se

rv
in

g
of

ch
oc

ol
at

e
ca

nd
y.

Se
lf

-r
ep

or
ta

nd
m

ed
ic

al
re

co
rd

s

A
sc

he
ri

o
et

al
.[

19
]

U
S

N
ur

se
s’

H
ea

lt
h

St
ud

y
(1

97
6/

19
98

)
12

1,
70

0
w

om
en

se
m

iq
ua

nt
it

at
iv

e
fo

od
-f

re
qu

en
cy

qu
es

ti
on

na
ir

e
(S

FF
Q

)

ca
ff

ei
ne

w
as

13
7

m
g

pe
r

cu
p

of
co
ff

ee
,4

7
m

g
pe

r
cu

p
of

te
a,

46
m

g
pe

rc
an

or
bo

tt
le

of
co

la
be

ve
ra

ge
,

an
d

7
m

g
pe

r
se

rv
in

g
of

ch
oc

ol
at

e
ca

nd
y.

m
ed

ic
al

re
co

rd
s

G
ra

nd
in

et
ti

et
al

[1
8]

U
S

H
on

ol
ul

u
H

ea
rt

Pr
og

ra
m

-J
ap

an
es

e
an

d
O

ki
na

w
an

an
ce

st
ry

(1
96

5/
19

91
)

80
06

m
en

Q
ue

st
io

nn
ai

re
s

N
A

M
ed

ic
al

re
co

rd
s

H
u

et
al

.[
20

]
FI

N

Fo
ur

in
de

pe
nd

en
tc

ro
ss

-s
ec

ti
on

al
po

pu
la

ti
on

su
rv

ey
s

w
er

e
ca

rr
ie

d
ou

ti
n

fiv
e

ge
og

ra
ph

ic
ar

ea
s

of
Fi

nl
an

d
in

19
82

,
19

87
,1

99
2,

an
d

19
97

(1
98

2/
20

02
)

29
,3

35
se

lf
-a

dm
in

is
te

re
d

qu
es

ti
on

na
ir

e
C

up
s

of
co
ff

ee

N
at

io
na

lS
oc

ia
l

In
su

ra
nc

e
In

st
it

ut
io

n’
s

R
eg

is
te

r

Li
u

et
al

.[
15

]
U

S
N

IH
-A

A
R

P
D

ie
ta

nd
H

ea
lt

h
St

ud
y

(1
99

5/
20

10
)

56
6,

40
1

D
ie

tH
is

to
ry

Q
ue

st
io

nn
ai

re
nu

tr
ie

nt
ca

lc
ul

at
io

n:
19

94
–1

99
6

U
S

D
ep

ar
tm

en
to

f
A

gr
ic

ul
tu

re
’s

C
on

ti
nu

in
g

Su
rv

ey
of

Fo
od

In
ta

ke
s

by
In

di
vi

du
al

s.

In
te

rv
ie

w
an

d
co

py
of

m
ed

ic
al

re
co

rd
s

Pa
la

ci
os

et
al

.[
22

]
U

S
C

PS
II

–N
ut

ri
ti

on
co

ho
rt

(1
99

2/
20

07
)

18
4,

19
0

Fo
od

Fr
eq

ue
nc

y
Q

ue
st

io
nn

ai
re

13
7

an
d

47
m

g
pe

r
cu

p
of

co
ff

ee
an

d
te

a,
re

sp
ec

ti
ve

ly
,4

6
m

g
pe

r
ca

n
or

bo
tt

le
of

co
la

;a
nd

7
m

g
pe

r
se

rv
in

g
of

ch
oc

ol
at

e.

In
te

rv
ie

w
an

d
co

py
of

m
ed

ic
al

re
co

rd
s

Sä
äk

sj
är

vi
et

al
.[

12
]

FI
N

Fi
nn

is
h

M
ob

ile
C

lin
ic

H
ea

lt
h

Ex
am

in
at

io
n

Su
rv

ey
(1

97
3/

19
94

)
72

46
se

lf
-a

dm
in

is
te

re
d,

he
al

th
qu

es
ti

on
na

ir
e

C
up

s
of

co
ff

ee

N
at

io
na

lS
oc

ia
l

In
su

ra
nc

e
In

st
it

ut
io

n’
s

R
eg

is
te

r

Ta
n

et
al

.[
21

]
SG

Si
ng

ap
or

e
C

hi
ne

se
H

ea
lt

h
St

ud
y

(1
99

3/
20

05
)

63
,2

57

a
va

lid
at

ed
,

se
m

iq
ua

nt
it

at
iv

e
fo

od
fr

eq
ue

nc
y

se
ct

io
n

qu
es

ti
on

na
ir

e

Si
ng

ap
or

e
Fo

od
C

om
po

si
ti

on
Ta

bl
e,

a
fo

od
-n

ut
ri

en
td

at
ab

as
e

th
at

lis
ts

th
e

le
ve

ls
of

96
nu

tr
it

iv
e/

no
nn

ut
ri

ti
ve

co
m

po
ne

nt
s

(i
nc

lu
di

ng
ca
ff

ei
ne

)p
er

10
0

g
of

co
ok

ed
fo

od
an

d
be

ve
ra

ge
s

In
te

rv
ie

w
an

d
lin

ka
ge

da
ta

ba
se

to
m

ed
ic

al
re

co
rd

W
ir

de
fe

ld
te

ta
l.

[1
3]

SE
Sw

ed
is

h
Tw

in
R

eg
is

tr
y

(1
96

1
an

d
19

73
/w

it
ho

ut
cl

ea
r

m
en

ti
on

in
g)

52
,1

49
qu

es
ti

on
na

ir
es

D
id

no
tp

ro
vi

de
th

e
fo

rm
ul

a
In

pa
ti

en
tD

is
ch

ar
ge

R
eg

is
te

r
an

d
C

au
se

of
D

ea
th

R
eg

is
te

r

87



Nutrients 2020, 12, 1860

F
ig

u
re

2
.

Fo
re

st
pl

ot
ill

us
tr

at
in

g
th

e
ha

za
rd

ra
ti

o
(H

R
)o

fP
ar

ki
ns

on
’s

di
se

as
e

(P
D

)a
m

on
g

he
al

th
y

in
di

vi
du

al
s

fr
om

co
ho

rt
st

ud
ie

s.

88



Nutrients 2020, 12, 1860

T
a

b
le

2
.

Li
st

of
th

e
in

cl
ud

ed
st

ud
ie

s
on

th
e

pr
og

re
ss

io
n

of
Pa

rk
in

so
n’

s
di

se
as

e
(P

D
).

S
tu

d
y

N
a
m

e
C

o
u

n
tr

y
N

u
m

b
e
r

o
f

P
D

S
ta

g
e

o
f

P
D

A
ss

e
ss

m
e
n

t
C

a
ff

e
in

e
C

o
n

su
m

p
ti

o
n

A
m

o
u

n
t

o
f

C
a
ff

e
in

e
C

o
n

su
m

p
ti

o
n

M
e
a
n

F
o

ll
o

w
-U

p
P

e
ri

o
d

o
f

T
im

e
O

u
tc

o
m

e
a
s

th
e

P
ro

g
re

ss
io

n
o

f
P

D

K
an

di
no

v
et

al
.[

23
]

IL
27

8
O

ns
et

of
PD

m
ot

or
sy

m
pt

om
s

In
te

rv
ie

w
th

e
nu

m
be

r
of

cu
ps

of
co
ff

ee
pe

r
da

y
10

.3
ye

ar
s

Ti
m

e
fr

om
on

se
tt

o
H

oe
hn

an
d

Ya
hr

st
ag

e
3

M
oc

ci
a

et
al

.[
26

]
IL

79
de

no
vo

,d
ru

g
na

ïv
e

C
aff

ei
ne

C
on

su
m

pt
io

n
Q

ue
st

io
nn

ai
re

i.e
.,

Es
pr

es
so

1o
z
=

50
m

g
ca
ff

ei
ne

4
ye

ar
s

St
ar

ti
ng

L-
do

pa
tr

ea
tm

en
t

Sc
ot

te
ta

l.
[2

5]
G

B
18

3
N

ew
ly

di
ag

no
se

d
Ve

rb
al

in
te

rv
ie

w
ab

ou
tt

he
av

er
ag

e
le

ve
lo

f
ex

po
su

re
be

fo
re

ba
se

lin
e

C
up

s
of

te
a:

47
m

g
ca
ff

ei
ne

C
up

of
co
ff

ee
:6

2
m

g
ca
ff

ei
ne

59
m

on
th

s
1.

M
ot

or
flu

ct
ua

ti
on

2.
D

ys
ki

ne
si

a

W
ill

s
et

al
.[

24
]

U
S

22
8

Ea
rl

y
PD

qu
es

ti
on

na
ir

e
as

se
ss

in
g

bo
th

cu
rr

en
t(

“i
n

th
e

pa
st

w
ee

k”
)a

nd
pr

io
r

(“
on

av
er

ag
e

ov
er

th
e

pa
st

5
ye

ar
s”

)c
aff

ei
ne

in
ta

ke

C
off

ee
(8

5
m

g
ca
ff

ei
ne
/5

oz
)

Te
a

(3
6

m
g

ca
ff

ei
ne
/5

oz
)

So
da

(4
5

m
g

ca
ff

ei
ne
/1

2
oz

)
5.

5
ye

ar
s

D
ys

ki
ne

si
a

F
ig

u
re

3
.

Fo
re

st
pl

ot
ill

us
tr

at
in

g
th

e
ha

za
rd

ra
ti

o
(H

R
)o

fp
ro

gr
es

si
on

of
Pa

rk
in

so
n’

s
di

se
as

e
(P

D
)a

m
on

g
in

di
vi

du
al

s
w

it
h

ea
rl

y-
st

ag
e

PD
.

89



Nutrients 2020, 12, 1860

4. Discussion

The results of this study showed that among both healthy individuals and patients with PD,
caffeine consumption was significantly associated with a lower HR for the risk or progression of PD,
respectively. Considering that steady neurodegeneration in PD precedes the onset of motor symptoms
for decades and persists thereafter [30], caffeine was speculated to have disease-modifying potential
throughout the course of the disease in this study. Compared with data obtained from case–control
studies, data obtained from a combination of multiple cohorts were more likely to demonstrate the
beneficial causal relationship between caffeine consumption and the risk of PD.

The potential neuroprotective effect of caffeine consumption against PD was noted on the
basis of case–control epidemiological studies. Although another component in coffee, that is,
eicosanoyl-5-hydroxytryptamide, is believed to protect against neurodegeneration [31], a similar
association found for tea consumption further corroborated the finding that caffeine is the key protective
agent in coffee [32]. Instead of psychostimulation, caffeine antagonizes the adenosine A2A receptor.
In the central nervous system, the adenosine A2A receptor is exclusively expressed in dopaminergic
neurons, and the activation of the adenosine A2A receptor triggers the cAMP-protein kinase
A-dependent elevation of intracellular calcium and release of glutamate [33]. Excessive intracellular
calcium and glutamate levels are responsible for excitotoxicity in neurodegenerative diseases, including
PD [34]. The adenosine A2A receptor is also involved in neuroinflammation-mediated neuronal
dysfunction and degeneration [35]. Istradefylline, an FDA-approved adenosine A2A receptor antagonist
currently used for treating PD, reduces off time and improves the motor symptoms of patients with PD
albeit with complications including the exacerbation of dyskinesia [36]. The neuroprotective effect of
istradefylline has been further described in in vivo studies [37–39] but not in clinical.

However, large-scale cohort studies focused on the healthy population, did not consistently
demonstrate the risk-reduction effect of caffeine on PD. Studies investigating the effect of caffeine on PD
progression among PD patients were also not fruitful. The quantification of daily caffeine consumption
is most challenging for studies intending to investigate disease-modifying effects. Except caffeine
tablets, the assessment of the daily intake of caffeinated beverages and food products requires a formula
for transformation. A structured dietary interview is usually necessary to obtain semi-quantitative data
regarding daily caffeine intake. Considering that adults usually adhere to their dietary preferences,
the interview would yield reliable data regarding long-term levels of caffeine consumption. However,
coffee, tea, cola, and chocolate in different styles, brands, or countries (even areas) have different
caffeine contents. Moreover, genetic polymorphism, sex, and heterogeneity in caffeine metabolism
also influence the effects of caffeine [20,40,41]. Herein, most studies segregated their participants on
the basis of caffeine consumption by relative gradients, thus introducing a slight variation among
the enrolled studies. This relative but not absolute grouping deters inter-study comparisons and the
obtainment of consistent findings.

Defining PD progression is challenging and problematic. Among healthy individuals, tremors
may be visible and can be recognized early. However, the remaining cardinal motor symptoms,
including rigidity, bradykinesia, and postural instability, are ambiguous. Most individuals with
PD were either misdiagnosed or underwent unnecessary treatment years before reaching a final
diagnosis [42]. This delay deters the assessment of disease progression for the cohort study recruiting
healthy participants. Regarding disease progression among patients with PD, off-status motor function
is the major parameter among clinical trials. However, responses to one-night washout are variable,
and the effect of levodopa may last for 2 weeks [43]. Moreover, if the intervention itself causes
certain symptomatic effects in conjunction, similar to rasagiline or caffeine, it would be challenging to
distinguish between disease modification and symptomatic effect [44]. However, the onset of motor
fluctuation and dyskinesia have been considered markers of disease progression among patients with
PD. Nevertheless, the degeneration of dopaminergic neurons is not the only underlying factor [45].
The dosage of levodopa, the prescription of dopamine agonists, or amantadine in the early stage
of the disease also influences the onset of motor complications [46–48]. One study included herein
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considered the initiation of levodopa treatment as a marker for disease progression, which was highly
influenced by the subjective and objective conditions of patients with PD [49]. Young or old; employed,
self-employed, or retired individuals and the self-expectation had an influence on levodopa initiation.
These aforementioned issues deter the accurate assessment of disease progression, thus yielding
inconsistent disease-modifying effects of caffeine or any other interventions.

The strength of this study is the delineation of the disease-modifying effect of caffeine on PD.
The inclusion of exclusive cohort studies was superior to case–control studies owing to the potential
temporal association between caffeine and PD, and the prevention of recall bias on the dietary habit.
Furthermore, this study pooled all the HR of PD from moderate-to-high levels of caffeine consumption
together and determined the lower limit as reference, thus eliminating the ambiguous cut-off level of
daily caffeine intake in numerous studies. This blurred “beneficial dosage of caffeine” varied among
studies and confounded clinicians and the population. Moreover, no remarkable J-shaped curve was
previously obtained for the risk of PD and caffeine consumption, thus yielding an upper limit of
permissible caffeine consumption. The present results indicate that caffeine consumption potentially
alters the PD risk and progression among both healthy individuals and those with PD, and this concept
is easier to pick up by general population and health professions.

This study has some limitations. First, considering the diagnosis of PD heavily relying on the
development of the motor symptoms, which may be delayed for decades after the beginning of the
neurodegeneration, the utilization of the diagnosis of PD as outcome assessment in the healthy cohorts
may bias by either under or overvaluation. Second, variations in the levels of caffeine consumption
among studies undoubtedly introduced heterogeneity among studies. Certain studies focused on
caffeinated food products, and another study focused only on coffee or tea. The effect of some promising
ingredients in coffee, such as eicosanoyl-5-hydroxytryptamide [31] or methylxanthine [50] had not
been investigated in the present study due to the lack of standard assessment, such as the dietary
questionnaires for the amount of daily intake. None of the studies included in this research focused
on the effect of pure caffeine tablets, which would directly demonstrate the effects of caffeine rather
than the mixed effects of caffeinated food products. Based on this information provided from the
dietary questionnaires, it was not possible to define the optimal daily dosage of caffeine and the food
source of caffeine. Third, instead of coffee or caffeine, some factors are known to affect the risk of PD,
such as diabetes, pesticide exposure and the well-water drinking [51]. Female is well-known for the
lower risk of PD, and the protective role of sex hormone is speculated [52]. However, in the present
study, two cohorts separated the results between men and women, which revealed no significant
heterogenicity. Meanwhile, one study also sub-grouped female participants based on the hormone
replacement therapy, and there was no remarkable heterogenicity either. Moreover, several genetic and
environmental factors interact with caffeine, and life style, socioeconomic status, exercise, high-fat diet
and alcohol consumption may also be associated with the habitual coffee drinking. There was no clear
information about those environmental factors from the included studies for the authors to adjust those
possible confounding factors. Lastly, genetic polymorphism may affect the metabolism of caffeine,
but to the best of our knowledge, only case-control studies were found to investigate the gene–caffeine
interaction in PD [53–55], which did not fit into the inclusion criteria of the present meta-analysis.

In conclusion, this meta-analysis shows that caffeine is associated with a low risk of developing
PD in healthy individuals and the deceleration in the progression of motor symptoms in patients with
PD. Additional studies are required to investigate not only the optimal daily dosage and food source
of caffeine for PD, but also the possible mechanisms underlying the bioprotective effects of caffeine on
PD. Among individuals with PD, caffeine intake should be encouraged if adverse effects are tolerable.
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Abstract: Caffeine occurs naturally in various foods, such as coffee, tea, and cocoa, and it has been
used safely as a mild stimulant for a long time. However, excessive caffeine consumption (1~1.5 g/day)
can cause caffeine poisoning (caffeinism), which includes symptoms such as anxiety, agitation,
insomnia, and gastrointestinal disorders. Recently, there has been increasing interest in the effect of
caffeine consumption as a protective factor or risk factor for neurological and psychiatric disorders.
Currently, the importance of personalized medicine is being emphasized, and research on sex/gender
differences needs to be conducted. Our review focuses on the effect of caffeine consumption on
several neurological and psychiatric disorders with respect to sex differences to provide a better
understanding of caffeine use as a risk or protective factor for those disorders. The findings may help
establish new strategies for developing sex-specific caffeine therapies.

Keywords: caffeine; neurological and psychiatric disorders; sleep disorder; stroke; dementia;
depression; sex differences

1. Introduction

Caffeine (1,3,7-trimethylxanthine), a type of methylxanthine series alkaloid [1], is commonly
found in coffee, tea, and soft drinks, and also exists in cocoa, chocolate, and a number of dietary
supplements [2]. Caffeine is commonly taken orally in the form of coffee or tea, and 99% of it is
absorbed into the bloodstream from the gastrointestinal tract, reaching peak concentrations 30–60 min
after ingestion and circulation throughout the body [3]. In the USA, adults consume an average
of 179 mg of caffeine daily, which is equivalent to 2 cups (100 mg/240 mL) of ground coffee [4].
Caffeine action is thought to be mediated via several mechanisms: the antagonism of adenosine
receptors, the inhibition of phosphodiesterase, the release of calcium from intracellular stores, and the
antagonism of benzodiazepine receptors [5]. There are also reports that caffeine changes estrogen levels
in women [6]. Since estrogen has a neuroprotective or neurotrophic effect and regulates the dopamine
system of the black striatum [7], estrogen regulates the effect of caffeine on the dopamine system and
suggests that a complex interaction between caffeine, estrogen, and dopamine exists in the basal ganglia
system [8]. Furthermore, caffeine is a stimulant for the central nervous system that can penetrate
biological membranes, including the blood–brain barrier and placental barrier, and it maintains arousal
function in the brain as a nonspecific potent inhibitor of the A1 and A2A adenosine receptors that
promote drowsiness [9]. Caffeine also has psychostimulant effects via modulation of the dopaminergic
neuron [10], contributing to an attenuated risk for depression in coffee drinkers [7]. Many people
consume caffeine to overcome headaches, owing to its vasoconstrictive properties restricting blood flow
in the brain [11]. However, excessive caffeine consumption (1~1.5 g/day) can cause caffeine poisoning
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(caffeinism), which includes symptoms such as anxiety, agitation, insomnia, gastrointestinal disorders,
tremors, and mental disorders [12]. Furthermore, depending on the sensitivity, in rare cases, it can also
cause death [13]. Caffeine resistance and the rate of caffeine metabolism vary greatly from person to
person, especially depending on the activity of the cytochrome P450 1A2 (CYP1A2) gene, encoding an
enzyme that breaks down caffeine [6]. CYP1A2 is a major enzyme responsible for the metabolism of
purine alkaloid (1,3,7-trimethylxanthine), a caffeine that occurs naturally in coffee beans, and plays an
important role in the metabolism of estrogen and coffee [14]. Additionally, depending on endogenous
and exogenous factors, the half-life of caffeine is 2 to 10 h (average 3.7 h), and is mainly excreted by
urine after being metabolized in the liver [7]. Accumulating evidence has shown sex-specific differences
in the activity and expression of many CYP isoforms [15–17]. Recent studies demonstrate that CYP1A2
and CYP2E1 activities are higher in men than in women, while the activity of CYP3A, one of the most
clinically relevant CYP isoforms, is greater in women [15]. The activity of several other CYP (CYP2C16,
CYP2C19, and CYP2D6) isozymes and the conjugation (glucuronidation) activity involved in drug
metabolism are higher in men than in women [17]. According to the World Health Organization
(WHO), about 6.8 million people worldwide die each year from various neurological and psychiatric
disorders, including stroke, Alzheimer’s disease (AD), Parkinson’s disease (PD), and depression.
Neurological and psychiatric disorders are not only expensive to treat, but patients have experienced
serious stigma, social exclusion, and poor quality of life as a result of their affliction [18]. Over the years,
caffeine has been investigated as a potential risk or protective factor for neurological and psychiatric
disorders [19]. Some studies have shown that by drinking more than three cups of coffee a day,
caffeine reduces the risk of developing AD and PD [20]. Meanwhile, the risk of developing anxiety
and panic disorder has been reported to increase after consumption of more than six cups of coffee a
day [21]. Interestingly, there are significant sex/gender differences in the prevalence or incidence of
neurological and psychiatric disorders. Moreover, a recent study found that individuals with reduced
CYP2D6 activity due to the mutated CYP2D6 * 4A (allelic variants of CYP2D6) genotype had a 2.5 times
higher risk of PD than those with wild type, which was higher in men [22]. In addition, the presence
of high-risk alleles in both CYP17 and CYP19 increased the risk of AD in menopausal women by
almost four times [23,24]. From these studies, it has been suggested that the effects of caffeine on the
prevalence/incidence of neurological and psychiatric disorders may vary depending on sex, but it is still
not thoroughly understood. In the present review, we first review the sex differences in the prevalence
and/or incidence of several neurological and psychiatric disorders. Further, this review summarizes
the effect of caffeine intake as a risk or protection factor for these disorders in men and women.

2. Sex Differences in the Prevalence/Incidence of Neurological and Psychiatric Disorders

Millions of people worldwide are affected by neurological and psychiatric disorders. More than
six million people die each year from stroke, and there are 7.7 million new cases of dementia each
year [25]. The prevalence/incidence of several neurological and psychiatric disorders in men and
women are discussed in the following sections and summarized in Table 1.

2.1. Stroke

Stroke is a disease in which the vessels that supply blood to the brain develop abnormalities
and suddenly cause local brain dysfunction, accompanied by various neurological deficits such as
consciousness disorders, unilateral paralysis, and/or speech disorders [26]. There are two main types
of stroke: ischemic stroke, due to lack of blood flow (85%), and hemorrhagic stroke, due to bleeding
(15%) [27–30]. It has been identified that the symptoms of stroke are different between men and women.
Fatigue (women vs. men = 31.2% vs. 21.1%), disorientation (44.4% vs. 34.7%), and fever (12.1% vs.
5.3%) appear predominantly in women, while paresthesia (24.2% vs. 37.9%) and ataxia (61.4% vs.
74.7%) are more common in men [31]. In a systematic review by Appelros et. al, it was shown that
there was high variance between age groups and countries, but on average, both the incidence and the
prevalence of stroke were higher in men than in women [32]. On the other hand, mortality from stroke
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was greater in women (24.7%) than in men (19.7%). A prospective study from the USA conducted
on 505 patients with first ischemic stroke (ischemic stroke genetics study) found that 270 patients
(55%) were men and 229 (45%) were women [33]. In their study, no sex differences were found in
stroke severity, stroke subtype, or infarct size and location, but a higher percentage of mortality was
shown in women [27–30,33]. In 2009, a study conducted by the Beth Israel Deaconess Medical Center
in the USA analyzed 1107 inpatients aged 21 and older who were diagnosed with neuro-ischemic
stroke [28]. This study revealed no difference in the prevalence of stroke between men and women, but
when comparing the age of patients, women were older than men and were more likely to have heart
embolism [28]. Taken together, at most ages, women have a lower or similar risk of stroke than men.
However, possibly due to the longer lifespan of women, the incidence of stroke in women gradually
increases with age, and as a result, mortality rates in women are higher.
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2.2. Sleep Disorder

Sleep mediates changes in various physiological functions, including brain activity, breathing,
and heart rate, and sufficient sleep improves attention, creativity, memory, and learning [55]. Insufficient
sleep or poor sleep quality can act as a risk factor for a variety of diseases, including dementia, psychosis,
and diabetes [56,57]. Prevalence of sleep disorders is high, with about 25–30% of population worldwide
having some form of inadequate sleep. Sleep disorders degrade the quality of life due to secondary
psychological stress as well as promoting physical illness [58]. A recent study found that there was a
difference in the prevalence of sleep disorders between sexes. Insomnia, the most common type of
sleep disorder, is defined as a condition where it is difficult to initiate and maintain sleeping, resulting
in difficulty in early rising [59]. Regarding sex differences in the prevalence of insomnia, many studies
have reported that insomnia occurs more frequently in women [37]. In the USA, insomnia diagnosis is
double in women compared with that in men, and insomnia symptoms for two nights or more per
week have been reported to occur in 30.5% of women and 24.5% of men. In the case of chronic insomnia,
the incidence rate was higher in women (12.9%) than in men (6.2%) [36]. In particular, women over 65
have the highest risk for insomnia and have been reported to have an increasing risk with age [35,38].
One of the reasons that women are more susceptible to insomnia than men is the changes in body
hormones due to menstruation and menopause [60]. This is because estrogen, an important female
hormone, decreases and body symptoms such as hot flashes and sweating are caused by an imbalance
of hormones in the body.

2.3. Dementia

Dementia is a pathological neurodegenerative process characterized by a gradual decrease in
cognitive, memory, and functional capacity that is severe enough to affect daily functioning [61]. Other
symptoms include emotional problems, speech problems, and decreased motivation [62]. AD is the
most common form of dementia and most studies do not distinguish AD from all-cause dementia [63].
Global estimates on the prevalence of dementia are up to 7% of the population aged 65 and over,
and in developed countries with a longer lifespan, the prevalence is slightly higher still (8–10%) [64].
According to the World Alzheimer’s Report 2015, there are currently 46.8 million people with dementia
worldwide, with an estimated increase to 74.7 million by 2030 and 131.5 million by 2050 [65]. Age is a
major risk factor for AD, and on average, women live longer than men. However, the difference in
lifespan between men and women does not fully explain why two-thirds of Alzheimer’s patients are
women. Even after accounting for differences in longevity, some studies have found that women are
still at a higher risk [66]. Recently, sex-related differences in neuroanatomy and function are being
considered in patient diagnostics, and sex can be an important factor in stratified and personalized
treatment in AD patients [39]. Consistent with this finding, analysis of longitudinal data from the
Alzheimer’s Disease Neuroimaging Initiative cohort showed that women had greater hippocampal
atrophy and faster cognitive decline in the presence of AD biomarkers (Cerebrospinal fluid levels
Aβ1-42 and total tau) compared to men [67]. Similarly, a study published in 2017 showed that in
dementia patients who were classified as fast progressors, there was a faster rate of dementia in
women than men, even when the diagnostic biomarker levels were similar [68]. Sex-related differences
and treatment responses related to disease progression after AD diagnosis were also reported [40].
According to a Mayo Clinic study on aging, the progression from mild cognitive impairment (MCI)
to AD was similar in men and women in the ages of 70–79, but higher in women than men after
80 years of age. This is likely due to the difference in brain anatomy between men and women,
and it is reported that men are expected to withstand more pathologies because their heads are about
10% larger and have more brain volume compared to women, a hypothesis that was supported by
autopsy. At the same level of pathology, the probability of clinical diagnosis of AD was found to be
significantly higher in women than in men [69]. In the Framingham Study cohort, a study conducted
in individuals aged between 65 and 100 years old, incidence of AD in women was twice as high as
men [41], and another study reported that two-thirds of AD patients are women [42]. Overall, women
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showed higher incidence and prevalence of dementia than men, possibly due to various factors, such as
longer life expectancy of women and different neuroanatomical function [42].

2.4. PD

PD is one of the neurodegenerative disorders with characteristic features, such as hand
tremor, muscle stiffness, and postural instability [70]. PD is the second most frequent age-related
neurodegenerative disorder, affecting about three percent of people over 65 and five percent over
85 years old [71]. The formation of the Lewy body (α-synuclein accumulation in neurons) in the stromal
nigra pars compacta leads to basal ganglion circuit degeneration [46]. Patients under 40 years of age
are rare, and prevalence increases with age, approaching three percent of the population over the age
of 80 [72]. Increasing evidence has suggested that sex is an important factor in the development of PD.
In PD, the onset age, severity, and type of symptoms vary by sex. According to several studies, the onset
of PD in men occurs, on average, two years earlier than in women, and the incidence rate in men is twice
as high as that in women [73]. It has also been reported that sex differences in PD are determined by
the nigrostriatal dopamine system arising from genetic, environmental, and hormonal effects. Sex itself
is a variable that can affect the manifestation of non-motor symptoms in PD patients [46]. Women have
better cognitive performance than men in two measures: the Symbol Digit Modalities Test, a screening
test for cognitive impairment, and Scales for Outcomes of Parkinson’s disease-cognition, a measure of
memory and learning, attention, executive function, and virtual space function [45]. Despite the higher
incidence of PD in men at all ages, the difference in PD risk between men and women is reduced with
age. In those aged 65 to 69, the incidence of PD was shown to be similar between men and women [44].
The reason is likely that women have a longer lifespan than men, and men are at greater risk of dying
at a younger age [43]. In addition, motor improvement after deep brain stimulation is similar in men
and women, but women are likely to show better improvement in daily living activities compared to
men [74]. One of the reasons why the onset of PD is higher in men than in women may be due to the
effect of estrogen on dopaminergic neurons and pathways in the brain [75].

2.5. Depression

Depression is a common and serious mental disorder that can have long-term consequences
and affects all aspects of life. People with depression tend to feel sad, anxious, hopeless, irritable,
and ashamed [76]. Severe cases of depression can lead to loss of appetite, sudden weight loss, sleeping
problems, and frequent thoughts of death or suicide [77]. It is commonly comorbid with other chronic
illnesses and/or mood disorders that make it a complicated disorder difficult to properly diagnose and
treat [78]. Depression is more frequently experienced by women compared to men, with a peak in
prevalence occurring in middle age. Gender differences in depression are known to be affected by
several factors, such as biological, psychological, and environmental factors [79]. In 2018, in Canada,
the THINC-integrated tool (THINC-it), a newly developed cognitive tool, was used to evaluate
cognitive impairment in patients suffering from major depressive disorder (MDD). It was reported that
women had a higher rate of severe depression than men [47]. Additionally, patients with chronic liver
disease have a higher incidence of depression than the general population and depression is a common
psychiatric comorbidity among individuals with hepatitis C virus (HCV) [80]. Studies have shown
that 23% of women, but only 4.1% of men, with chronic HCV have depression. In conclusion, in those
with chronic HCV infection, anxiety and depression were more common in women than in men [48].
The University of Michigan’s survey center conducted a community-based study named “American
Changing Lives (ACL)” that included two sets of data collected in 1986 and 1989. These data revealed
that stressed women were more prone to depression than stressed men [49]. Recent evidence suggests
that changes in ovarian hormone levels, especially biological factors such as decreased estrogen, may
contribute to increased risk for depression in women [81].
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2.6. Anxiety

Anxiety, which manifests as a sudden increase in alertness, excessive fear, and worry, is the most
common mental health disorder and 1 in 9 individuals have experienced anxiety for a year. It is also
known that women have a higher prevalence of anxiety than men [82,83]. Results of the State Trait
Anxiety Inventory (STAT) score, a psychological inventory that determines individual anxiety and trait
anxiety among healthy men and women volunteers at Utretch University Campus, confirmed that
women have a high level of trait anxiety [50]. In 2017, a research team at Yale University in the USA
conducted an experiment on stress-induced anxiety disorder in healthy adults between the ages of 19
and 50. Their results show that women are more susceptible to stress-induced anxiety [51]. That is,
as a result of various anxiety measurement experiments, the incidence of anxiety was found likely to
be higher in women than in men. Women have a higher incidence of anxiety disorders not only because
they are more sensitive to the lower levels of hormones that make up the stress response, but also
because women experience residual anxiety from sexual abuse/violence more often than men [84].

2.7. Neuromuscular Disease

Neuromuscular diseases are a broadly defined group of disorders that involve injury or dysfunction
of the peripheral nerve or muscle and include wide variety of disorders, such as multiple sclerosis (MS),
Charcot–Marie–Tooth (CMT) disease, amyotrophic lateral sclerosis (ALS), myasthenia gravis (MG),
and neuropathic pain [85]. The most common of these diseases is MG, which is an autoimmune disease
where the immune system produces antibodies that attach themselves to the neuromuscular junction
and prevent transmission of the nerve impulse to the muscle [86]. The onset of MG occurs at any age,
but significantly earlier in women than men. The incidence of MG has been reported to be significantly
higher in women under age 40, but higher in men over age 50 [52]. CMT disease encompasses a group of
disorders called hereditary sensory and motor neuropathies, which damage the peripheral nerves [87].
The highest prevalence of CMT disease occurs at ages 50–64, with men having a higher prevalence
than women [53,88]. A study by Nivedita U. Jerath et al. reviewed the results of electrodiagnostic
retrospectively in 45 women and 31 men. As a result, women with CMT1X have less severe outcomes
for almost all parameters of motor nerve conduction studies (MNCS) (compound motor action potential
amplitude, delay time on exercise, and conduction rate) compared to men with CMT1X [53]. ALS
is a highly debilitating disease caused by progressive degeneration of motoneurons [89]. Both the
incidence and the prevalence of ALS are greater in men than women. The reasons for the difference in
the incidence of ALS between men and women is known as the differences in biological responses to
exogenous toxins, various exposures to environmental toxins, and fundamental differences between
male and female nervous systems and their ability to repair damage [54]. The prevalence/incidence of
neuromuscular disease varies according to the age of men and women, but in most cases, it is higher in
men than women. The difference in the incidence of ALS between men and women may be explained
by differences in the biological response to exogenous toxins.

3. Effect of Caffeine Consumption on the Risk for Neurological and Psychiatric Disorders in Men
and Women

According to a paper published in British Medical Journal (BMJ) in 2017, drinking 3–4 cups of
coffee per day is associated with a reduced risk of various neurological disorders, including AD, PD,
and depression [90]. However, few studies have been reported on sex differences in the effects of
caffeine on neurological and psychiatric disorders. This review investigates the differential effects of
caffeine on the incidence of symptoms of several neurological and psychiatric disorders in men and
women (summarized in Table 2).
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3.1. Stroke

According to the WHO, 15 million people worldwide suffer from stroke each year, five million of
these people die, and another five million are permanently disabled [91]. The causative or protective
effect of caffeine on stroke onset has been controversial, and moreover, sex differences have not been
studied. In 2015, the National Health and Nutrition Examination Survey in the USA examined the
association between coffee consumption and stroke in 19,994 participants (men 9374; women 10,620)
over the age of 17. Multivariate analysis found that higher coffee consumption (≥3 cups/day) reduced
the incidence of stroke [92]. In 2017, data from the Health Examinees study, a large, prospective,
community-based cohort study, were used to analyze the association between coffee consumption and
stroke. A survey of about 15,000 men and women between 40 and 69 years of age did not show any
significant association between coffee consumption and stroke risk among men. However, in the case
of young women, the inverse relationship between coffee consumption and stroke risk was prominent.
In other words, higher coffee consumption was found to be inversely proportional to the incidence
rate of stroke in women [93]. Some studies show that coffee consumption temporarily increases the
risk of ischemic stroke. Mostofsky’s study showed that the incidence of stroke temporarily doubled
in those who drank seven or more cups of coffee per week compared with non-drinkers, but there
were no gender differences [94]. In summary, the effect of coffee intake on the risk for stroke showed
controversial results, but more studies have shown that women have a lower risk of stroke incidence
by caffeine intake, than men. As indirect evidence of the preventive effect of coffee consumption on
stroke occurrence, there are papers reporting the preventive effect of coffee consumption on the onset of
diabetes by maximizing insulin sensitivity, which is a risk factor for stroke, but no differences between
sexes were revealed [95].
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3.2. Sleep Disorder

Caffeine overdose can delay sleep onset, reduce total sleep time, change normal sleep stages,
and reduce sleep quality. Caffeine-induced sleep disorder is known as a psychiatric disorder caused
by excessive caffeine consumption [120]. A double-blind cross-design study of 22 young participants
(10 men, 12 women; 20–30 years old) and 25 middle-aged participants (12 men, 13 women; 40–60 years
old) showed that in terms of sleep volume and efficiency, middle-aged participants in good health were
more susceptible to increased caffeine doses compared to young adults [97]. In a study of 12 young and
12 middle-aged subjects who consumed one to three cups of coffee per day, caffeine intake was found
to reduce sleep efficiency, sleep time, slow-wave sleep (SWS), and rapid eye movement (REM) sleep in
both age groups. However, during the weekly recovery, middle-aged participants had significantly
reduced sleep time and sleep efficiency compared to younger participants [98]. In addition, for 66 boys
and 125 girls who consumed similar amounts of caffeine, the average sleep time decreased from
528.8 min (8.8 h) on Saturday nights, to 448.5 min on Sunday nights (7.5 h). Perhaps not surprisingly,
teenagers who consumed large quantities of caffeine experienced interfered sleep [99]. Furthermore,
a survey on the quality of sleep in 26 adult men and 54 women with an average daily caffeine intake of
164.9 mg, showed that 80% of respondents suffered from sleep disturbances once a week [100]. Finally,
among 162 cognitively healthy Koreans aged 60–94 (85 men, 77 women), people who consumed more
than 60 cups of coffee per year had a 20% lower volume of pineal parenchyma, a melatonin-producing
region, than those who consumed less than 60 cups of coffee per year [101]. In summary, caffeine
intake negatively affected the quality of sleep and the amount of sleep with age, with no differences
seen between men and women.

3.3. Dementia

A number of studies report that caffeine consumption tends to decrease the incidence of dementia.
Increased caffeine intake in white women aged 65–80 has been reported to lower the likelihood
of dementia or cognitive impairment [105]. In addition, drinking a moderate amount of coffee
(3~5 cups/day) lowers the incidence of dementia compared with not drinking coffee, and among
coffee-drinkers, the incidence of dementia is lower in women than in men. Moreover, a later-life
survey found that low consumers of coffee were more likely to develop depression (based on the Beck
depression scale) compared to moderate coffee consumers [104]. According to a study by Vincenzo et al.,
individuals who habitually consumed moderate amounts of coffee (one to two cups of coffee a day)
had a lower incidence of MCI than those who did not drink coffee [102]. A study of 587 people in a
California retiree community found that those who consumed more than 200 mg of caffeine per day at
the age of 90 and took extra vitamin C significantly reduced their risk for dementia [103]. Some studies
have reported neuroprotective effects of caffeine by showing that women with high caffeine intake
(more than three cups per day) have fewer speech retrieval and decreased spatiotemporal memory
problems than women who consumed less than one cup of coffee per day [106]. The psycho-stimulating
component of caffeine appears to reduce cognitive decline in women without dementia, especially in
the elderly [106]. Retrospective observational studies have shown that lifetime coffee consumption
tends to increase cognitive performance in aged women, but this is not the case in aged men [20].
Taken together, these studies show that caffeine intake did not help improve cognitive abilities in either
men or women, although steady caffeine intake seems to reduce the risk of developing dementia for
both men and women, with a greater effect in women.

3.4. PD

The possible relationship between caffeine intake and PD risk has attracted considerable
attention since the early 1970s, and more and more observational studies have been conducted
on this [107]. An inverse association between coffee consumption and PD risk has been found in several
epidemiological studies [110,121–123]. Even though the evidence is increasing that caffeine intake can
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reduce the risk of PD, the number of cohort studies is still relatively small and is almost exclusively
limited to the USA [109]. A meta-analysis of the Hui Qi research team found that consuming less
than three cups of coffee per day significantly reduced the risk of PD, while consuming more than
three cups of coffee per day did not significantly alter the risk for PD [107]. The link between caffeine
consumption and the risk of developing PD was more pronounced in men than women. A study by
Ascherio et al. reported that men who consumed a moderate amount of coffee had a significantly lower
risk of PD than men who did not drink coffee at all [110]. For women, there is a U-shaped relationship
between coffee consumption and Parkinson’s disease risk, with women drinking 1–3 cups of coffee per
day having the lowest risk. These results support the protective effect of moderate amounts of caffeine
on Parkinson’s disease risk. A cohort study conducted in the USA in 1992 found that in men, regular
coffee consumption was associated with a reduced risk of PD [108]. In the case of women, the risk of
PD was significantly reduced in the group with the highest caffeine intake (four or more cups per day)
compared to the group with the lowest caffeine intake (less than one drink per day), but the decrease
was lower than in men. According to a study published in 2000 by Ross et al., the incidence of PD
observed among Japanese men participants aged 45 to 68 was two to three times higher in non-coffee
drinkers than in coffee drinkers [111]. In summary, high caffeine intake is associated with a protective
effect that suppresses PD incidence in men and women, significantly reduces the risk of PD in men,
and only slightly reduces the risk in women. These results suggest that men and women respond
differently to caffeine administration and that these gender differences may be mediated by changes in
circulating steroid hormones [124].

3.5. Depression

Adequate caffeine intake has a positive effect on depression, but excessive caffeine intake can
exacerbate depression by stimulating sympathetic nerves [125]. Moderate amounts of caffeine also
help prevent an imbalance in brain neurotransmitters, such as serotonin and dopamine, that cause
depression. The effect of caffeine intake on depression was investigated in students aged 11 to 17 years
old (a total of 2307 students). As a result, consuming less than 1000 mg of caffeine per week increased
the incidence of depression in girls compared to boys [115]. Unlike the above results, according to a
survey conducted by the Centers for Disease Control and Prevention, the prevalence of depression
decreased as caffeine intake increased. The incidence of depression among participants who drank
more than two cups of coffee per day was reduced by 24% compared to those who didn’t drink
coffee [112]. In addition, as a result of analysis of data from the National Health and Nutrition
Examination Survey conducted in 2019, it was found that the incidence of depression decreased as the
amount of caffeine intake increased, but gender differences were not analyzed [114]. A 2011 cohort
result from the US Nurses’ Health Study found an inverse age-adjusted dose-response relationship
between caffeine-containing coffee and depression risk in women. Compared with the group with
the lowest caffeine consumption (<100 mg/d), the relative risk for depression was lower in the group
with the highest caffeine consumption (≥550 mg/d). In other words, women who consumed more
caffeine had a lower risk of depression than women who consumed less caffeine [113]. In summary,
the risk of developing depression was decreased by caffeine intake to a greater extent in women than
in men, and the effect of caffeine intake on depression incidence was different according to the age of
women. In particular, in adolescence, caffeine decomposition ability is lower than that of adults, so the
staying time in the body is relatively long and it can increase the risk of depression by inducing sleep
disorders [126].

3.6. Anxiety

Generalized anxiety disorder is a serious mental illness that affects up to 6% of population in the
world. Symptoms are complicated by the consequences of accompaniment with other mental disorders,
such as MDD, panic disorder, and alcohol/substance abuse, resulting in worsening of symptoms and
poor treatment responses [127]. Excessive caffeine can cause symptoms ranging from general anxiety
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to compulsive disorders [120]. However, few studies have been conducted on the incidence of anxiety
in men and women, by caffeine. As a result from a cohort study of 3323 students aged 11–17 years
(boys 48.5%, girl 51.5%), the effect of caffeine on anxiety was not significant in girls, but in boys, anxiety
increased with caffeine intake [115]. Consistent with the above results, at the University of Valencia,
Spain, a STAT test of 39 men and 60 women between 18 and 31 years of age showed that men had
higher state anxiety than women [116]. As shown above, the effects of caffeine on anxiety were more
pronounced in men than in women. However, very little research has been conducted to assess the
association between caffeine intake and anxiety.

3.7. Neuromuscular Disease

There are only a few studies about the effect of caffeine on neuromuscular diseases, and little is
known about its sex differences and mechanisms. A case-controlled study from the European ALS
Consortium (EURALS Group) reported that people who drink more than one cup of coffee per day for
at least six months have a lower risk of ALS than those who didn’t drink coffee at all [119]. Similar
findings of caffeine’s impact on the risk of developing MS were found in two cohort studies conducted
in the USA and Sweden in 2016 [117]. Compared to those who never had coffee, those with high
coffee intakes in excess of six cups per day had a significantly reduced risk of MS in both men and
women. However, a recent meta-analysis of five large cohort studies conducted in the USA showed
no association between coffee consumption and ALS risk, in both males and female. Another large
prospective study conducted by Massa et al. also reported no association between caffeine consumption
and MS risk in white women [118].

4. Conclusions

This review has shown that the beneficial and/or risky effects of caffeine on several neurological
and psychiatric disorders may vary depending on sex. In the case of stroke, caffeine intake has a greater
protective effect in women than in men, and for sleep disorders, caffeine intake tends to increase the
risk to a similar extent in both men and women. This review also shows that the risk for developing
dementia is reduced to a greater extent in women than in men. In contrast, the protective effect of
caffeine against PD was found to be greater in men than in women. Notably, in the case of anxiety
and depression, the effect of caffeine on the risk for their incidence tends to be age dependent. In fact,
the risk of depression has shown to decrease in adult women but not in men, while in adolescence,
women have a much higher risk of depression than men. For anxiety, the risk seems to be increased
primarily in adult men but not in women, while during adolescence, the risk increases in both men
and women, but to a much greater extent in men. In other words, caffeine consumption not only has a
positive effect of reducing the risk of stroke, dementia, and depression in women and reducing the
risk of PD in men, but also has a negative effect of increasing sleep disorders and anxiety disorders in
adolescence in both men and women. Moreover, there are not many research articles that analyzed
individual sex/gender differences in the effect of caffeine on neurological disorders. Therefore, further
studies focusing on sex/gender differences are needed to fully understand the positive and negative
effects of coffee intake on neurological and psychiatric disorders in men and women, and to develop
new strategies for sex-specific caffeine use.
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Abstract: Migraine is a chronic disorder, and caffeine has been linked with migraine for many years,
on the one hand as a trigger, and on the other hand as a cure. As most of the population, including
migraineurs, consume a considerable amount of caffeine daily, a question arises as to whether it
influences their headaches. Indeed, drinking coffee before a migraine attack may not be a real
headache trigger, but a consequence of premonitory symptoms, including yawning, diminished
energy levels, and sleepiness that may herald a headache. Here, we aim to summarize the available
evidence on the relationship between caffeine and migraines. Articles concerning this topic published
up to June 2020 were retrieved by searching clinical databases, and all types of studies were included.
We identified 21 studies investigating the prevalence of caffeine/caffeine withdrawal as a migraine
trigger and 7 studies evaluating caffeine in acute migraine treatment. Among them, in 17 studies,
caffeine/caffeine withdrawal was found to be a migraine trigger in a small percentage of participants
(ranging from 2% to 30%), while all treatment studies found caffeine to be safe and effective in acute
migraine treatment, mostly in combination with other analgesics. Overall, based on our review of
the current literature, there is insufficient evidence to recommend caffeine cessation to all migraine
patients, but it should be highlighted that caffeine overuse may lead to migraine chronification,
and sudden caffeine withdrawal may trigger migraine attacks. Migraine sufferers should be aware
of the amount of caffeine they consume and not exceed 200 mg daily. If they wish to continue
drinking caffeinated beverages, they should keep their daily intake as consistent as possible to avoid
withdrawal headache.

Keywords: migraine; headache; caffeine; coffee; trigger; withdrawal headache; adenosine;
vasoconstriction; cerebral blood flow

1. Introduction

Migraine has emerged as a great public health concern, and the World Health Organization (WHO)
has classified it as the third most common disease worldwide, with over a billion people estimated
to suffer from it [1,2]. This type of primary headache usually presents with recurrent, typically
unilateral and pulsating attacks of severe headaches, lasting from 4 to 72 h, with accompanying
symptoms including photophobia, phonophobia, nausea, and vomiting [3]. Caffeine has been linked
with migraine for many years, on the one hand as a trigger, and on the other as a cure [4–8]. As most
of the population, including migraine sufferers, consume a considerable amount of coffee and other
caffeinated drinks and foods daily, a question arises as to whether it influences their headaches. Besides,
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some migraine sufferers ask their doctors about dietary recommendations regarding their intake of
caffeinated beverages. They demand specific information regarding whether they are allowed to drink
coffee or should avoid it, and whether it will be beneficial for their migraine if they stop drinking it.
The aim of this review is to examine the relationship between caffeine and migraine, and to check
whether caffeine is a migraine trigger and avoiding it may be of benefit to certain patients, and to find
out if caffeine may be helpful in migraine treatment.

1.1. Caffeine

Caffeine is the most popular and widely used active food ingredient, with up to 80% of the
population consuming a caffeinated product every day [9]. One of the most popular caffeine drinks is
coffee, and many people start their day with a cup of coffee. Caffeine also occurs in tea leaves, guarana,
cocoa, chocolate, cola nuts, and wide variety of medications, dietary supplements, soft drinks, and
energy drinks [10]. As the structure of caffeine is similar to adenosine, it works through nonselective
antagonism of adenosine A1 and A2A receptors, causing their inhibition. It is important to note
that adenosine is an inhibitor of neuronal activity in the nervous system; its receptors have been
reported to be involved in antinociception, and enhancing them may lead to arousal, concentration,
and vigilance [11]. However, caffeine has no influence on dopamine release, thus has no potential for
abuse [12]. In humans, after oral intake, caffeine is rapidly and completely absorbed (max t 30–120 min)
and freely crosses the blood–brain barrier [10]. Although a main component of coffee is caffeine, it
should be pointed out that it is a complex drink including over 1000 compounds, most of them not yet
identified. Haskell-Ramsay compared the effects of regular coffee, decaffeinated coffee, and placebo on
mood and cognition, and discovered that decaffeinated coffee also increased alertness when compared
to placebo. Thus, the behavioral activity of coffee seems to expand beyond its caffeine content, and
the use of decaffeinated coffee as a placebo may be controversial [13]. It is reported that moderate
daily caffeine intake (300–400 mg, around 4–5 cups of coffee) is safe and does not raise any health
concerns (except in pregnant women and children) [14]. Nevertheless, higher doses may induce
anxiety, nervousness, headache, drowsiness, nausea, insomnia, tremor, tachycardia, and increased
blood pressure [10]. Interestingly, there is evidence that response to caffeine consumption may be
genetically determined [12]. Besides, the amount of caffeine that produces adverse effects can vary
and is influenced by the person’s weight and sex, the presence of hypertension and hepatic disease,
and metabolic induction and inhibition of cytochrome P-450 [15]. It is noteworthy that people who
consume caffeine habitually have a lower risk of experiencing the adverse effects than those who do
not frequently consume caffeine [10].

1.2. Caffeine’s Influence on Health

Coffee consumption is associated with a number of health benefits in men and women. In an
umbrella review, Grosso et al. demonstrated that caffeine was associated with a decreased risk of
cancer, diabetes, cardiovascular disease and mortality, and Parkinson′s disease but an increased risk
of pregnancy loss [16]. On the other hand, coffee was linked with a rise in serum lipids and blood
pressure. Overall, they concluded that coffee (moderate daily intake) can be part of a healthful diet [16].
A number of epidemiological studies confirmed a link between higher coffee consumption and better
performance on cognitive tests in older adults, and an inverse relationship exists between coffee
consumption and the risk of developing Parkinson′s or Alzheimer′s disease and a lower risk of stroke.
Interestingly, regular coffee consumption does not affect patients with epilepsy [17]. It is reported
thatcaffeine can enhance awareness, attention, and reaction time by stimulating wakefulness, increasing
concentration, and decreasing the sensation of fatigue, but also may disturb sleep quality [14,17,18].
Moreover, caffeine in low doses (150–200 mg) can improve mood states and decreases the risk of
depression and suicide [17].
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1.3. Caffeine and Cerebral Blood Flow

The effect of caffeine on blood flow and arteries remains controversial. On the one hand, there is
evidence that caffeine decreases the production of nitric oxide (NO, responsible for vasodilation) from
the endothelial cells, and on the other hand, a number of studies showed increased NO production
after caffeine administration [19,20]. Several studies investigated the direct effects of caffeine on
endothelial function and concluded that caffeine augmented and improved endothelium-dependent
but not endothelium-independent vasodilatation, suggesting that it has no effect on vascular smooth
muscle function [21,22]. The reason for this ambiguous effect, called by Higashi the “coffee paradox,”
may be a different action of caffeine on endothelium and smooth muscles [21]. It is known that
caffeine is an adenosine receptor antagonist. Interestingly, adenosine via the adenosine A2A receptor
stimulates the production of NO with further vasodilatation, but contrary to this, via the adenosine
A1 receptor, adenosine decreases NO release and produces vasoconstriction. Thus, depending on
caffeine binding affinity and dose, it can cause either vasoconstriction or vasodilatation and sometimes
even no change in vascular function [21]. It is important to note that methylxanthines such as caffeine
usually induce vasodilatation except in the central nervous system, where they raise cerebrovascular
resistance (CVR) and reduce cerebral blood flow (CBF) [23]. A number of studies demonstrated
that by inducing vasoconstriction, caffeine reduces CBF in healthy people, but also in pathological
conditions. Vidyasagar at al. discovered a global 20% reduction in gray matter CBF with caffeine and
tea but not decaffeinated tea, which indicates that only caffeine change CBF. Moreover, the effect of
caffeine was regionally specific. Interestingly, none of the interventions had an effect on CVR [24].
Haanes et al. investigated the effect of adenosine A2A receptor antagonists on the vasodilation of
the middle meningeal artery. They found that antagonists did not influence neurogenic vasodilation,
but blocked the vasodilation produced by A2A receptor agonists, suggesting that selective A2A receptor
antagonists might be useful in migraine treatment by preventing meningeal arterial dilation [25].
Another study, using vascular information extracted from the blood-oxygen-level-dependent (BOLD)
signal in functional MRI (fMRI) showed that shorter time delays and smaller standard deviations
were detected in scans of caffeinated areas. This means that caffeine increased blood flow velocity
by vasoconstriction [26]. The spatial distribution of adenosine receptors may be one reason for the
region-dependent changes in brain activity induced by caffeine, thus, the average brain metabolic rate
stays unchanged. Besides, caffeine′s effects on arteries may be region-specific [27]. Blaha et al., in a
transcranial Doppler (TCD) study, investigated the effects of caffeine on an already dilated cerebral
circulation and found a significant decrease in CBF velocity after caffeine ingestion in a normal
cerebrovascular bed as well as in peripheral vasodilatation. This means that caffeine may regulate
CBF under various pathological conditions, with possible therapeutic effects in vasoparalysis [28].
Lunt et al., using two methods of cerebral blood flow measurement (transcranial Doppler and xenon
clearance), demonstrated that 250 mg caffeine reduced CBF by an average of 22% in healthy volunteers
as well as in patients recovering from stroke. Caffeine caused a smaller change in middle cerebral artery
(MCA) blood flow velocity than in CBF, which indicates that caffeine reduces the MCA diameter [29].
Addicott et al. used perfusion magnetic resonance imaging to check the effect of caffeine on CBF in
chronic users of low, moderate, and high amounts in an abstained state and the normal use (native)
state. In each state, participants received either caffeine (250 mg) or placebo. It was found that in
both states, caffeine reduced CBF by an average of 27%, but in the native placebo condition, users
of high amounts of caffeine trended toward less CBF than those who consumed low and moderate
amounts. These results suggest a limited ability of the cerebrovascular adenosine system to compensate
for high amounts of daily caffeine [30]. Another TCD study examined whether controlled caffeine
cessation would produce headache and changes in CBF velocity. After 24 h of caffeine abstinence,
10 individuals developed headache with an accompanying increase in CBF velocity. One hour after
caffeine intake, the headache resolved and CBF velocity decreased. The study indicates a link between
caffeine withdrawal, headache, and CBF [31]. Sigmon et al., in a double-blind study, demonstrated
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that acute caffeine abstinence increased mean, systolic, and diastolic velocity in the MCA and anterior
cerebral artery (ACA) and decreased the pulsatility index in the MCA measured by TCD [32].

1.4. Caffeine′s Effects on Pain and Non-Migraine Headache

There is evidence that caffeine may reduce pain sensation through its effects on adenosine
receptors [12]. The antinociceptive effects of caffeine may be explained by an inhibition of
cyclooxygenase activity as well as adenosine receptor antagonism. Caffeine acts not only by central
blocking of adenosine receptors, which affects pain signaling, but also by blocking peripheral adenosine
receptors on sensory afferents [12]. It was demonstrated that a 200 mg caffeine dose can inhibit the
analgesic effects of transcutaneous electrical nerve stimulation [33]. Caffeine (≥100 mg) combined with
a standard dose of analgesics led to an increased proportion of individuals with a satisfactory level of
pain relief [34]. Laska et al. found that, in combination with paracetamol or aspirin, caffeine reduced
the amount of analgesic needed to reach the same effect by approximately 40% [35]. Other clinical
effects in these patients may be linked with the promotion of the absorption of analgesics by rapid
lowering of gastric pH. Nevertheless, meta-analyses of caffeine combined with ibuprofen, paracetamol,
or acetylic acid found only weak adjuvant effects in patients with postoperative pain [34].

It has been proved that caffeine and caffeine-containing analgesics are effective in the treatment
of several types of primary and secondary headaches. For example, it is known to terminate hypnic
headache, a sleep-related headache disorder that wakes people from sleep at a consistent time [36].
Based on observational studies, the most effective acute and prophylactic treatment of this rare disease is
caffeine [37]. Another type of headache that may benefit from caffeine is post-dural puncture headache
(PDPH), the most common complication of lumbar puncture and spinal anesthesia. A Cochrane review
published in 2015 revealed that treatment with caffeine reduced PDPH in a number of participants and
decreased the need for supplementary interventions compared to placebo [38]. This effect is probably
due to increased production of cerebrospinal fluid (CSF), as one study demonstrated that long-term
consumption of caffeine induced ventriculomegaly, and adenosine receptor signaling can regulate the
production of CSF [39]. It has been reported that caffeine withdrawal can often produce headaches.
According to the International Classification of Headache Disorders (ICHD-3), a withdrawal headache
is a headache experienced by individuals who frequently consume caffeine (>200 mg/d for >2 weeks)
and suddenly stop. They develop a headache within 24 h after their last caffeine intake, which is
relieved within 1 h by ingesting caffeine (100 mg) or resolves within 7 days after caffeine withdrawal [3].
The higher the baseline level of caffeine ingestion, the greater the likelihood of withdrawal headache.
The cause of this type of headache is probably increased CBF due to vasoconstriction [31]. It is
important to note that caffeine withdrawal has been described as the cause of reversible cerebral
vasoconstriction syndrome in several cases of this rare sudden thunderclap headache [40,41]. Ward et al.,
in a double-blind placebo-controlled trial, examined whether caffeine alone has independent analgesic
effects on non-migraine headaches, and found equivalent effects to acetaminophen [8]. According
to Mazzoni et al., overuse of caffeine was found in 36.6% of patients with chronic cluster headaches,
compared to only 6.9% of patients with episodic headaches [42]. Interestingly, patients with chronic
daily headaches were more likely to overuse caffeine before the onset of the headache, compared with
controls with episodic headaches. Nevertheless, no association was found regarding present caffeine
consumption [43]. Medication overuse headache (MOH) is a rebound headache that usually occurs
with frequent use of analgesics to relieve headaches (more than 10–15 days a month). Kluonaitis et al.
revealed that caffeine-containing combination analgesics were overused among 35.8% of patients with
migraines [44]. Another study showed that combination analgesics were the most frequently overused
medications by MOH patients, and caffeine was a component of 89.9% of these [45]. A randomized
double-blind study conducted in patients with tension-type headache revealed that treatment with
ibuprofen and caffeine provided significantly greater analgesic effect than ibuprofen alone, caffeine
alone, or placebo. Notably, no analgesic effect of caffeine alone (200 mg) compared with placebo was
found [46].
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1.5. Caffeine and Migraine

1.5.1. Caffeine as Migraine Treatment: Potential Mechanism of Action 1

Although caffeine has been used for migraine headaches for many years, at the beginning its
efficiency was linked with vascular properties. As caffeine produces cerebral vasoconstriction, it was
thought that by this mechanism it may stop migraine attack. However, the role of vasodilatation
in migraines is unclear, and recent findings challenge its necessity [47]. Nowadays, it is known
that migraine is a neurological, not vascular, disorder, so the therapeutic effect of caffeine seems
to be beyond its vascular effects. It is reported that adenosine is one of the neuromodulators
that contribute to migraine pathophysiology. First of all, adenosine plasma levels increase during
migraine attacks and exogenous adenosine may start migraine headaches [48]. Besides, an adenosine
uptake inhibitor (dipyridamole) may increase the frequency of migraine attacks. Finally, as caffeine
competitively antagonizes adenosine′s effects by binding to some of the same receptors, it may be
effective in migraine treatment [36]. On the other hand, it is important to note that regular use of
caffeine-containing analgesics is associated with medication-overuse headaches. It was demonstrated
that migraine sufferers have gastric stasis not only during, but also outside of acute migraine attacks [49].
This reduction in gastric motility slows the absorption of acute medications and diminishes their
effectiveness [50]. As caffeine increases gastric motility, this may have important clinical implications
for migraine patients, and may contribute to its effectiveness when combined with analgesics [34].
Caffeine, by inhibiting phosphodiesterases and blocking adenosine receptors, can potentially alter
nitric oxide (NO) production. Bruce et al. demonstrated that caffeine diminished exhaled NO, probably
by adenosine receptor antagonism or by altering levels of cGMP [19]. As NO levels increase in jugular
venous plasma during a migraine attack and NO synthase inhibitors are effective in migraine treatment,
it is possible that caffeine as a biologically active compound may decrease the frequency of migraine
attacks by inhibiting NO synthase production [51]. Recently González at al. found that regular coffee
consumption may be associated with changes in some intestinal microbiota groups [52]. As there is a
relationship between migraine and the gut–brain axis and probiotics were found to be beneficial in
migraine treatment, this can be another mechanism by which caffeine may influence migraines [53,54].

1.5.2. Caffeine as a Migraine Trigger: Potential Mechanism of Action

Trigger factors are events or exposures that increase the probability of an attack over a short
period of time [55]. The 10 most frequent migraine triggers are stress; fatigue; fasting; auditory,
visual, and olfactory triggers; hormonal triggers; sleep; weather; and alcohol [56]. Dietary triggers
are less frequent, and include chocolate, coffee, red wine, nuts, cheeses, citrus fruits, processed meats,
monosodium glutamate, and aspartame [57]. It is possible that an isolated trigger is insufficient to
precipitate a migraine attack, thus, migraine sufferers usually recognize multiple dietary triggers [58].
Caffeine may act as a trigger in two possible ways: drinking coffee or other caffeinated beverages may
start a migraine attack, and caffeine withdrawal is an even more frequent migraine trigger [59,60].
The prevalence of coffee as a migraine trigger in the reported literature ranges from 6.3% to 14.5% [36].
Moreover, caffeine overuse is one of the risk factors of migraine chronification, thus promoting the
transformation of episodic migraine into its chronic form (when headaches persist for ≥15 days/month
for >3 months) [61,62]. It is important to note that caffeine consumption was not significantly connected
to medication overuse in chronic migraine patients [63]. A question arises: What is the exact mechanism
by which caffeine can induce migraine headache? First, caffeine induces urinary loss of magnesium,
probably by reducing its reabsorption [64]. As magnesium affects neuromuscular conduction and
nerve transmission and plays a beneficial role in chronic pain conditions and migraines, caffeine,
by decreasing the magnesium level, may induce headache [65]. Dehydration is one possible migraine
trigger [66]. Caffeinated coffee in higher doses induces an acute diuretic effect, and subsequently may
lead to dehydration [67]. Courturier et al. linked weekend migraine attacks to caffeine withdrawal.
In their study, patients with high daily caffeine consumption on workdays and reduced or delayed
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intake on weekends (because of prolonged sleep) had an increased risk of weekend headache [68].
Thus, the observed higher frequency of migraines during weekends may be linked with caffeine
withdrawal [68].

On the other hand, the methodological difficulties of investigating the influence of trigger factors
on migraine are highlighted by many authors [58]. Premonitory features are defined as symptoms
associated with an increased probability of aura or headache [55]. It is known that certain trigger factors
can overlap with corresponding premonitory symptoms; for example, food craving in the premonitory
phase may be responsible for eating chocolate or other foods, thus, they may be misinterpreted as
migraine triggers [69]. It is possible that premonitory symptoms, including yawning, diminished energy
levels, and sleepiness, may force migraineurs to drink coffee or caffeinated beverages, leading to the
wrong conclusion that they triggered a migraine, while it was just a consequence of starting a migraine
attack. On the other hand, premonitory sleepiness makes migraineurs prone to caffeine overuse,
with further migraine chronification. Interestingly, according to Alstadhaug et al., the prodromal
phase of migraine and caffeine withdrawal syndrome share the same or similar pathophysiological
pathways [4].

A question arises as to whether caffeine may induce cortical spreading depression (CSD) in
migraine aura sufferers. Yalcin at al. demonstrated that neither acute/chronic administration nor
withdrawal of caffeine affected CSD susceptibility or related cortical blood flow changes in mice. Thus,
they concluded that the influence of caffeine on headache is not linked with CSD pathophysiology,
which may explain the non-migrainous presentation of caffeine-related headache [70].

Thus, should migraine patients strictly avoid all potential triggers, including caffeine? First of
all, trigger avoidance create frustration, which may limit the beneficial effects or make the situation
worse. Moreover, migraine is a disorder of the habituation of the CNS to sensory signals, thus, the
brain should be trained to habituate to, not avoid triggers [71]. It is reported that short exposure to a
headache trigger may increase sensitivity, while chronic exposure results in diminished sensitivity
(leading to desensitization). According to Martin et al., patients with migraines should cope with
triggers rather than avoid them [72].

If caffeine is a migraine trigger, does its cessation influence migraine attack frequency? Mikulec et al.
demonstrated that only 14% of vestibular migraine patients reported an improvement in symptoms
upon caffeine cessation [73]. Lee et al. evaluated the effect of caffeine cessation on the acute treatment
of migraine. After controlling for covariates, caffeine cessation was independently connected with
excellent efficacy of acute treatment. Indeed, 72.2% of those in the abstinence group reported excellent
efficacy of triptans compared with only 40.3% in the non-abstinence group (p = 0.002). Besides, the
abstinence group trended toward a greater reduction in headache impact test-6 (HIT-6) scores [74].
On the other hand, Mostofsky et al. revealed no association between one to two servings of caffeinated
beverage intake and the odds of headaches on that day; only three or more servings were linked with
higher odds of headache [75]. As caffeine dose per serving varies by type of drink and preparation
method it may be difficult to assess the amount with increased risk. The average caffeine content of an
8 oz cup of coffee is around 100 mg [10]. It means that migraineurs may consume up to 200 mg caffeine
without increased attacks risk.

All possible mechanisms regarding the influence of caffeine on migraine headache are summarized
in Figure 1.
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Figure 1. Possible mechanisms by which caffeine may trigger or stop migraine attacks (based on
our literature review). Abbreviations: CBF—Cerebral blood flow, CVR—Cerebrovascular resistance,
CSF—Cerebrospinal fluid, NO—Nitric oxide, Mg—Magnesium.

2. Materials and Methods

This review includes all articles concerning the association between migraines and caffeine/coffee
published up to June 2020. The list was obtained by searching clinical databases, including the PubMed,
MEDLINE, Google Scholar, and Cochrane Library databases. Papers regarding any connection between
caffeine/coffee and migraine were identified through a literature search. The applied terminology and
keywords included “caffeine”, “coffee”, “caffeine withdrawal”, “adenosine”, “migraine”, “headache”,
“trigger factors”, “treatment”, and “pain”. Each article was then cross-referenced to identify relevant
studies. Only English language studies were eligible for inclusion. All types of articles, including
clinical trials, observational, cross-sectional, and case-control studies, were involved and reviewed.
Two independent investigators extracted data from each article.

3. Results and Discussion

3.1. Prevalence of Caffeine as a Migraine Trigger Factor

All studies investigating the prevalence of caffeine/coffee or caffeine withdrawal as a trigger factor
in patients with migraines are summarized in Table 1.
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Twenty-one studies evaluated the prevalence of caffeine as a migraine trigger. Among them,
four studies failed to find any participant who reported caffeine as a trigger. In other studies, caffeine
was reported to be a migraine trigger in a small percentage of participants (ranging from 2.4% to
30%). Only two studies examined caffeine withdrawal as a trigger factor, both with a relatively high
percentage of patients (ranging from 10% to 30%) [60,86]. However, it is worth noting that in most
of the studies, patients were asked retrospectively to recall their usual headache triggers using a
predetermined list, thus they mostly assessed beliefs about triggers rather than facts. Only one study
used an electronic diary (supposedly one of the best trigger factor study designs) and found coffee as a
trigger in a very small percentage of migraineurs. Unfortunately, we found no provocative studies
evaluating whether caffeine can provoke migraine attacks. It is reported that a high level of caffeinated
beverage intake may induce a migraine attack on that day. Mostofsky et al., in a prospective cohort
study, found that although consuming one or two caffeinated beverages was not associated with
the odds of having a migraine on that day, ≥3 beverages was connected to higher odds of having a
headache, even after accounting for potential confounding by other triggers. Moreover, a nonlinear
association between caffeine intake and the odds of migraine occurrence on that day was found [75].
Taheri et al. examined the effects of dietary exclusion on the course of primary headache including
migraine in a group of children. Interestingly, caffeine was reported as the most common trigger
in this group (28%). After excluding one to three of the identified food triggers, 87% of patients
achieved complete resolution of their headaches, meaning that the cumulative effect of food rather
than a single ingestion influences headaches [78]. In the Head-HUNT study, chronic headaches were
more prevalent among individuals with low caffeine intake compared to those with moderate or
high intake. Besides, a significant association was found between high caffeine consumption and the
prevalence of infrequent headache (OR = 1.16, 95% CI 1.09–1.23). The authors concluded that high
caffeine intake may change chronic headache into episodic headache due to the analgesic properties of
caffeine. Another explanation is that chronic headache sufferers tend to avoid caffeine so as to not
aggravate their headaches [94]. Couturier et al. revealed that weekend headaches are linked to caffeine
withdrawal. They examined 151 patients with migraine or tension-type headache (TTH) and found
that 21.9% of them had weekend headaches. Weekend headache sufferers consumed significantly more
caffeine daily (mean 734 mg/day) and slept longer on weekends compared with those without weekend
headaches. Prolonged weekend sleep delayed the usual cup of coffee, thus produced headache [68].
Camboim Rockett et al., in a very interesting study, found that coffee withdrawal was more frequently
reported as a migraine trigger than coffee intake. Besides, participants reported that coffee intake
produced migraine attack occasionally, but coffee withdrawal did so frequently. Moreover, coffee
withdrawal was a more prevalent trigger in migraines with aura, and coffee intake was a common
trigger in migraines without aura [60].

3.2. Caffeine as Acute Migraine Treatment

Only one prospective study evaluated separate doses of caffeine in the treatment of acute migraine
attack. Baratloo et al. compared the effectiveness of either 60 mg intravenous caffeine or 2 g intravenous
magnesium sulfate in migraine attacks. Although both treatment options diminished pain scores
significantly, after one hour magnesium was more effective than caffeine [95]. A number of studies
examined the usefulness of caffeine in combination with other analgesics. In a double-blind randomized
placebo-controlled study, a combination of acetaminophen, acetylsalicylic acid, and caffeine (130 mg)
was compared with ibuprofen and placebo for treatment of acute migraine in patients with severe
baseline migraine pain. The combination of drugs relieved the pain and associated symptoms of
severe migraine significantly better and faster than ibuprofen (p ≤ 0.05) [96]. Another randomized
double-blind study compared the efficacy and tolerability of the combination of paracetamol and
caffeine (130 mg) with sumatriptan (50 mg) for migraine attacks. Surprisingly, both treatments were
equally effective and safe with respect to the baseline, with no differences between the two [97]. In a
different double-blind randomized trial, patients treated two migraine attacks, one with almotriptan
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12.5 mg and one with ergotamine plus caffeine (200 mg). Almotriptan was associated with significantly
greater efficacy in treating migraine compared to the combined drug, and moreover was well tolerated
and associated with greater treatment satisfaction [98]. The effectiveness of a combination analgesic
containing acetaminophen, aspirin, and caffeine (65 mg) was compared with ibuprofen and placebo for
migraine attacks. Although both active treatments were significantly better than placebo in relieving
the pain and associated symptoms of migraine, the combination product provided superior efficacy
and speed of onset compared with ibuprofen [99]. Another study compared the combination of
acetaminophen, aspirin, and caffeine (130 mg) with sumatriptan (50 mg) for treatment of migraine
attacks. The combination product was significantly more effective (p > 0.05) than sumatriptan in the
early treatment of migraine [100]. A randomized double-blind study evaluated the efficacy of 100 mg
diclofenac sodium softgel with or without 100 mg caffeine versus placebo during migraine attacks.
Headache relief at 60 min was reported by 14% of the placebo group versus 27% of the diclofenac group
and 41% of the diclofenac plus caffeine group. Diclofenac softgel plus caffeine produced statistically
significant benefits when compared to placebo at 60 min, while diclofenac softgel alone did not differ
significantly from placebo. Nonsignificant trends support the analgesic adjuvant benefit of caffeine
when added to diclofenac softgels [101].

3.3. Recommendations for Migraine Patients Regarding Caffeine Use

1. Individuals with migraines must be aware of the amount of caffeine they consume daily.
They should carefully identify all caffeine products consumed daily, including coffee, tea, soft
drinks, energy drinks, and medications.

2. Migraine sufferers who are regular caffeine consumers and wish to continue drinking caffeinated
beverages, should keep their daily caffeine intake as consistent as possible. They should also
choose coffee as a preferable caffeine source because of the additional health benefit. Those who
wish to cease caffeine consumption should gradually taper their intake over several weeks.

3. Daily intake of caffeine should be limited to less than 200 mg/day (about two servings of caffeinated
beverage).

4. Patients should continue to consume caffeine regularly every day, preferably at a consistent
time, and should not discontinue it during the weekend. They should avoid sleeping longer on
weekends to prevent caffeine withdrawal headache.

5. Caffeine-containing analgesics are safe and effective in treating migraine attacks, but their
consumption should be limited to two days during the week to avoid medication overuse headache.

4. Conclusions

Although caffeine has been connected to migraine for many years, its effect on headache is
ambiguous. Caffeine or coffee consumption as well as caffeine withdrawal were found to be migraine
trigger factors in a small proportion of migraine patients. However, it may be challenging to distinguish
between migraine triggers and premonitory symptoms, as drinking coffee or an energy drink before an
attack may be due to yawning, diminished energy levels, and sleepiness that may herald a headache.
Besides, no provocative studies have been conducted to confirm that caffeine can trigger migraines.
On the other hand, caffeine alone or as a drug compound was found to be safe and effective in treating
acute migraines. Caffeine may influence migraines through many possible mechanisms, mostly by
adenosine receptor antagonism with further vasoconstriction and reduced CBF. Although there is a
link between caffeine and migraines, a larger prospective study based on electronic diaries should be
performed to assess the connection. Based on our review of the current literature, there is insufficient
evidence to show that a single dose of caffeine is a migraine trigger; however, it should be emphasized
that chronic caffeine overuse may lead to migraine chronification and sudden caffeine cessation may
trigger migraine attacks. Migraine sufferers should be aware of the amount of caffeine they consume
so that they do not exceed 200 mg daily. If they wish to continue drinking caffeinated beverages, they
should keep their daily intake as consistent as possible to avoid withdrawal headache.
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Abstract: Habitual coffee consumption and its association with health outcomes may be modified by
genetic variation. Adults aged 40 to 69 years who participated in the Korea Association Resource
(KARE) study were included in this study. We conducted a genome-wide association study (GWAS)
on coffee consumption in 7868 Korean adults, and examined whether the association between coffee
consumption and the risk of prediabetes and type 2 diabetes combined was modified by the genetic
variations in 4054 adults. In the GWAS for coffee consumption, a total of five single nucleotide
polymorphisms (SNPs) located in 12q24.11-13 (rs2074356, rs11066015, rs12229654, rs11065828, and
rs79105258) were selected and used to calculate weighted genetic risk scores. Individuals who had
a larger number of minor alleles for these five SNPs had higher genetic risk scores. Multivariate
logistic regression models were used to estimate the odds ratios (ORs) and 95% confidence intervals
(95% CIs) to examine the association. During the 12 years of follow-up, a total of 2468 (60.9%) and
480 (11.8%) participants were diagnosed as prediabetes or type 2 diabetes, respectively. Compared
with non-black-coffee consumers, the OR (95% CI) for ≥2 cups/day by black-coffee consumers was
0.61 (0.38–0.95; p for trend = 0.023). Similarly, sugared coffee showed an inverse association. We found
a potential interaction by the genetic variations related to black-coffee consumption, suggesting a
stronger association among individuals with higher genetic risk scores compared to those with lower
scores; the ORs (95% CIs) were 0.36 (0.15–0.88) for individuals with 5 to 10 points and 0.87 (0.46–1.66)
for those with 0 points. Our study suggests that habitual coffee consumption was related to genetic
polymorphisms and modified the risk of prediabetes and type 2 diabetes combined in a sample of
the Korean population. The mechanisms between coffee-related genetic variation and the risk of
prediabetes and type 2 diabetes combined warrant further investigation.

Keywords: coffee consumption; type 2 diabetes; prediabetes; genome-wide association analysis
(GWAS); single nucleotide polymorphism (SNP)
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1. Introduction

The incidence rate and prevalence of type 2 diabetes have steadily increased in Asian populations.
The International Diabetes Federation (IDF) estimated that 163 million people (35.2% of global diabetic
population) in the Western Pacific region had prevalent type 2 diabetes in 2019 [1], contributing the
most to type 2 diabetes in the world. In Korea, the prevalence of type 2 diabetes has increased from
6.9% in 1998 to 10.8% in 2017 [2,3]. Additionally, type 2 diabetes contributed to 17.1% of the total
deaths in Korea in 2018 [4].

Coffee consumption has been suggested to lower several chronic diseases, including type 2
diabetes [5], metabolic syndrome [6], coronary heart disease [7], liver disorders [8], and several types
of cancers [9]. The bioactive compounds in coffee, such as caffeine and chlorogenic acids, have been
investigated as potential compounds that lower the risk of type 2 diabetes. Caffeine has been shown to
stimulate the metabolic rate [10,11], and its thermogenic effect has been hypothesized to decrease the
risk of metabolic disease development. Antioxidants, including chlorogenic acids, commonly found in
coffee, have also been highlighted as a preventing factor for type 2 diabetes by inhibiting the generation
of free radicals and removing hyperglycemia-induced oxidative stress [12–14].

A heritability study on caffeine [15] and genome-wide association studies (GWASs) have suggested
that coffee consumption behavior may be linked to genetic polymorphisms. The first genome-wide
meta-analysis of coffee consumption was conducted in a European population and identified two
independent loci, rs4410790 nears AHR and rs2470893 between CYP1A1 and CYP1A2, which are
caffeine metabolism-related genes [16]. Additional European/Caucasian GWASs also discovered single
nucleotide polymorphisms (SNPs) located in AHR, CYP1A1 and CYP1A2 as well as ABCG2, POR,
BDNF, SLC6A4, GCKR and MLXIPL [17], near NRCAM or ULK3 [18]. A Japanese GWAS, the first
GWAS of coffee consumption in Asia, identified 24 SNPs on chromosome 12, showing rs2074356 in
HECTD4 as the strongest significant SNP [19]. Another Japanese GWAS found two loci located in
CUX2 (rs7910258) and AHR (rs10251701) [20]. The few GWASs in Asia warrant further investigation of
the coffee-related genetic polymorphisms in Asian populations because there has been an increase
in coffee consumption and type 2 diabetes in Asia. Because coffee consumption has the potential to
prevent type 2 diabetes [21], it is important to investigate whether coffee consumption is linked to a
lower risk of type 2 diabetes and whether this association is modified by genetic variations common in
Asian populations.

The objective of this study was to identify genetic polymorphisms associated with habitual
coffee consumption and examine whether the association between coffee consumption and the risk of
prediabetes and type 2 diabetes combined was modified by these genetic variants in Korean population.

2. Materials and Methods

2.1. Study Population

Participants were recruited from the Korea Association Resource (KARE) study, which is part
of the Korean Genome and Epidemiology Study (KoGES), a community-based cohort study. A total
of 5012 and 5018 participants aged 40–69 years were enrolled from Ansan and Ansung, respectively,
between 2001 and 2002. Socio-demographic status, anthropometric indices, dietary lifestyle, physical
activity, and disease history were examined at baseline and follow-up phase every 2 years. In this
study, we included data from baseline to the 6th follow-up (2001–2014). The details of the KoGES
project have been described elsewhere [22].

Among the 10,030 participants of this study, DNA samples from a total of 8840 participants were
genotyped at baseline. We excluded participants who did not have genetic information (n = 1190);
those who were diagnosed with a type 2 diabetes by physicians or had been treated with oral
hypoglycemic medication or insulin therapy at baseline (n = 619); those who had a history of
cardiovascular disease including myocardial infarction and stroke (n = 150) or cancer (n = 20) at
baseline; and those who did not provide daily coffee consumption frequency (n = 129) or amount
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(n = 54). In summary, 7868 participants (3685 men and 4183 women) were included in the GWAS
(Table S1).

When we examined the association between habitual coffee consumption and the incident risk of
prediabetes and type 2 diabetes combined, we further excluded participants who had prevalent type 2
diabetes (n = 666) or prediabetes (n = 2099) determined by the fasting plasma glucose (FPG) test, a 2-h
oral glucose tolerance test (OGTT) and a hemoglobin A1c (HbA1c) test at baseline. We also excluded
those who attended neither fifth nor sixth follow-up examination (n = 1049). As a result, a total of 4054
participants (1904 men and 2150 women) were included in the association analysis. This study was
approved by the Institutional Review Board of Seoul National University (IRB No. E1911/003-011).

2.2. Dietary Assessment

A 103-item semi-quantitative food frequency questionnaire (FFQ) for the KoGES was used to
assess the habitual coffee consumption at baseline. The validity of the FFQ was evaluated by 3-day diet
records [23,24]. Participants were asked to answer the frequency of coffee consumption over the last
year (almost none, 1 time/month, 2–3 times/month, 1–2 times/week, 3–4 times/week, 5–6 times/week,
1 time/day, 2 times/day or 3 times/day) as well as the amount of coffee (0.5, 1 or 2 cups per time).
The amount of sugar added in coffee was also investigated (1, 2 or 3 teaspoons per time). We multiplied
the frequency and the amount of the daily consumption of coffee to obtain the number of cups
consumed per day. Coffee consumption was categorized into non-coffee consumers, <1 cup/day,
1 to <2 cups/day and ≥2 cups/day. Among coffee consumers, participants who consumed coffee
without sugar were defined as black-coffee consumers and those who consumed coffee with sugar as
sugared-coffee consumers.

We calculated the amount of caffeine consumption of each participant by using the caffeine
database published by the Korea Ministry of Food and Drug Safety (MFDS) [25] or the United States
Department of Agriculture (USDA) [26] or by contacting the product companies. The foods considered
to contain caffeine were as follows: beverages (coffee, tea and soft drinks) and foods made with cocoa
(chocolate, chocolate candies, chocolate ice cream, chocolate milk, chocolate pies, and chocolate cakes).

2.3. Ascertainment of Cases

Participants underwent a 2-h 75 g OGTT and HbA1c test at baseline and each follow-up.
The concentrations of FPG and 2-h plasma glucose were measured by the hexokinase method (ADVIA
1650; Bayer, Berkley, MI, USA). Incident cases of prediabetes and type 2 diabetes were defined according
to the American Diabetes Association (ADA) criteria [27]. Incident type 2 diabetes was ascertained if a
participant had one of the following during the follow-up examination: had been diagnosed with a type
2 diabetes by physicians or had been treated with oral hypoglycemic medication or insulin therapy;
had an FPG ≥ 126 mg/dL (≥7.0 mmol/L); had a 2-h plasma glucose ≥ 200 mg/dL (≥11.1 mmol/L); or had
a HbA1c ≥ 6.5%. Prediabetes incidence was defined as an FPG ≥ 100 mg/dL (≥5.6 mmol/L) or 2-h
plasma glucose ≥ 140 mg/dL (≥7.8 mmol/L) or HbA1c ≥ 6.0%.

2.4. Genotyping and Quality Control

DNA samples were genotyped using the Affymetrix Genome-Wide Human SNP Array 5.0
(Affymetrix, Santa Clara, CA, USA). The Bayesian Robust Linear Modeling using Mahalanobis Distance
(BRLMM) Genotyping Algorithm was used for the genotype calling of 500,568 SNPs [28]. After quality
control filtering, a total of 352,228 SNPs remained for analysis. Details about quality control criteria
have been described elsewhere [29].

2.5. GWAS on Coffee Consumption

We identified SNPs related to habitual coffee consumption in the GWAS. Participants were grouped
into non-coffee consumers and coffee consumers, and this group information was used as a binary
outcome variable in a logistic regression model for each SNP. We adjusted for age (years, continuous),
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sex, and alcohol consumption (g/day, continuous) in the GWAS. We also adjusted for baseline BMI
in the secondary GWAS. In addition, we replicated a GWAS using a continuous variable of coffee
consumption. A GWAS on continuous caffeine intake was also conducted. A box-cox transformed
coffee or caffeine intake and a linear regression model were used for continuous analysis. A Manhattan
plot and quantile-quantile (Q-Q) plot were generated, and the inflation factor (λ) was calculated.
The GWAS was performed using PLINK version 1.07, and SNPs with a p-value < 1 × 10−5 were
considered suggestive significant. A regional association plot of the significant SNPs was generated
using the LocusZoom program (http://locuszoom.org). The linkage disequilibrium (LD) between the
significant SNPs was examined using the HaploView program [30].

2.6. Statistical Analysis

To calculate the genetic risk scores, each coffee-related SNP identified from the GWAS was
assigned 0, 1, or 2 according to the number of minor alleles and then weighted by its relative effective
size (β coefficient obtained from the GWAS). The genetic risk scores were calculated as following the
equation: 5 × (β1 × SNP1 + β2 × SNP2 + β3 × SNP3 + β4 × SNP4 + β5 × SNP5)/(β1 + β2 + β3 + β4

+ β5) [31]. The genetic risk scores ranged from 0 to 10 points, and the median value was 5 points
among those with at least one minor allele. Participants were categorized into 3 groups: 0 point,
0.1 to <5 points, and 5 to 10 points. We examined the association between coffee consumption and
the risk of prediabetes and type 2 diabetes combined in black coffee and sugared coffee. Non-coffee
consumers and sugared-coffee consumers combined were regarded as reference group for black-coffee
consumers. For sugared-coffee consumers, non-coffee consumers and black-coffee consumers combined
were regarded as a reference group. Odds ratios (ORs) and 95% confidence intervals (CIs) for the
association between coffee consumption and the risk of prediabetes and type 2 diabetes combined
were calculated using multivariate logistic regression models among men and women combined or
separately. The median cups of coffee consumed per day were assigned to each coffee group and
used to test the linear trends. We also examined whether the association varied by genetic risk scores.
The interaction analysis was performed by comparing the models with or without interaction term
using a likelihood ratio test. All of the analyses were adjusted for age (years, continuous), sex (for men
and women combined), body mass index (BMI, <23, 23 to <25, 25 to <30 and ≥30 kg/m2), smoking
status (never smokers, ≤10 and >10 pack-years for black-coffee consumers; never smokers, ≤10, 10.1 to
≤20, 20.1 to ≤30 and >30 pack-years for sugared-coffee consumers), alcohol consumption (non-drinkers,
≤5, 5.1 to ≤10 and >10 g/day for black-coffee consumers; non-drinkers, ≤5, 5.1 to ≤10, 10.1 to ≤20
and >20 g/day for sugared-coffee consumers), family history of type 2 diabetes (yes or no), and total
energy intake (kcal/day, continuous). Additionally, we also adjusted for the amount of sugar added in
coffee when analyzing the association between black coffee consumption and the risk of prediabetes
and type 2 diabetes combined (0, ≤5, 5.1 to ≤10, 10.1 to ≤15 and >15 g/day). SAS version 9.4 (SAS
Institute, Cary, NC, USA) was used for all analyses, and p-value < 0.05 in two-sided tests was defined
as a significant difference.

3. Results

3.1. Baseline Characteristics

Of the 4054 participants in the association analysis, a total of 480 (11.8%) and 2468 (60.9%)
participants developed type 2 diabetes and prediabetes during the 12-year follow-up period, respectively.
Table 1 shows the baseline characteristics of the study population according to habitual coffee
consumption. Compared with non-coffee consumers, participants who consumed either black coffee
or sugared coffee were more likely to be younger, smoke, drink alcohol, and have a higher BMI.
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Table 1. Baseline characteristics of study population according to habitual coffee consumption.

Non-Coffee
Consumers

(n = 864)

Black-Coffee Consumers

<1 Cup/Day
(n = 100)

1 to <2 Cups/Day
(n = 70)

≥2 Cups/Day
(n = 105)

Age, mean ± SD (years) 53.3 ± 8.7 49.7 ± 7.5 47.4 ± 6.9 46.9 ± 5.7

Sex, n (%)
Men 299 (34.6) 32 (32.0) 21 (30.0) 47 (44.8)

Women 565 (65.4) 68 (68.0) 49 (70.0) 58 (55.2)

BMI, mean ± SD (kg/m2) 23.8 ± 3.0 24.3 ± 2.8 24.6 ± 3.1 24.7 ± 3.1

Smoking status, n (%)
Never smokers 638 (73.8) 76 (76.0) 49 (70.0) 57 (54.3)
Past smokers 103 (11.9) 9 (9.0) 11 (15.7) 14 (13.3)

Current smokers 123 (14.2) 15 (15.0) 10 (14.3) 34 (32.4)

Alcohol consumption, n (%)
Never drinkers 588 (68.1) 55 (55.0) 44 (62.9) 46 (43.8)
≤5 g/day 104 (12.0) 15 (15.0) 12 (17.1) 23 (21.9)

5 to ≤10 g/day 36 (4.2) 8 (8.0) 4 (5.7) 8 (7.6)
10 to ≤20 g/day 46 (5.3) 10 (10.0) 6 (8.6) 11 (10.5)
>20 g/day 90 (10.4) 12 (12.0) 4 (5.7) 17 (16.2)

Family history of type 2 diabetes, n (%)
Yes 65 (7.5) 11 (11.0) 5 (7.1) 14 (13.3)
No 799 (92.5) 89 (89.0) 65 (92.9) 91 (86.7)

Sugar added in coffee, mean ± SD (g/day) 0.1 ± 0.9 0 ± 0 0 ± 0 0 ± 0

Total energy intake, mean ± SD (kcal/day) 1882.1 ± 762.5 1981.1 ± 747.6 1863.9 ± 718.0 2143.7 ± 1121.4

Non-Coffee
Consumers

(n = 864)

Sugared-coffee Consumers

<1 Cup/Day
(n = 892)

1 to <2 Cups/Day
(n = 986)

≥2 Cups/Day
(n = 1037)

Age, mean ± SD (years) 53.3 ± 8.7 51.4 ± 8.5 50.0 ± 8.4 49.2 ± 8.0

Sex, n (%)

Men 299 (34.6) 442 (49.6) 425 (43.1) 638 (61.5)
Women 565 (65.4) 450 (50.5) 561 (56.9) 399 (38.5)

BMI, mean ± SD (kg/m2) 23.8 ± 3.0 24.4 ± 2.9 24.3 ± 2.9 24.3 ± 3.0

Smoking status, n (%)
Never smokers 638 (73.8) 555 (62.2) 626 (63.5) 458 (44.2)
Past smokers 103 (11.9) 147 (16.5) 129 (13.1) 188 (18.1)

Current smokers 123 (14.2) 190 (21.3) 231 (23.4) 391 (37.7)

Alcohol consumption, n (%)
Never drinkers 588 (68.1) 435 (48.8) 488 (49.5) 459 (44.3)
≤5 g/day 104 (12.0) 166 (18.6) 196 (19.9) 204 (19.7)

5 to ≤10 g/day 36 (4.2) 77 (8.6) 59 (6.0) 85 (8.2)
10 to ≤20 g/day 46 (5.3) 90 (10.1) 88 (8.9) 91 (8.8)
>20 g/day 90 (10.4) 124 (13.9) 155 (15.7) 198 (19.1)

Family history of type 2 diabetes, n (%)
Yes 65 (7.5) 104 (11.7) 91 (9.2) 96 (9.3)
No 799 (92.5) 788 (88.3) 895 (90.8) 941 (90.7)

Sugar added in coffee, mean ± SD (g/day) 0.1 ± 0.9 1.6 ± 1.5 4.9 ± 1.2 11.9 ± 4.4

Total energy intake, mean ± SD (kcal/day) 1882.1 ± 762.5 1881.2 ± 638.6 1969.5 ± 596.2 2115.8 ± 749.4

Abbreviations: SD, standard deviation; BMI, body mass index.

3.2. Genetic Polymorphisms Associated with Coffee Consumption

In the GWAS of habitual coffee consumption, a total of 18 SNPs located in 12q24 achieved a
suggestive significance (p < 1 × 10−5) (Table S2). When we additionally adjusted for baseline BMI,
the same 18 significant SNPs were identified as well (Table S3). SNPs identified based on habitual coffee
consumption were the same when we additionally conducted a GWAS for continuous caffeine intake.
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Figures 1 and 2 show the Manhattan plot and regional association plot, respectively. Figure 3
shows the Q-Q plot, and the genomic inflation factor (λ) of the GWAS was 1.0103, suggesting that the
study population structure was well-adjusted [32]. Among the SNPs achieved suggestive significance
at p < 1 × 10−5, we selected SNPs as follows, which were used later for calculating the genetic risk
scores. First, pairwise correlations were examined and high correlation was declared when r2 > 0.8
(Figure 4). Then, we excluded all imputed SNPs having a high correlation with any genotyped SNP,
and selected the SNPs among highly-correlated genotyped SNPs. As a result, three genotyped SNPs
(rs2074356, rs11066015, and rs12229654) and two imputed SNPs (rs11065828 and rs79105258) were
considered as coffee-related SNPs and used for calculating the genetic risk scores. Table 2 presents
the information on these five SNPs related to coffee consumption. The SNPs were located in genes
HECTD4, ACAD10, MYL2, and CUX2, and the minor allele frequency ranged from 0.143 to 0.172 in
our population.

 
Figure 1. Manhattan plot of the genome-wide association study (GWAS) on coffee consumption.
Each color represents a different chromosome. The strongest significant SNP was rs2074356 in
chromosome 12 (p-value = 6.62 × 10−8).

Figure 2. Regional association plot of the 18 significant single nucleotide polymorphisms (SNPs)
discovered from the GWAS on coffee consumption. The strongest significant SNP, rs2074356, was shown
in purple, and the gray dots represent chromosomal positions of other SNPs near the rs2074356.
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Figure 3. Quantile-quantile (Q-Q) plot of the GWAS on coffee consumption.

 

Figure 4. Linkage disequilibrium (LD) plot of the 18 significant SNPs discovered from the GWAS on
coffee consumption. Values shown in the red boxes represent the LD (r2) between the SNPs.

Table 2. SNPs related to coffee consumption (p-value < 1 × 10−5).

Chr SNP Position Gene Alleles 1 MAF 2 MAF 3 Beta 4 p-Value 5

12 rs2074356 112,645,401 HECTD4 A/G 0.149 0.129 0.3185 6.62 × 10−8

12 rs11066015 112,168,009 ACAD10 A/G 0.172 0.176 0.2469 7.79 × 10−6

12 rs12229654 111,414,461 MYL2 G/T 0.143 0.159 0.2867 1.49 × 10−6

12 rs11065828 111,629,389 CUX2 A/C 0.172 0.214 0.2654 1.26 × 10−6

12 rs79105258 111,718,231 CUX2 A/C 0.156 0.216 0.2912 3.89 × 10−7

Abbreviations: Chr, chromosome; SNP, single nucleotide polymorphism; MAF, minor allele frequency. 1 Alleles are
presented as minor allele/major allele; 2 minor allele frequency in this study population; 3 minor allele frequency in
the 1000Genomes, East Asian; 4 the beta (β) coefficient was obtained from the GWAS; 5 the p-value was calculated
using a Wald test from logistic regression model adjusted for age (years; continuous), sex, and alcohol consumption
(g/day; continuous).

3.3. Coffee Consumption and the Risk of Prediabetes and Type 2 Diabetes Combined

We examined the association between black coffee consumption and the risk of prediabetes
and type 2 diabetes combined (Table 3). Compared with non-black-coffee consumers, participants
who consumed ≥2 cups/day of black coffee had a 39% lower risk of prediabetes and type 2 diabetes
combined among men and women combined (95% CI = 0.38–0.95; p for trend = 0.023). When we
separated men and women, compared with non-black-coffee consumers, participants who consumed
≥2 cups/day of black coffee had a 54% lower risk of prediabetes and type 2 diabetes combined among
men (95% CI = 0.23–0.94; p for trend = 0.026). Although the association was not statistically significant
among women, an inverse trend was observed (OR = 0.74; 95% CI = 0.41–1.34).
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Table 3. Multivariate-adjusted ORs and 95% CIs for the risk of prediabetes and type 2 diabetes
combined according to black coffee consumption.

Non-Black-Coffee
Consumers 1

Black-Coffee Consumers p for
Trend<1 Cup/Day 1 to <2 Cups/Day ≥2 Cups/Day

Men and women combined 0.023

Case/total 2759/3779 73/100 47/70 69/105
ORs (95% CIs) 2 Reference 0.96 (0.59, 1.55) 0.75 (0.44, 1.28) 0.61 (0.38, 0.95)

Men 0.026

Case/total 1394/1804 26/32 15/21 32/47
ORs (95% CIs) 2 Reference 1.18 (0.45, 3.15) 0.69 (0.25, 1.93) 0.46 (0.23, 0.94)

Women 0.271

Case/total 1365/1975 47/68 32/49 37/58
ORs (95% CIs) 2 Reference 0.91 (0.52, 1.59) 0.78 (0.41, 1.47) 0.74 (0.41, 1.34)

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval. 1 For black-coffee consumers, non-coffee consumers
and sugared-coffee consumers combined were regarded as reference group; 2 the ORs (95% CIs) were adjusted for
age (years, continuous), sex (for men and women combined), body mass index (BMI, <23, 23 to <25, 25 to <30 and
≥30 kg/m2), smoking status (never smokers, ≤10 and >10 pack-years), alcohol consumption (non-drinkers, ≤5, 5.1 to
≤10 and >10 g/day), family history of type 2 diabetes (yes or no), total energy intake (kcal/day, continuous), and the
amount of sugar added in coffee (0, ≤5, 5.1 to ≤10, 10.1 to ≤15 and >15 g/day).

Table 4 presents the association between sugared coffee consumption and the risk of prediabetes
and type 2 diabetes combined. The ORs (95% CIs) of prediabetes and type 2 diabetes combined
comparing sugared-coffee consumers with non-sugared-coffee consumers were 0.73 (0.60–0.89; p for
trend = 0.005) for men and women combined, 0.71 (0.52–0.97; p for trend = 0.015) for men, and 0.75
(0.57–0.99; p for trend = 0.080) for women.

Table 4. Multivariate-adjusted ORs and 95% CIs for the risk of prediabetes and type 2 diabetes
combined according to sugared coffee consumption.

Non-Sugared-Coffee
Consumers 1

Sugared-Coffee Consumers p for
Trend<1 Cup/Day 1 to <2 Cups/Day ≥2 Cups/Day

Men and women combined 0.005

Case/total 834/1139 644/892 749/986 721/1037
ORs (95% CIs) 2 Reference 0.84 (0.68, 1.03) 1.11 (0.90, 1.35) 0.73 (0.60, 0.89)

Men 0.015

Case/total 310/399 335/442 357/425 465/638
ORs (95% CIs) 2 Reference 0.83 (0.59, 1.15) 1.45 (1.01, 2.08) 0.71 (0.52, 0.97)

Women 0.080

Case/total 524/740 309/450 392/561 256/399
ORs (95% CIs) 2 Reference 0.84 (0.64, 1.09) 0.96 (0.75, 1.23) 0.75 (0.57, 0.99)

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval. 1 For sugared-coffee consumers, non-coffee
consumers and black-coffee consumers combined were regarded as reference group; 2 the ORs (95% CIs) were
adjusted for age (years, continuous), sex (for men and women combined), body mass index (BMI, <23, 23 to <25,
25 to <30 and ≥30 kg/m2), smoking status (never smokers, ≤10, 10.1 to ≤20, 20.1 to ≤30 and >30 pack-years), alcohol
consumption (non-drinkers, ≤5, 5.1 to ≤10, 10.1 to ≤20 and >20 g/day), family history of type 2 diabetes (yes or no),
and total energy intake (kcal/day, continuous).

3.4. Associations Modified by Genetic Risk Scores

We analyzed whether the association between habitual coffee consumption and the risk of
prediabetes and type 2 diabetes combined varied by genetic polymorphisms. For black-coffee consumers,
we found that an inverse association was more pronounced among individuals with high genetic risk
scores, but the interaction was not statistically significant (p for interaction = 0.261) (Table 5). The ORs
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(95% CIs) for ≥2 cups/day of black coffee vs. non-black-coffee consumers were 0.87 (0.46–1.66) for
participants with 0 points, 0.49 (0.17–1.44) for those with 0.1 to <5 points, and 0.36 (0.15–0.88) for
those with 5 to 10 points for their genetic risk scores. For sugared coffee consumption, the associations
with the risk of prediabetes and type 2 diabetes combined were similar across genetic risk scores
(p for interaction = 0.608) (Table 6). When we conducted an interaction analysis for each coffee-related
SNP for black coffee consumption, the association between black coffee consumption and the risk of
prediabetes and type 2 diabetes combined was inverse for the minor allele of each SNP (Table 7).

Table 5. Multivariate-adjusted ORs and 95% CIs for the risk of prediabetes and type 2 diabetes
combined by genetic risk scores according to black coffee consumption.

Genetic Risk
Scores 1

Non-Black-Coffee
Consumers 2

Black-Coffee Consumers p for
Interaction<1 Cup/Day 1 to <2 Cups/Day ≥2 Cups/Day

0 point

0.261

Case/total 1639/2204 47/61 25/39 46/61
ORs (95% CIs) 3 Reference 1.03 (0.54, 1.97) 0.67 (0.33, 1.35) 0.87 (0.46, 1.66)

0.1 to <5 points

Case/total 524/721 12/18 8/11 9/17
ORs (95% CIs) 3 Reference 1.00 (0.33, 3.06) 0.90 (0.21, 3.94) 0.49 (0.17, 1.44)

5 to 10 points

Case/total 596/854 14/21 14/20 14/27
ORs (95% CIs) 3 Reference 0.78 (0.28, 2.15) 0.89 (0.31, 2.58) 0.36 (0.15, 0.88)

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval. 1 Genetic risk scores were calculated by 5 SNPs
related to coffee consumption weighted by relative effect size (β coefficient); 2 for black-coffee consumers, non-coffee
consumers and sugared-coffee consumers combined were regarded as reference group; 3 the ORs (95% CIs) were
adjusted for age (years, continuous), sex (for men and women combined), body mass index (BMI, <23, 23 to <25, 25 to
<30 and ≥30 kg/m2), smoking status (never smokers, ≤10 and >10 pack-years), alcohol consumption (non-drinkers,
≤5, 5.1 to ≤10 and >10 g/day), family history of type 2 diabetes (yes or no), total energy intake (kcal/day, continuous),
and the amount of sugar added in coffee (0, ≤5, 5.1 to ≤10, 10.1 to ≤15 and >15 g/day).

Table 6. Multivariate-adjusted ORs and 95% CIs for the risk of prediabetes and type 2 diabetes
combined by genetic risk scores according to sugared coffee consumption.

Genetic Risk
Scores 1

Non-Sugared-Coffee
Consumers 2

Sugared-Coffee Consumers p for
Interaction<1 Cup/Day 1 to <2 Cups/Day ≥2 Cups/Day

0 point

0.608

Case/total 521/698 397/544 442/571 397/552
ORs (95% CIs) 3 Reference 0.79 (0.61, 1.04) 1.11 (0.85, 1.46) 0.74 (0.56, 0.97)

0.1 to <5 points

Case/total 139/196 121/162 151/196 142/213
ORs (95% CIs) 3 Reference 1.02 (0.62, 1.67) 1.28 (0.79, 2.07) 0.71 (0.45, 1.12)

5 to 10 points

Case/total 174/245 126/186 156/219 182/272
ORs (95% CIs) 3 Reference 0.79 (0.51, 1.22) 1.03 (0.68, 1.57) 0.74 (0.49, 1.12)

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval. 1 Genetic risk scores were calculated by 5 SNPs
related to coffee consumption weighted by relative effect size (β coefficient); 2 for sugared-coffee consumers,
non-coffee consumers and black-coffee consumers combined were regarded as reference group; 3 the ORs (95% CIs)
were adjusted for age (years, continuous), sex (for men and women combined), body mass index (BMI, <23, 23 to
<25, 25 to <30 and ≥30 kg/m2), smoking status (never smokers, ≤10, 10.1 to ≤20, 20.1 to ≤30 and >30 pack-years),
alcohol consumption (non-drinkers, ≤5, 5.1 to ≤10, 10.1 to ≤20 and >20 g/day), family history of type 2 diabetes (yes
or no), and total energy intake (kcal/day, continuous).
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Table 7. Multivariate-adjusted ORs and 95% CIs for the risk of prediabetes and type 2 diabetes
combined by 5 coffee-related SNPs according to black coffee consumption.

Non-Black-Coffee
Consumers 1

Black-Coffee Consumers p for
Interaction<1 Cup/Day 1 to <2 Cups/Day ≥2 Cups/Day

rs2074356 0.171
GG

Case/total 1989/2694 54/71 33/48 52/73
ORs (95% CIs) 2 Reference 1.07 (0.59, 1.94) 0.83 (0.43, 1.61) 0.77 (0.44, 1.35)

GA+AA
Case/total 770/1085 19/29 14/22 17/32

ORs (95% CIs) 2 Reference 0.72 (0.31, 1.71) 0.65 (0.25, 1.70) 0.37 (0.16, 0.84)

rs11066015 0.143
GG

Case/total 1894/2557 54/69 29/43 51/70
ORs (95% CIs) 2 Reference 1.24 (0.67, 2.30) 0.81 (0.41, 1.62) 0.84 (0.47, 1.51)

GA+AA
Case/total 865/1222 19/31 18/27 18/35

ORs (95% CIs) 2 Reference 0.56 (0.25, 1.27) 0.68 (0.28, 1.65) 0.35 (0.16, 0.75)

rs12229654 0.366
TT

Case/total 2049/2765 55/73 31/47 52/72
ORs (95% CIs) 2 Reference 1.02 (0.57, 1.83) 0.69 (0.36, 1.32) 0.75 (0.42, 1.33)

TG+GG
Case/total 710/1014 18/27 16/23 17/33

ORs (95% CIs) 2 Reference 0.82 (0.33, 2.01) 0.94 (0.35, 2.52) 0.42 (0.19, 0.93)

rs11065828 0.460
CC

Case/total 1909/2575 51/70 26/42 52/71
ORs (95% CIs) 2 Reference 0.88 (0.49, 1.56) 0.60 (0.31, 1.18) 0.81 (0.45, 1.45)

CA+AA
Case/total 850/1204 22/30 21/28 17/34

ORs (95% CIs) 2 Reference 1.17 (0.48, 2.87) 1.19 (0.46, 3.06) 0.36 (0.17, 0.80)

rs79105258 0.395
CC

Case/total 1986/2672 52/70 31/48 51/70
ORs (95% CIs) 2 Reference 0.98 (0.55, 1.77) 0.66 (0.35, 1.25) 0.79 (0.44, 1.42)

CA+AA
Case/total 773/1107 21/30 16/22 18/35

ORs (95% CIs) 2 Reference 0.91 (0.38, 2.17) 1.04 (0.37, 2.92) 0.40 (0.18, 0.87)

Abbreviations: OR, odds ratio; 95% CI, 95% confidence interval. 1 For black-coffee consumers, non-coffee consumers
and sugared-coffee consumers combined were regarded as reference group; 2 the ORs (95% CIs) were adjusted for
age (years, continuous), sex (for men and women combined), body mass index (BMI, <23, 23 to <25, 25 to <30 and
≥30 kg/m2), smoking status (never smokers, ≤10 and >10 pack-years), alcohol consumption (non-drinkers, ≤5, 5.1 to
≤10 and >10 g/day), family history of type 2 diabetes (yes or no), total energy intake (kcal/day, continuous), and the
amount of sugar added in coffee (0, ≤5, 5.1 to ≤10, 10.1 to ≤15 and >15 g/day.

4. Discussion

Our first GWAS of coffee consumption in the Korean population identified five SNPs (rs2074356 in
HECTD4, rs11066015 in ACAD10, rs12229654 in MYL2, rs11065828 and rs79105258 in CUX2) related to
habitual coffee consumption. Compared with non-coffee consumers, the risk of prediabetes and type
2 diabetes being combined was inversely associated with habitual coffee consumption, either black
coffee or sugared coffee. Individuals with black coffee consumption had a lower risk of prediabetes
and type 2 diabetes combined compared with non-black-coffee consumers among those with multiple
minor alleles for these five SNPs.

The significant SNPs discovered to be related to habitual coffee consumption in our GWAS were
all introns. Although the introns were noncoding regions of genes, they may affect the transcription
rate and translation efficiency, further regulating gene expression [33]. Recent GWASs have identified
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several loci on the AHR, CYP1A1, and CYP1A2 genes associated with coffee consumption [16,17].
However, most of the GWASs on coffee consumption were conducted in European populations, only
two GWASs, to our knowledge, reported SNPs related to coffee consumption in Asian populations.
A GWAS in the Japan Multi-Institutional Collaborative Cohort (J-MICC) study, the first GWAS on coffee
consumption in Asia, found that rs2074356 located in 12q24 was most strongly associated with habitual
coffee consumption (p= 2.2× 10−6) [19]. Similarly, in our GWAS, a total of 18 SNPs were associated with
coffee consumption at p < 1 × 10−5, all of which were found to be related to habitual coffee consumption
in the J-MICC study, and the strongest significant variant was rs2074356 as well. Another Japanese
coffee GWAS identified two independent loci (rs79105258 in 12q24 and rs10252701 in 7p21) that were
associated with coffee consumption [20]. rs79105258 was also selected as a coffee-related variant in our
study. In addition to the association with habitual coffee consumption, these SNPs were associated
with type 2 diabetes [34], blood glucose levels [35], blood pressure levels [36], and obesity [37].
rs2074356 in HECTD4 was associated with prevalent type 2 diabetes and blood glucose level in a
Korean population [34,35]. Three SNPs (rs12229654, rs11066015 and rs2074356) were also identified to
be linked with both systolic and diastolic blood pressure in a Japanese GWAS [36].

Previous epidemiologic studies have shown that coffee consumption was inversely associated
with the risk of type 2 diabetes. A meta-analysis of 28 cohort and nested case-control studies reported
that participants who consumed 5 cups/day of coffee had a 30% lower risk of type 2 diabetes compared
with almost non-consumers, and the associations were similar between men and women [5]. Although
we found a stronger inverse association among men than among women, further investigation is
needed to explore a larger amount of coffee consumption, e.g., 3 or more cups/day, and whether the
inverse association holds for women.

The lower risk of type 2 diabetes linked to coffee consumption could be linked to several biological
mechanisms. As a main polyphenolic compound in coffee, chlorogenic acids have been shown
as inhibitors of hepatic glucose-6-phosphatase, the rate-limiting enzyme of glucose hydrolysis [38].
Reduced hepatic glucose-6-phosphatase may affect the glucose output and thus decrease the blood
glucose concentration. In addition, chlorogenic acids act as antioxidants to lower oxidative stress
shown in both in vitro and in vivo studies [39]. Additionally, caffeine and magnesium, both of which
are commonly found in coffee, have been suggested to have roles in type 2 diabetes prevention by
improving insulin resistance. Previous studies suggested that caffeine could improve insulin resistance
by stimulating insulin secretion from pancreatic β cells [40]. In addition to insulin secretion, caffeine
increases thermogenesis, lipolysis, and β-oxidation [41]. Magnesium supplementation has reduced the
development of type 2 diabetes and improved glucose disposal in experimental studies [42,43], and
cohort studies have reported a significant inverse association between magnesium intake and type 2
diabetes risk [44].

In this study, we observed that both black coffee and sugared coffee decreased the risk of
prediabetes and type 2 diabetes combined for individuals who consumed more than 2 cups of coffee
per day. But participants who consumed 1 to <2 cups/day of sugared coffee had a 45% higher risk
of prediabetes and type 2 diabetes combined among men alone, but not among women. Although
sugar-sweetened beverage intake including carbonated beverages has been positively associated with
the risk of type 2 diabetes [45,46], the results of coffee with sugar remained equivocal. In a French
cohort study, compared to non-coffee consumers, the incident type 2 diabetes decreased by 40% and
31% among participants consuming more than 1.1 cups of coffee per lunch with or without sugar,
respectively [47]. In a small clinical trial, where eight lean, young and healthy adults drank six types of
beverages or water 1 h before a potato-based meal, postprandial hyperglycemia, an early abnormality
of type 2 diabetes [48], was significantly reduced when they drank sweetened coffee before their
meals [49]. Further studies are needed to examine whether the benefit of coffee remains even after
adding a small amount of sugar.

To our knowledge, this study is the first GWAS of habitual coffee consumption in a Korean
population. The strengths of this study include good ascertainment of prediabetes and type 2 diabetes,
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adjustment for potential confounding factors, and a 12-year follow-up. The incidence of prediabetes and
type 2 diabetes were identified based on the circulating levels of FPG, 2-h plasma glucose, and HbA1c,
which could minimize the misclassification. Adjustment for potential confounding factors, including
smoking status and alcohol consumption, may enable us to remove the effect of the confounding
factors. However, we cannot rule out the possibility that residual confounding factors remained.
There are several limitations to our study. First, the rate of revisits to the clinic for the blood draw
decreased to 60% in the last sixth follow-up. Therefore, our study may not be representative of the full
cohort of KARE study. However, the internal validity may not be impaired as we obtained relatively
accurate information on the incidence of prediabetes and type 2 diabetes during the 12-year follow-up.
Second, we could not distinguish caffeinated and decaffeinated coffee or boiled and filtered coffee.
However, previous studies have shown that the associations between coffee and type 2 diabetes were
similar by the amount of caffeine [5] or preparation methods [50]. Third, we were not able to examine
high coffee consumption (e.g., 3 or more cups/day) because only a few participants consumed more
than 3 cups/day. Fourth, we did not consider medicinal caffeine intake when we performed a GWAS.
However, beverages may mainly contribute to daily caffeine intake in Korea.

5. Conclusions

In our study, we conducted a GWAS and discovered five SNPs (rs2074356 in HECTD4, rs11066015
in ACAD10, rs12229654 in MYL2, rs11065828 and rs79105258 in CUX2) associated with habitual coffee
consumption in a Korean population. We observed that moderate black coffee and sugared coffee
consumption reduced the risk of prediabetes and type 2 diabetes combined. We found that an inverse
association was stronger among black-coffee consumers with minor alleles of five SNPs related to coffee
consumption compared to those with major alleles. Further Asian GWASs and epidemiological studies
are needed to elucidate the effects of coffee-related genetic variation and high coffee consumption on
chronic disease risk.
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Abstract: Current evidence on the effects of coffee intake on cardiovascular diseases is not consistent,
in part contributed by the genetic variability of the study subjects. While adenosine receptors
(ADORAs) are involved in caffeine signaling, it remains unknown how genetic variations at the
ADORA loci correlate the coffee intake with cardiovascular diseases. The present study examined the
associations of coffee intake with dyslipidemia risk depending on genetic variants in the ADORA
gene family. The study involved a population-based cohort of 4898 Korean subjects. Consumption
of more than or equal to a cup of coffee per day was associated with lower dyslipidemia risk in
females carrying the ADORA2B minor allele rs2779212 (OR: 0.645, 95% CI: 0.506–0.823), but not in
those with the major allele. At the ADORA2A locus, male subjects with the minor allele of rs5760423
showed instead an increased risk of dyslipidemia when consuming more than or equal to a cup of
coffee per day (OR: 1.352, 95% CI: 1.014–1.802). The effect of coffee intake on dyslipidemia risk differs
depending on genetic variants at the ADORA loci in a sex-specific manner. Our study suggests that
a dietary guideline for coffee intake in the prevention and management of dyslipidemia ought to
consider ADORA-related biomarkers carefully.

Keywords: Adenosine receptors; genetic variants; coffee; dyslipidemia; Korean Genome and
Epidemiology Study (KoGES)

1. Introduction

While coffee consumption has increased globally, the research on biological function and effects
of coffee intake remain controversial [1]. A meta-analysis of randomized controlled trials stated that
coffee intake changed blood lipid profiles, including increase of cholesterol and triglyceride (TG) [2],
which are clinical indicators for cardiovascular disease risk. On the contrary, other meta-analysis on
observational and interventional studies suggested that high coffee consumption was associated with
reduced risks of cardiovascular disease and mortality [3–5].

Genetic variation has been suggested as one of the main reasons why individuals respond differently
to coffee intake [6]. Focused studies have been conducted on the ADORA locus and its genetic variants
because their expression is antagonized by caffeine and, in turn, play a role in transmitting the effects
of coffee intake throughout the body [7].

Studies investigating the association between coffee intake and the ADORA gene family have
focused on neuronal effects such as habitual coffee intake [8], arousal [9], sleep disorders [10], and
anxiety [11], or on blood pressure [6]. The ADORA gene family, composed of ADORA1, ADORA2A,
ADORA2B, and ADORA3, are differently expressed in a tissue-specific manner and show unique
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properties in regulating multiple physiological statuses [7]. A recent review highlighted that the
ADORA gene members are modulators of lipid availability [12]. The physiological role of the ADORAs
has been reported to be associated with lipid-related diseases, including cardiovascular disease [13],
coronary blood flow [14], chronic heart failure [15], atherosclerosis, and dyslipidemia [16].

While the association of the ADORA gene family between coffee intake and multiple lipid-related
diseases have been investigated in several studies, we hypothesized that the discrepancies in the
findings of coffee intake with regard to dyslipidemia might be explained by genetic variants, which
henceforth motivated this study.

2. Materials and Methods

2.1. Study Population

This study was conducted with a local community-based cohort emanating from the Korean
population-based cohorts of the Korean Genome and Epidemiology Study [17]. The local
community-based cohort included residents living in rural Ansung and urban Ansan since 2001.
All subjects provided informed consent at baseline. The cohort was examined by follow-up surveys
every two years, and the eighth follow-up survey was performed in 2018. This study used data from
the second follow-up survey conducted from 2005 to 2006.

From a total of 7515 subjects, aged 43–74 years, we excluded 2617 subjects with missing data,
those with daily energy consumption <500 kcal or >4500 kcal, those with previous history and
presence of diabetes, renal disease, thyroid disease, cardiovascular disease, cancer, hysterectomy, and
ovariectomy, and those who received medications for those diseases. Finally, 2527 male and 2371
female subjects were included in this study (Figure 1).

Figure 1. A flow chart of subject selection.

Dyslipidemia was defined as dyslipidemia diagnosis, related drug use, and abnormal lipid profile
(low-density lipoprotein-cholesterol ≥ 160 mg/dL, TG ≥ 200 mg/dL, total cholesterol (TC) ≥ 240 mg/dL,
and high-density lipoprotein-cholesterol <40 mg/dL). Blood pressure was the average of three
measurements with five minutes interval, taken in the morning after 10 min of rest in sitting position.
Coffee intake was assessed using the food-frequency questionnaire. Depending on the amounts of
coffee intake per week, the subjects were divided into those who consumed less than one cup of coffee
per day (low coffee intake group) and those who consumed more than or equal to one cup of coffee per
day (high coffee intake group). A cup was estimated as much as 150 mL. This study was approved by
the Institutional Review Board of Ewha Womans University, Seoul, Korea (IRB No. 129-17).
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2.2. Genotyping and Analysis of Single Nucleotide Polymorphisms

Genomic DNA was collected from peripheral blood samples of the subjects and genotyped on
Affymetrix Genome-Wide Human SNP Array 5.0, as previously described [18]. Among SNPs in four
loci encoding ADORAs, 79 SNPs were included in the platform. The missing call rate (>5%), deviation
from Hardy–Weinberg equilibrium (HWE) (p < 1 × 106), or minor allele frequency (p < 0.05) was used
to eliminate 38 inadequate SNPs in the sample population. Among the remaining 38 SNPs, 30 SNPs
were removed due to high levels of pairwise linkage disequilibrium (LD) (Figure 2). Finally, eight of
the 79 SNPs were used for further analysis (Table 1).

Figure 2. Linkage Disequilibrium (LD) block of genetic variants in the Adenosine Receptor (ADORA) gene
family. The LD blocks are for variants in (a) ADORA1, (b) ADORA2A, (c) ADORA2B, and (d) ADORA3
loci, respectively. Square boxes indicate SNPs used for further analysis.

Table 1. The list of selected SNPs in the Adenosine Receptor (ADORA) gene family.

Gene SNP ID Chr
Physical
Position

Location
Regulatory

Element
Alleles 1 MAF HWE

ADORA1 rs10800899 1 203081125 intron A/G 0.1607 0.2697
rs6701725 203102728 intron A/G 0.1735 0.1381
rs10800901 203111304 intron G/A 0.4486 0.7471

ADORA2A rs5760423 22 24840118 intron T/G 0.4439 0.2536
ADORA2B rs17715109 17 15869557 intron H3K4me1, Dnase1 T/G 0.0517 0.5145

rs2779212 15876655 intron H3K4me1, eQTL C/T 0.2287 0.4510
ADORA3 rs3393 1 112042149 UTR-3 Dnase1 T/C 0.4457 0.7306

rs2786967 112075948 intron G/A 0.8891 0.8767
1 Alleles are presented as minor/major alleles. SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor
allele frequency; HWE, Hardy–Weinberg equilibrium.
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2.3. Statistical Analysis

Statistical analyses were performed using the SAS program (SAS 9.4, 2016, SAS Institute, Cary,
NC, USA). Data are presented as mean with standard deviation (SD). The numbers in brackets are
percentages in the column. To compare differences between groups, we used Student’s t-test for
numeric variables after log transformation and the chi-square test for categorical variables. Odds ratio
(OR) and 95% confidence interval (CI) were calculated to evaluate te associations among variables by
using logistic regression analysis. OR and 95% CI were adjusted with the following confounders: age,
marital status, income, education, smoking behavior, energy intake, systolic blood pressure, and body
mass index (BMI) in male subjects and age, income, education, drinking behavior, smoking behavior,
energy intake, BMI, menopause, female hormone treatment, and hypertension in female subjects.
The p-value for the interaction between genetics and coffee intake was calculated. Findings were
considered significant at p < 0.05. Calculation of allele frequencies and HWE and variant pruning based
on LD were conducted using the software package PLINK v1.09 [19]. Pairwise LD blocks of genetic
variants in the ADORA gene family were produced by Haploview 4.2 [20]. After testing different
genetic models, including dominant, recessive, and additive models, the recessive model was selected
for this study.

3. Results

3.1. Basic Characteristics Depending on Coffee Consumption

Table 2 shows the basic characteristics of the subjects according to sex and the amount of coffee
intake. In both male and female subjects, those in the high coffee intake group were younger, had a
higher income, had a longer duration of education, and were more frequently current smokers when
compared with the findings in the low coffee intake group. Energy consumption was higher in the
high coffee intake group than in the low coffee intake group. Additionally, the high coffee intake group
showed a significantly lower consumption of sugar and the proportion of carbohydrates in energy
distribution when compared with the findings in the low coffee intake group.

Table 2. Basic Characteristics depending on the amount of coffee intake in male and female 1.

Male Female

Coffee <1 cup/d ≥1 cup/d
p 2 <1 cup/d ≥1 cup/d

p 2

(n = 837) (n = 1690) (n = 1112) (n = 1259)

Age (year) 56.62 ± 8.90 53.95 ± 8.13 <0.0001 57.28 ± 8.75 54.55 ± 8.73 <0.0001

Marriage 3

Married 798 (95.34) 1639 (96.98) 0.0361 939 (84.44) 1071 (85.07) 0.6725

Monthly income (×104 KRW)

Low (<100) 251 (29.99) 351 (20.77) <0.0001 524 (47.12) 468 (37.17) <0.0001
Medium (100–199) 199 (23.78) 356 (21.07) 268 (24.10) 254 (20.17)
High (≥200) 387 (46.24) 983 (58.17) 320 (28.78) 537 (42.65)

Education (year)

Low (0–6) 217 (25.93) 313 (18.52) <0.0001 619 (55.67) 508 (40.35) <0.0001
Medium ((7–9) 171 (20.43) 348 (20.59) 222 (19.96) 264 (20.97)
High (≥10) 449 (53.64) 1029 (60.89) 271 (24.37) 487 (36.68)

Alcohol drinking behavior

Never 154 (18.40) 335 (19.82) 0.6875 869 (78.15) 817 (64.89) <0.0001
Former 70 (8.36) 136 (8.05) 22 (1.98) 19 (1.51)
Current 613 (73.24) 1219 (72.13) 221 (19.87) 423 (33.60)
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Table 2. Cont.

Male Female

Coffee <1 cup/d ≥1 cup/d
p 2 <1 cup/d ≥1 cup/d

p 2

(n = 837) (n = 1690) (n = 1112) (n = 1259)

Alcohol intake (g/day) 4 25.77 ± 36.07 25.00 ± 31.27 0.5934 3.99 ± 8.89 4.88 ± 11.01 <0.0001

Smoking behavior

Never 287 (34.29) 346 (20.47) <0.0001 1094 (98.38) 1219 (96.82) 0.0489
Former 304 (36.32) 642 (37.99) 5 (0.45) 12 (0.95)
Current 246 (29.39) 702 (41.54) 13 (1.17) 28 (2.22)

Tobacco consumption
(pack/years) 5 16.61 ± 14.57 20.25 ± 18.42 <0.0001 7.38 ± 6.04 7.42 ± 8.31 0.0289

Nutrient intakes

Energy (Kcal) 1,772.21 ±
510.35

1984.88 ±
527.16 <0.0001 1594.52 ±

497.34
1753.07 ±

532.77 <0.0001

Sugar (g/per 1000 Kcal) 180.35 ± 16.89 177.75 ± 14.54 <0.0001 186.28 ± 16.97 182.06 ± 15.48 <0.0001
Fat (g/per 1000 Kcal) 14.72 ± 5.89 16.44 ± 5.13 <0.0001 12.68 ± 5.89 14.85 ± 5.44 <0.0001
Protein (g/per 1000 Kcal) 32.52 ± 5.93 32.48 ± 5.13 0.8755 31.88 ± 5.30 32.44 ± 5.97 0.0269

Energy distribution (%)

Carbohydrate 73.35 ± 7.20 71.93 ± 6.13 <0.0001 75.56 ± 7.32 73.47 ± 6.63 <0.0001
Fat 13.44 ± 5.31 14.94 ± 4.61 <0.0001 11.53 ± 5.29 13.45 ± 4.85 <0.0001
Protein 13.21 ± 2.35 13.13 ± 2.03 0.4204 12.91 ± 2.45 13.07 ± 2.33 0.0946

SBP (mmHg) 117.73 ± 15.80 116.12 ± 14.87 0.0147 116.00 ± 17.26 113.95 ± 16.84 0.0030

DBP (mmHg) 79.74 ± 10.11 79.18 ± 10.10 0.1838 76.61 ± 10.37 75.58 ± 10.53 0.0131

Waist circumference (cm) 84.22 ± 7.76 84.77 ± 7.46 0.0692 83.98 ± 9.68 82.76 ± 9.45 0.0022

Hip circumference (cm) 90.90 ± 5.23 92.32 ± 5.21 <0.0001 91.13 ± 5.35 92.18 ± 5.25 <0.0001

Height (cm) 166.32 ± 5.95 167.15 ± 5.83 0.0008 153.23 ± 5.84 153.94 ± 5.63 0.0026

Weight (kg) 65.71 ± 9.27 68.04 ± 9.57 <0.0001 57.55 ± 8.45 58.76 ± 8.03 0.0004

BMI (kg/m2) 6

Underweight (<18.5) 26 (3.11) 29 (1.72) 0.0003 18 (1.62) 15 (1.19) 0.0739
Normal (18.5–22.9) 290 (34.65) 502 (29.70) 364 (32.73) 356 (28.28)
Overweight (23–24.9) 253 (30.23) 485 (28.70) 284 (25.54) 356 (28.28)
Obese (≥25) 268 (32.02) 674 (39.88) 446 (40.11) 532 (42.26)

HbA1C (%) 5.41 ± 0.41 5.41 ± 0.39 0.9575 5.47 ± 0.40 5.44 ± 0.40 0.0628

Total cholesterol (mg/dL) 183.12 ± 34.42 191.06 ± 32.64 <0.0001 193.01 ± 34.56 196.65 ± 33.53 0.0060

HDL-Cholesterol (mg/dL) 43.90 ± 10.86 43.04 ± 10.24 0.0614 44.83 ± 9.77 46.75 ± 10.16 <0.0001

Triglyceride (mg/dL) 144.81 ± 107.99 150.9 ± 117.12 0.0385 124.89 ± 69.71 116.24 ± 66.91 0.0001

Menopause 789 (70.95) 712 (56.55) <0.0001

Female hormone treatment 25 (2.25) 34 (2.70) 0.4804

Hypertension 7 259 (30.94) 482 (28.52) 0.2079 367 (33.00) 333 (26.45) 0.0005
1 Data are presented as the means ± SDs or n (%). 2 Statistical significance was calculated with Student’s t-tests for
continuous variables after log transformation and chi-square tests for categorical variables. 3 Married included
married and cohabitation. 4 Data were collected from current alcohol consumers without missing responders;
n = 610, 1216 in male and 220, 421 in female, respectively. 5 Data were collected from former and current smokers
without missing responders; n = 189, 372 in male and 13, 24 in female, respectively. 6 Degree of obesity was
categorized into four stages according to the criterion of World Health Organization (WHO) Asia-Pacific Area [21].
7 Subjects with diagnosis in medical history.

In contrast, the mean intake of fat was higher in the high coffee intake group than in the low
coffee intake group, and the finding was in accordance with an increased ratio of energy distribution.
Systolic blood pressure was lower in the high coffee intake group than in the low coffee intake group.
However, hip circumference, height, and weight were higher in the high coffee intake group than in
the low coffee intake group. Among both male and female subjects, the TC level was higher in the
high coffee intake group than in the low coffee intake group. However, the TG level was higher among
male subjects and lower among female subjects in the high coffee intake group than in the low coffee
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intake group. Among female subjects, the prevalence of hypertension and menopause were lower in
the high coffee intake group than in the low coffee intake group.

3.2. Association of Coffee Intake with the Risk of Dyslipidemia

We next examined the effect of coffee intake on dyslipidemia risk. There was an inverse correlation
between coffee intake and the prevalence of dyslipidemia in female subjects (OR: 0.768, 95% CI:
0.645–0.914, p = 0.0030) but not in male subjects (p = 0.2635) after adjusting for confounders (Table 3).

Table 3. Associations between coffee intake and the risk of dyslipidemia.

Coffee

Male Female

Healthy DLP Adjusted Model 1 Healthy DLP Adjusted Model 2

(n = 1215) (n = 1312) OR (95% CI) p 3 (n = 1330) (n = 1041) OR (95% CI) p 3

<1 cup/d 427 (35.14) 410 (31.25) 1 571 (42.93) 541 (51.97) 1

≥1 cup/d 788 (64.86) 902 (68.75) 1.107
(0.926–1.323) 0.2635 759 (57.07) 500 (48.03) 0.768

(0.645–0.914) 0.0030

1 Adjusted for age, marital status, income, education, smoking behavior, energy intake, systolic blood pressure,
and BMI. 2 Adjusted for age, income, education, drinking and smoking behavior, energy intake, BMI, menopause,
treatment of female hormone, and hypertension. 3 Odds ratio (OR), 95% confidence interval (95% CI), and statistical
significance were calculated with logistic regression analysis. DLP, dyslipidemia.

3.3. Effects of Coffee Intake on the Risk of Dyslipidemia Depending on ADORA Gene Family

Finally, we performed a logistic regression analysis to confirm the genetic effect of the ADORA gene
family on the association between coffee intake and dyslipidemia risk (Tables 4 and 5). Interestingly,
among female subjects, a favorable effect of consuming more coffee on dyslipidemia risk showed only
those with the minor alleles of ADORA1 rs10800901 (OR: 0.727, 95% CI: 0.560–0.944, p = 0.0168), and
ADORA2B rs2779212 (OR: 0.645, 95% CI: 0.506–0.823, p = 0.0004) and the major alleles of ADORA3
rs2786967 (OR: 0.818, 95% CI: 0.676–0.989, p = 0.0384), but not in those with alternative alleles. Among
male subjects, there was instead an increased dyslipidemia risk on consuming more coffee carrying
the minor alleles of ADORA2A rs57604223 (OR: 1.352, 95% CI: 1.014–1.802, p = 0.0402). Male subjects
with the minor allele of ADORA3A rs3393 also showed lower risk on dyslipidemia (Table S1), and the
favorable effects did not occur when they consumed more coffee. Overall, these results indicate that
the effect of coffee intake on dyslipidemia risk depends on genetic variants in the ADORA gene family
in a sex-specific manner.

Table 4. Risk of dyslipidemia depending on the coffee intake and genotype in ADORA gene family
in male.

Genes
Alleles

Coffee
Intake

Healthy Dyslipidemia Adjusted Model 1

SNPs (n = 1215) (n = 1312) Odds Ratios (95% CI) p p 2

ADORA1

rs10800899 GG <1 cup/d 299 (24.61) 274 (20.88) 1 0.8839

≥1 cup/d 541 (44.53) 641 (48.86) 1.176 (0.952–1.453) 0.1327
AG/AA <1 cup/d 128 (10.53) 136 (10.37) 1.103 (0.816–1.493) 0.5231

≥1 cup/d 247 (20.33) 261 (19.89) 1.064 (0.828–1.368) 0.6267

rs6701725 GG <1 cup/d 294 (24.20) 277 (21.11) 1 0.3714

≥1 cup/d 534 (43.95) 625 (47.64) 1.127 (0.911–1.394) 0.2723
AG/AA <1 cup/d 133 (10.95) 133 (10.14) 0.991 (0.733–1.341) 0.9542

≥1 cup/d 254 (20.91) 277 (21.11) 1.056 (0.823–1.355) 0.6691

rs10800901 AA <1 cup/d 131 (10.78) 118 (8.99) 1 0.6906

≥1 cup/d 246 (20.25) 265 (20.20) 1.115 (0.812–1.532) 0.5003
GA/GG <1 cup/d 296 (24.36) 292 (22.26) 1.132 (0.833–1.540) 0.4277

≥1 cup/d 542 (44.61) 637 (48.55) 1.250 (0.938–1.665) 0.1276
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Table 4. Cont.

Genes
Alleles

Coffee
Intake

Healthy Dyslipidemia Adjusted Model 1

SNPs (n = 1215) (n = 1312) Odds Ratios (95% CI) p p 2

ADORA2A

rs5760423 GG <1 cup/d 138 (11.36) 111 (8.46) 1 0.8317
≥1 cup/d 264 (21.73) 283 (21.57) 1.246 (0.910–1.706) 0.1699

TG/TT <1 cup/d 289 (23.79) 299 (22.79) 1.282 (0.942–1.744) 0.1139
≥1 cup/d 524 (43.13) 619 (47.18) 1.352 (1.014–1.802) 0.0402

ADORA2B

rs17715109 GG <1 cup/d 381 (31.36) 360 (27.44) 1 0.8732
≥1 cup/d 712 (58.60) 817 (62.27) 1.130 (0.936–1.365) 0.2020

TG/TT <1 cup/d 46 (3.79) 50 (3.81) 1.149 (0.738–1.786) 0.5389
≥1 cup/d 76 (6.26) 85 (6.48) 1.076 (0.753–1.536) 0.6878

rs2779212 TT <1 cup/d 252 (20.74) 226 (17.23) 1 0.0336

≥1 cup/d 494 (40.66) 555 (42.30) 1.187 (0.943–1.494) 0.1433
CT/CC <1 cup/d 175 (14.40) 184 (14.02) 1.155 (0.870–1.534) 0.3182

≥1 cup/d 294 (24.20) 347 (26.45) 1.165 (0.906–1.497) 0.2345

ADORA3

rs3393 CC <1 cup/d 122 (10.04) 147 (11.20) 1 0.5917

≥1 cup/d 228 (18.77) 284 (21.65) 0.990 (0.725–1.350) 0.9477
TC/TT <1 cup/d 305 (25.10) 263 (20.05) 0.731 (0.541– 0.989) 0.0423

≥1 cup/d 560 (46.09) 618 (47.10) 0.856 (0.647–1.133) 0.2767

rs2786967 AA <1 cup/d 361 (29.71) 357 (27.21) 1 0.2144

≥1 cup/d 676 (55.64) 752 (57.32) 1.036 (0.856– 1.255) 0.7152
GA/GG <1 cup/d 66 (5.43) 53 (4.04) 0.771 (0.514– 1.155) 0.2066

≥1 cup/d 112 (9.22) 150 (11.43) 1.257 (0.933–1.694) 0.1324
1 Adjusted for age, marital status, income, education, smoking behavior, energy intake, systolic blood pressure,
and BMI. 2 p for interaction.

Table 5. Risk of dyslipidemia depending on the coffee intake and genotype in ADORA gene family
in female.

Genes
Alleles

Coffee
Intake

Healthy Dyslipidemia Adjusted Model 1

SNPs (n = 1215) (n = 1312) Odds ratios (95% CI) p p 2

ADORA1

rs10800899 GG <1 cup/d 392 (29.47) 374 (35.93) 1 0.2012

≥1 cup/d 537 (40.38) 366 (35.16) 0.789 (0.643–0.968) 0.0233
AG/AA <1 cup/d 179 (13.46) 167 (16.04) 0.989 (0.761–1.286) 0.9356

≥1 cup/d 222 (16.69) 134 (12.87) 0.705 (0.537–0.924) 0.0115

rs6701725 GG <1 cup/d 393 (29.55) 367 (35.25) 1 0.3393

≥1 cup/d 520 (37.10) 346 (33.24) 0.784 (0.636–0.966) 0.0225
AG/AA <1 cup/d 178 (13.38) 174 (16.71) 1.031 (0.794–1.339) 0.8196

≥1 cup/d 239 (17.97) 154 (14.79) 0.758 (0.585–0.982) 0.0356

rs10800901 AA <1 cup/d 180 (13.53) 172 (16.52) 1 0.3401

≥1 cup/d 210 (15.79) 160 (15.37) 0.891 (0.656–1.210) 0.4956
GA/GG <1 cup/d 391 (29.40) 369 (35.45) 1.008 (0.777–1.309) 0.9504

≥1 cup/d 549 (41.28) 340 (32.66) 0.727 (0.560–0.944) 0.0168

ADORA2A

rs5760423 GG <1 cup/d 194 (14.59) 173 (16.62) 1 0.3188

≥1 cup/d 224 (16.84) 149 (14.31) 0.836 (0.617–1.134) 0.2497
TG/TT <1 cup/d 377 (28.35) 368 (35.35) 1.124 (0.869–1.456) 0.3736

≥1 cup/d 535 (40.23) 351 (33.72) 0.829 (0.641–1.073) 0.1539
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Table 5. Cont.

Genes
Alleles

Coffee
Intake

Healthy Dyslipidemia Adjusted Model 1

SNPs (n = 1215) (n = 1312) Odds ratios (95% CI) p p 2

ADORA2B

rs17715109 GG <1 cup/d 508 (38.20) 486 (46.69) 1 0.7766

≥1 cup/d 671 (50.45) 461 (44.28) 0.795 (0.662–0.956) 0.0146
TG/TT <1 cup/d 63 (4.74) 55 (5.28) 0.903 (0.608–1.339) 0.6107

≥1 cup/d 88 (6.62) 39 (3.75) 0.500 (0.332–0.754) 0.0009

rs2779212 TT <1 cup/d 343 (25.79) 335 (32.18) 1 0.8210

≥1 cup/d 421 (31.65) 301 (28.91) 0.839 (0.671–1.049) 0.1226
CT/CC <1 cup/d 228 (17.14) 206 (19.79) 0.943 (0.735–1.210) 0.6469

≥1 cup/d 338 (25.41) 199 (19.12) 0.645 (0.506–0.823) 0.0004

ADORA3

rs3393 CC <1 cup/d 179 (13.46) 163 (15.66) 1 0.9277

≥1 cup/d 247 (18.57) 157 (15.08) 0.776 (0.572–1.053) 0.1035
TC/TT <1 cup/d 392 (29.47) 378 (36.31) 1.053 (0.809–1.370) 0.7011

≥1 cup/d 512 (38.50) 343 (32.95) 0.806 (0.618–1.051) 0.1109

rs2786967 AA <1 cup/d 486 (36.54) 444 (42.65) 1 0.0308

≥1 cup/d 617 (46.39) 411 (39.48) 0.818 (0.676–0.989) 0.0384
GA/GG <1 cup/d 85 (6.39) 97 (9.32) 1.306 (0.939–1.816) 0.1125

≥1 cup/d 142 (10.68) 89 (8.55) 0.737 (0.542–1.002) 0.0515
1 Adjusted for age, income, education, drinking and smoking behavior, energy intake, BMI, menopause, treatment
of female hormone, Hypertension. 2 p for interaction.

4. Discussion

The present study aimed to investigate whether genetic variants in the ADORA gene family
influence the effect of coffee intake on dyslipidemia risk. Coffee intake was associated with decreased
dyslipidemia risk in female subjects but not in male subjects. Furthermore, with regard to the genetic
effect on the association, the favorable effect of coffee intake among female subjects depends on a
subset of genetic variants in ADORA gene family. The risk of dyslipidemia was also increased among
male subjects in the high coffee intake group based on genetic variation of the ADORA gene family,
indicating that a subset of genetic variants in the ADORA gene family modulates the effect of coffee
intake on dyslipidemia risk in a sex-specific manner.

The ADORA gene family has been reported to play a role in regulating the lipid profile [12].
For instance, ADORA1 deficiency in ApoE KO mice was associated with increased plasma lipid
levels [22], and ADORA2B knockout mice showed increased TG and TC levels compared to the
wildtype [23]. Disturbed lipid levels via modulation of ADORA2B also influenced the development of
dyslipidemia and atherosclerosis, known risk factors of cardiovascular mortality [16]. ADORA2B also
showed a close relationship with cholesterol regulation by formation of foam cells and inflammation,
which are mediator of cardiovascular disease [13,16]. In addition to the functional relevance of the
ADORAs in blood lipid profiles and lipid-related chronic diseases, a genetic variant of ADORA2A
showed association with the severity of chronic heart failure in Asians [15]. The evidence proposed
that variations in the ADORA gene family might influence lipid regulation and cardiovascular disease.
We also observed a subset of genetic variants in the ADORA gene family associated with the risk of
dyslipidemia (Table S1).

Despite the interesting finding of an association between the ADORA gene family and dyslipidemia
itself, the novelty here is that the ADORAs modulates the effect of coffee intake on dyslipidemia.
A meta-analysis showed coffee intake increase blood lipid level [2], but not all of the included studies
satisfied the result [3–5]. We identified different effects of coffee intake in the risk of dyslipidemia
linked to their genetic variants in the ADORA gene family. Even though there was no association
between coffee intake and dyslipidemia in male, we confirmed the increased risk of dyslipidemia

154



Nutrients 2020, 12, 493

when subjects with the minor allele of rs5760423 in ADORA2A consumed more than one cup of coffee.
While we did not experimentally examine the association, instead only focusing on the association of
genetic variants in ADORA gene family with coffee intake in dyslipidemia, we identified a subset of
genetic variants in the ADORA gene family located at regulatory elements which could play a role as
eQTLs influencing gene expression in various tissues [24] (Table 1). Indeed, a recent study suggested
that genetic variation could contribute to altered gene expression by changing epigenetic enhancer
activity, which, in turn, is linked to five different vascular diseases [25]. Given the previous reports,
genetic variants in ADORA gene family might modify gene expression through epigenetic regulation,
possibly modulating the lipid profile and the effect of coffee intake in dyslipidemia pathogenesis.
Further studies are needed to elucidate their possible functional mechanisms.

We also observed a favorable association between coffee intake and the prevalence of dyslipidemia
in female subjects but not in male subjects. Inconsistent results of coffee intake between male and
female individuals [26,27], including a Korean population [28], obscure the view. Female individuals
responded favorably to coffee concerning cardiovascular health. It has been proposed that the female
sex hormone estrogen plays a role in the sensitivity of female individuals to the effects of coffee
intake [29]. Estrogen is synthesized from cholesterol in the ovary, and it influences lipid metabolism
by increasing lipoprotein lipase activity and is directly interacting with specific estrogen receptors in
the adipose tissue. Thus, susceptibility to cardiovascular diseases is lower in premenopausal women
than in men of the same age and postmenopausal women [30]. A previous finding that coffee intake
increases the concentration of estrogen in Asian female individuals could explain the sex-specific
differences in the effect of coffee intake on dyslipidemia [29].

The most interesting of our findings is that increased coffee intake had beneficial effects in female
subjects but harmful effects in male subjects significantly associated with a subset of genetic variants in
the ADORA gene family. This could suggest that the response to environmental factors of the ADORAs
differs according to sex. Several previous studies showed different influences of environmental factors
related to the ADORA genotypes depending on sex. Treatment with the ADORA antagonist ATL444
was shown to have a preventive effect on cocaine addiction in male individuals but not in female
individuals [31]. Additionally, locomotor activity in response to administration of caffeine was higher in
male WT mice than in male ADORA2A knockout mice, however, this difference was not noted in female
mice. Although the reason why the ADORA genotype causes a difference in the environmental response
depending on sex is not known, a possible explanation may be that dopamine receptor 2 (D2) and the
ADORA2A system are more sensitive in female than in male individuals [32,33]. Dopamine signaling
has been suggested as a therapeutic target of dyslipidemia, showing cardioprotective effects [32].
Caffeine treatment has been shown to increase the expression of D2 protein in female but not in male
individuals [33]. Based on our data, we suggest that not only do D2 but also the ADORAs modulate
the environmental response of the sex-specific physiological mechanism.

We found a novel gene-environment interaction of the ADORA genetic variants and coffee intake
on dyslipidemia in a Korean population. However, further, larger studies are warranted to replicate
the findings. In addition, while our study did not consider how subjects consumed coffee and how
much caffeine was present owing to the limited information in the original cohort, we appreciate the
importance of further studies including those parameters. Although it has been reported that the
addition of milk, the type of coffee bean, and the type of roasting method do not alter antioxidant
activity [34], it may be important to consider these factors to perform an in-depth analysis. Lastly,
our analysis did not consider physical activity as a confounding factor, although it has been shown
to influence blood lipid profiles [35,36]. Additional confounding factors, such as physical activity,
may need to be considered for further analysis.

5. Conclusions

This study demonstrated that a subset of genetic variants in the ADORA gene family influences
the association between coffee intake and dyslipidemia risk in a sex-specific manner. As a first study to
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elucidate the effect of coffee intake on dyslipidemia risk in terms of genetic variability in the ADORA
gene family, important avenues of detailed research are available. This includes deep understanding
of the functional mechanisms on the genetic variants in the ADORA gene family in response to coffee
intake, potentially aiding prevention and management of dyslipidemia among individuals vulnerable
to the disease.
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Abstract: A complex interplay of several genetic and lifestyle factors influence coronary heart disease
(CHD). We determined the interaction between coffee consumption and the tribbles pseudokinase 1
(TRIB1) rs17321515 variant on coronary heart disease (CHD). Data on CHD were obtained from the
National Health Insurance Research Database (NHIRD) while genotype data were collected from the
Taiwan Biobank (TWB) Database. From the linked electronic health record data, 1116 individuals
were identified with CHD while 7853 were control individuals. Coffee consumption was associated
with a lower risk of CHD. The multivariate-adjusted odds ratio (OR) and 95% confidence interval
(CI) was 0.84 (0.72–0.99). Association of CHD with the TRIB1 rs17321515 variant was not significant.
The OR (95% CI) was 1.01 (0.72–0.99). There was an interaction between TRIB1 rs17321515 and coffee
consumption on CHD risk (p for interaction = 0.0330). After stratification by rs17321515 genotypes,
coffee drinking remained significantly associated with a lower risk of CHD only among participants
with GG genotype (OR, 0.62; 95% CI, 0.45–0.85). In conclusion, consumption of coffee was significantly
associated with a decreased risk of CHD among Taiwanese adults with the TRIB1 GG genotype.

Keywords: coffee drinking; TRIB1; rs17321515; CHD; Taiwan Biobank

1. Introduction

Coronary heart disease, also known as ischemic heart disease (IHD) or coronary artery disease
(CAD) is the top cause of global mortality [1,2]. It remains the second leading cause of death in
Taiwan [3]. The global coronary heart disease (CHD) mortality is projected to grow from 7.594 million
in 2016 to about 9.245 million in 2030 [4].

A complex interplay of numerous genetic and lifestyle factors influence the onset of CHD [5–7].
Genotypes are nonmodifiable factors, so they cannot be confounded by other factors. As such, they are

Nutrients 2020, 12, 1301; doi:10.3390/nu12051301 www.mdpi.com/journal/nutrients

159



Nutrients 2020, 12, 1301

capable of playing direct causal roles in disease development [8,9]. Identification of genetic variants
associated with diseases and the underlying pathophysiological mechanisms is an important step in
the development of potential drug targets [8].

Genetic predisposition accounts for about 30%–60% of CHD [10,11]. Despite this, most underlying
genes and molecular pathways are yet to be fully explored and therefore a significant portion of
CHD heritability is not clearly understood [2]. For instance, SNPs account for just a minute fraction
(approximately 10–15%) of CHD heritability [1,2,5,12,13]. The TRIB1 is among the top genes having
genome-wide significant single nucleotide polymorphisms (SNPs) for CHD [14]. It is located on
chromosome 8q24 and is greatly involved in cholesterol metabolism and atherosclerosis process [15].
One of its variants, rs17321515, has been associated with variations in plasma lipid levels and
CHD [14,16–18].

Coffee is a popular beverage that is widely consumed in the world [19]. In Taiwan, coffee
consumption has grown rapidly in recent years. So far, the local coffee industry has expanded
significantly [20]. Several studies have investigated the effects of coffee consumption on CHD.
However, results have been controversial. For instance, in one of the studies, excessive consumption
was significantly associated with a moderate increase in the risk of CHD [21]. However, in another
study, CHD risk was higher among moderate than for excessive coffee consumers [22]. Cardioprotective
effects of coffee may stem from its richness in bioactive compounds like polyphenols that
possess hypocholesterolemic, antihypertensive, anti-inflammatory, and antioxidant properties [23,24].
The antioxidant content in coffee was found to be higher than that in tea, vegetables, and fruits [25].

It is well known that interactions between genes and the environment influence disease
outcomes [26]. So far, there is substantial information on genetic variation and dietary patterns
(including but not limited to coffee consumption) and the risk of CHD. Results from a previous study
indicated that a variant in the cytochrome P450 1A2 gene (CYP1A2) modifies the association between
caffeinated coffee consumption and the risk of myocardial infection [27]. Nevertheless, pinpointing
a specific polymorphic variant is challenging considering that individual differences may exist in
response to coffee or caffeine. To our knowledge, no prior study has discussed specific genotypes
that can modify the association between coffee intake and the risk of CHD in Taiwan. In light of this,
we determined the interaction between coffee consumption and the TRIB1 rs17321515 variant on CHD.

2. Materials and Methods

2.1. Data Source and Participants

We used electronic data of Taiwan Biobank (TWB) participants recruited between 2008 and 2015.
Participants provided blood samples for DNA extraction and completed questionnaires covering
a wide range of medical, social, and lifestyle information. All participants provided informed consent.
Genotyping was done using the Axiom™ Genome-Wide TWB 2.0 Array plate (Santa Clara, CA,
USA). Data on CHD between 1998 and 2015 were obtained from the National Health Insurance
Research Database (NHIRD). The TWB database was linked to the NHIRD using encrypted personal
identification numbers. This study was approved by the Institutional Review Board of Chung Shan
Medical University (CS2-16114).

In total, 9001 biobank participants were recruited. After excluding persons with incomplete
questionnaires (n = 13) and genotype information (n = 19), 1116 coronary heart disease patients and
7853 controls were included in the study.

2.2. Assessment of Variables

Coronary heart disease was identified based on either two outpatient visits or one admission with
reported International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM)
code 410–414. Participants were classified as regular coffee drinkers if they drank coffee at least three
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days per week in the last 6 months. Details of the covariates and physical measures used in the text
have been described in our recent publication [28].

2.3. Selection of the Polymorphic Variant

The rs17321515 variant in the TRIB1 gene was selected based on the literature search. This variant
was selected because of its previous associations with CHD and dyslipidemia, especially in Han
Chinese populations [16,17]. We also searched Google Scholar and selected rs762551 variant in the
CYP1A2 gene which has been associated with caffeine metabolism and increased risk of myocardial
infarction. We followed a standard quality control procedure and excluded SNPs with (1) a low call
rate (<95%), (2) p-value of <1.0 × 10−3 for the Hardy–Weinberg equilibrium test, and (3) minor allele
frequency of <0.05. Moreover, we removed one individual from the pair of related samples based on
pairwise identity-by-descent (IBD).

2.4. Statistical Analysis

We used the statistical analysis system (SAS) software (version 9.4, SAS Institute, Cary,
NC, USA) and PLINK (v1.09, http://pngu.mgh.harvard.edu/purcell/plink/) to perform analyses.
Differences between groups were compared using the chi-square test. Associations of coffee and the
rs17321515 variant with CHD were determined using logistic regression analysis. Adjusted variables
included sex, age, educational level, smoking, alcohol intake, tea consumption, vegetarian diet,
body mass index (BMI), diabetes, hypertension, hyperlipidemia, atrial fibrillation, and CYP1A2
rs762551 variant. Odds ratios with their 95% confidence intervals were estimated.

3. Results

The descriptive data of 1116 participants with CHD and 7863 control individuals are shown
in Table 1. Significant differences existed between patients and controls for coffee drinking, sex,
age, educational level, cigarette smoking, exercise, body mass index (BMI), diabetes, hypertension,
hyperlipidemia, atrial fibrillation, and vegetarian diet (p < 0.05). However, there were no significant
differences between patients and controls for the TRIB1 rs17321515 and CYP1A2 rs762551 genotypes,
alcohol, and tea consumption. Differences in coffee consumption habits between men and women as
well as between those in different age groups are shown in Table 2.

Table 1. Descriptive data of the study participants.

Variable
Controls (n = 7853) CHD Patients (n = 1116)

p-Value
n (%) n (%)

Coffee drinking <0.0001
No 5269 (67.10) 824 (73.84)
Yes 2584 (32.90) 292 (26.16)

TRIB1 rs17321515 0.9920
GG 2362 (30.08) 335 (30.02)

GA+AA 5491 (69.92) 781 (69.98)
CYP1A2 rs762551 0.1490

AA 3326 (42.35) 500 (44.80)
AC+CC 4527 (57.65) 616 (55.20)

Sex <0.0001
Women 4275 (54.44) 520 (46.59)

Men 3578 (45.56) 596 (53.41)
Age (years) <0.0001

30–39 2042 (26.00) 46 (4.12)
40–49 2337 (29.76) 111 (9.95)
50–59 2217 (28.23) 415 (37.19)
60–70 1257 (16.01) 544 (48.75)
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Table 1. Cont.

Variable
Controls (n = 7853) CHD Patients (n = 1116)

p-Value
n (%) n (%)

Educational level <0.0001
Elementary school 493 (6.28) 170 (15.23)

Junior and senior high school 3258 (41.49) 498 (44.62)
University and above 4102 (52.23) 448 (40.14)

Cigarette smoking 0.0060
No 6117 (77.89) 828 (74.19)
Yes 1736 (22.11) 288 (25.81)

Alcohol drinking 0.3540
No 7031 (89.53) 989 (88.62)
Yes 822 (10.47) 127 (11.38)

Exercise <0.0001
No 4702 (59.88) 474 (42.47)
Yes 3151 (40.12) 642 (57.53)

BMI (kg/m2) <0.0001
BMI < 18.5 (Underweight) 215 (2.74) 11 (0.99)
18.5 ≤ BMI < 24 (Normal

weight) 3870 (49.28) 396 (35.48)

24 ≤ BMI < 27 (Overweight) 2283 (29.07) 415 (37.19)
BMI ≥ 27 (Obesity) 1485 (18.91) 294 (26.34)

Diabetes <0.0001
No 6943 (88.41) 738 (66.13)
Yes 910 (11.59) 378 (33.87)

Hypertension <0.0001
No 6424 (81.80) 391 (35.04)
Yes 1429 (18.20) 725 (64.96)

Hyperlipidemia <0.0001
No 5828 (74.21) 372 (33.33)
Yes 2025 (25.79) 744 (66.67)

Atrial fibrillation <0.0001
No 7833 (99.75) 1089 (97.58)
Yes 20 (0.25) 27 (2.42)

Tea consumption 0.1110
No 4894 (62.30) 723 (64.78)
Yes 2959 (37.68) 393 (35.22)

Vegetarian diet 0.0090
No 7011 (89.28) 1025 (91.85)
Yes 842 (10.72) 91 (8.15)

CHD: Coronary heart disease, BMI: Body mass index, TRIB1: tribbles pseudokinase 1; CYP1A2: cytochrome P450
1A2. GG, GA, and AA represent genotypes in the TRIB1 rs17321515 variant while AA, AC, and CC represent
genotypes in the CYP1A2 rs762551 variant.
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Table 2. Characteristics of study participants based on coffee consumption.

No Coffee Drinking Coffee Drinking

p-ValueControls CHD Patients Controls CHD Patients

n % n % n % n %

TRIB1 rs17321515 0.4130
GG 1574 29.87 261 31.67 788 30.50 74 25.34
GA 2564 48.66 396 48.06 1272 49.23 148 50.68
AA 1131 21.47 167 20.27 524 20.28 70 23.97

CYP1A2 rs762551 0.5160
AA 2229 42.30 361 43.81 1097 42.45 139 47.60
AC 2411 45.76 375 45.51 1176 45.51 126 43.15
CC 629 11.94 88 10.68 311 12.04 27 9.25
Sex <0.0001

Women 2785 52.86 391 47.45 1490 57.66 129 44.18
Men 2484 47.14 433 52.55 1094 42.34 163 55.82
Age <0.0001

30–39 1340 25.43 31 3.76 702 27.17 15 5.14
40–49 1485 28.18 77 9.34 852 32.97 34 11.64
50–59 1521 28.87 310 37.62 696 26.93 105 35.96
60–70 923 17.52 406 49.27 334 12.93 138 47.26

Education <0.0001
Elementary school 379 7.19 143 17.35 114 4.41 27 9.25

Junior and Senior high school 2259 42.87 375 45.51 999 38.66 123 42.12
University and above 2631 49.93 306 37.14 1471 56.93 142 48.63

Cigarette smoking <0.0001
No 4174 79.22 628 76.21 1943 75.19 200 68.49
Yes 1095 20.78 196 23.79 641 24.81 92 31.51

Alcohol drinking 0.1890
No 4734 89.85 737 89.44 2297 88.89 252 86.30
Yes 535 10.15 87 10.56 287 11.11 40 13.70

Physical activity <0.0001
No 3142 59.63 353 42.84 1560 60.37 121 41.44
Yes 2127 40.37 471 57.16 1024 39.63 171 58.56

BMI (kg/m2) <0.0001
BMI < 18.5 156 2.96 9 1.09 59 2.28 2 0.68

18.5 ≤ BMI < 24 2629 49.90 308 37.38 1241 48.03 88 30.14
24 ≤ BMI < 27 1491 28.30 294 35.68 792 30.65 121 41.44

BMI ≥ 27 993 18.85 213 25.85 492 19.04 81 27.74
Diabetes <0.0001

No 4631 87.89 538 65.29 2312 89.47 200 68.49
Yes 638 12.11 286 34.71 272 10.53 92 31.51

Hypertension <0.0001
No 4237 80.41 280 33.98 2187 84.64 111 38.01
Yes 1032 19.59 544 66.02 397 15.36 181 61.99

Hyperlipidemia <0.0001
No 3873 73.51 285 34.59 1955 75.66 87 29.79
Yes 1396 26.49 539 65.41 629 24.34 205 70.21

Atrial fibrillation <0.0001
No 5255 99.73 804 97.57 2578 99.77 285 97.60
Yes 14 0.27 20 2.43 6 0.23 7 2.40

Tea consumption <0.0001
No 3518 66.77 571 69.3 1376 53.25 152 52.05
Yes 1751 33.23 253 30.7 1208 46.75 140 47.95

Vegetarian diet <0.0001
No 4646 88.18 761 92.35 2365 91.52 264 90.41
Yes 623 11.82 63 7.65 219 8.48 28 9.59

CHD: Coronary heart disease, BMI: Body mass index, TRIB1: tribbles pseudokinase 1, CYP1A2: cytochrome P450 1A2.

Coffee drinking was associated with a lower risk of CHD (OR, 0.84; 95% CI, 0.72–0.99), as shown
in Table 3. Association with the TRIB1 rs17321515 variant was not significant; the OR was 1.01,
95% CI = 0.87–1.18. However, for the CYP1A2 rs762551 variant, the OR was 0.86 with a 95% CI
of 0.74–0.99 for AC+CC, compared to the AA genotype. Corresponding ORs (95% CI) for CHD
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were 1.53 (1.07–2.19) for ages 40–49 years, 3.92 (2.82–5.46) for ages 50–59 years, 6.46 (4.59–9.09) for
ages 60–70 years, 1.23 (1.04–1.46) for overweight, 1.35 (1.11–1.63) for obesity, 1.19 (1.01–1.41) for
diabetes, 3.40 (2.91–3.98) for hypertension, 2.25 (1.91–2.63) for hyperlipidemia, and 4.09 (2.14–7.82) for
atrial fibrillation.

Table 3. Association of CHD with associated variables.

Variable OR 95% CI

Coffee drinking (ref: No)
Yes 0.84 0.72–0.99

TRIB1 rs17321515 (ref: GG)
GA+AA 1.01 0.87–1.18

CYP1A2 rs762551 (ref: AA)
AC+CC 0.86 0.74–0.99

Sex (ref: Women)
Men 1.17 0.98–1.39

Age (ref: 30–39)
40–49 1.53 1.07–2.19
50–59 3.92 2.82–5.46
60–70 6.46 4.59–9.09

Educational level (ref: Elementary school)
Junior and senior high school 0.97 0.77–1.21

University and above 1.01 0.80–1.28
Cigarette smoking (ref: No)

Yes 1.07 0.88–1.30
Alcohol drinking (ref: No)

Yes 0.79 0.62–1.01
Exercise (ref: No)

Yes 1.07 0.92–1.24
BMI (ref: 18.5 ≤ BMI < 24)

BMI < 18.5 0.78 0.40–1.51
24 ≤ BMI < 27 1.23 1.04–1.46

BMI ≥ 27 1.35 1.11–1.63
Diabetes (ref: No)

Yes 1.19 1.01–1.41
Hypertension (ref: No)

Yes 3.40 2.91–3.98
Hyperlipidemia (ref: No)

Yes 2.25 1.91–2.63
Atrial fibrillation (ref: No)

Yes 4.09 2.14–7.82
Tea consumption (ref: No)

Yes 0.97 0.83–1.13
Vegetarian diet (ref: No)

Yes 0.96 0.75–1.24

Ref: reference, CHD: Coronary heart disease, BMI: Body mass index, OR: odds ratio, CI: confidence interval,
TRIB1: tribbles pseudokinase 1, CYP1A2: cytochrome P450 1A2.

There was a significant interaction (p = 0.0330) between TRIB1 rs17321515 and coffee drinking on
CHD risk (Table 4). After stratification by rs17321515 genotypes, coffee drinking remained significantly
associated with a lower risk of CHD only among those with the GG genotype (OR, 0.62; 95% CI,
0.45–0.85). There was no interaction between the CYP1A2 rs762551 variant and coffee consumption.
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Table 4. Association of CHD with coffee drinking stratified by rs17321515 genotypes.

Variable
TRIB1 rs17321515 (GG) TRIB1 rs17321515 (GA+AA)

OR 95% CI OR 95% CI

Coffee drinking (ref: No)
Yes 0.62 0.45–0.85 0.95 0.79–1.15

CYP1A2 rs762551 (ref: AA)
AC+CC 0.83 0.64–1.08 0.86 0.72–1.02

Sex (ref: Women)
Men 1.26 0.91–1.74 1.13 0.92–1.38

Age (ref: 30–39)
40–49 0.79 0.41–1.54 2.01 1.30–3.10
50–59 3.46 1.96–6.12 4.21 2.79–6.35
60–70 5.52 3.05–10.00 7.10 4.66–10.84

Educational level (ref: Elementary school)
Junior and senior high school 1.16 0.76–1.77 0.91 0.69–1.18

University and above 1.22 0.78–1.89 0.94 0.71–1.25
Cigarette smoking (ref: No)

Yes 0.90 0.63–1.30 1.15 0.91–1.45
Alcohol drinking (ref: No)

Yes 0.74 0.47–1.17 0.81 0.61–1.08
Exercise (ref: No)

Yes 1.04 0.79–1.36 1.08 0.90–1.29
BMI (ref: 18.5 ≤ BMI < 24)

BMI < 18.5 1.91 0.68–5.40 0.51 0.21–1.21
24 ≤ BMI < 27 1.49 1.09–2.05 1.15 0.94–1.40

BMI ≥ 27 2.03 1.43–2.88 1.14 0.90–1.43
Diabetes (ref: No)

Yes 1.12 0.82–1.53 1.22 1.00–1.49
Hypertension (ref: No)

Yes 3.84 2.87–5.12 3.28 2.72–3.96
Hyperlipidemia (ref: No)

Yes 1.94 1.44–2.60 2.40 1.99–2.90
Atrial fibrillation (ref: No)

Yes 8.13 2.44–27.09 3.10 1.42–6.77
Tea consumption (ref: No)

Yes 1.14 0.86–1.52 0.91 0.75–1.09
Vegetarian diet (ref: No)

Yes 0.88 0.54–1.42 0.99 0.74–1.33
rs17321515*coffee p = 0.0330

Ref: reference, CHD: Coronary heart disease, BMI: Body mass index, OR: odds ratio, CI: confidence interval,
TRIB1: tribbles pseudokinase 1, CYP1A2: cytochrome P450 1A2.

4. Discussion

In the current study, we determined whether an interactive association exists between coffee intake
and the TRIB1 rs17321515 variant with the risk of CHD. Our findings offered unique evidence that coffee
intake might have a protective effect on CHD. We also found that contrary to previous findings [17,29],
rs17321515 was not associated with CHD. Importantly, we found evidence of an interaction between
rs17321515 and coffee intake. After stratification by rs17321515 genotypes, we found that CHD
risk was significantly lower among those with GG genotype who consumed coffee relative to their
non-coffee-drinking counterparts. However, there was no association among those with the GA+AA
genotype, indicating that the genotype may not have any effect on CHD. TRIB1 rs17321515 has been
associated with a decreased risk of CAD among Europeans, Malays, and Asian Indians [15,30,31].
However, their analyses were not performed based on coffee intake.

So far, several studies have investigated the independent effects of coffee intake and TRIB1
rs17321515 on cardiovascular disease risk. Of the studies, those investigating coffee consumption and
cardiovascular disease risk have shown conflicting results. Contrary to findings from case–control
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studies which suggested that coffee intake was detrimental to coronary arteries [32], umbrella reviews
of observational and intervention studies have found it to be beneficial even in little amounts [33,34].
An increased risk of CHD previously reported among heavy coffee drinkers was attributed to
smoking [35]. In light of this, we included smoking in our analysis.

Regarding the rs17321515 polymorphism, its AA+GA genotypes were previously associated with
an increased risk of CHD among Han Chinese [36]. In a Singapore Malay Eye study of 3280 adults
aged 40–79 years old, the odds ratio for CHD among carriers of this variant was 1.23 for each copy of
the A allele [31]. Even though the rs17321515 variant has been assessed in Asian populations as noted
above, attempts have not been made to replicate it in Taiwan. This was the motivation behind the
selection of this variant for the current study.

As stated earlier, lifestyle changes and genetic factors play a substantial role in the development
of cardiovascular diseases. Of note, the interactive associations of both factors with CHD have not
been widely reported. When coffee intake and the TRIB1 rs17321515 variant were included in our
model with adjustments for smoking and other lifestyle variables, we found that the GG genotype
was significantly protective against CHD disease in individuals who consumed coffee compared to
those who did not. The underlying mechanisms of interaction between coffee drinking and TRIB1
rs17321515 SNP on CHD are not completely understood. However, metabolites in coffee are believed
to influence protective endogenous pathways by modulation of gene expression [37].

One of the main variables included in our model was the rs762551 variant in the CYP1A2 gene.
We chose this variant based on its previous association with caffeine metabolism and its role in
modifying the association between caffeinated coffee and the risk of heart disease [27]. Contrary to
expectation, we found that AC+CC, compared to the AA genotype was protective against CHD in
both the adjusted (OR, 0.86; 95% CI (0.74–0.99) and the separate model (Supplementary Table S1).
By performing stratified analyses, we found that associations of CYP1A2 rs762551 genotypes with
CHD were not significant (Supplementary Table S2). Besides, there was no interaction between the
variant and coffee consumption. Given that our findings are based on a limited number of coffee
consumers, further investigations would be needed to clarify these associations.

In this study, we also observed that coffee consumption habits between cases and controls differed
significantly based on gender and different age groups. However, differences in consumption based on
gender and age are yet to be adequately determined, particularly in Taiwan.

We believe that these results will help to enhance the knowledge on the role of coffee in the
association between rs17321515 variant and CHD among Taiwanese adults. However, the current study
is just a first step to examine this association, which remains a fundamental issue for future research.

This study was limited in several ways. First, about 70% of the population studied did not
consume any coffee. Such a limited number of coffee drinkers may preclude the possibility of observing
meaningful associations between coffee and CHD. Next, our questionnaire did not have information
on the type of coffee, caffeine content (that is, caffeinated or decaffeinated), methods of preparation,
and the daily amount of consumption. We understand that these attributes may have different effects
on CHD. Therefore, we recommend further research in this area. Second, well-established risk factors
such as smoking, exercise, education, male sex, diabetes, tea-drinking, and vegetarian diet were
not associated with the risk of CHD in the current population. This is an indication that our study
population might not be representative of typical CHD study populations. Third, there is a possibility
of nondifferential misclassification bias as information on coffee intake was based on self-report Lastly,
even though the TWB is representative of the general population, only individuals who are 30–70 years
old were recruited in the project. Therefore, we could not analyze data of adults under 30 or over
70 years of age.

5. Conclusions

In conclusion, our findings highlight the interactive association of coffee drinking and TRIB1
rs17321515 polymorphism on coronary heart disease in Taiwanese adults. Taken together, we found that
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the risk of CHD was significantly lower among those with GG genotype who consumed coffee compared
to their non-coffee-drinking counterparts. These results have provided considerable knowledge on
gene–nutrient interaction in relation to cardiovascular disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/5/1301/s1.
Table S1: Association of CHD with rs762551 variant and associated factors, Table S2: Association of CHD with
coffee drinking stratified by rs762551 genotypes.
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Abstract: Coffee contains bioactive compounds with anti-inflammatory properties, and its consumption
may reduce c-reactive protein (CRP) levels, a biomarker of chronic inflammation. A previous
meta-analysis reported no overall association between blood CRP level and coffee consumption
by modeling the coffee consumption in categories, with substantial heterogeneity. However, the
coffee cup volume was not considered. We conducted a systematic review and dose–response
meta-analysis investigating the association between coffee consumption and CRP levels reported
in previous observational studies. A dose–response meta-analysis was conducted by mixed-effects
meta-regression models using the volume of coffee consumed as metric. Eleven studies from three
continents were identified using the PubMed database, totaling 61,047 participants. Three studies
with the largest sample sizes observed a statistically significant association between coffee and
CRP levels, which was inverse among European and United States (US) women and Japanese men
(1.3–5.5% decrease in CRP per 100 mL of coffee consumed) and positive among European men
(2.2% increase). Other studies showed no statistically significant associations. When all studies
were combined in the dose–response meta-analysis, no statistically significant associations were
observed among all participants or when stratified by gender or geographic location, reflecting the
conflicting associations reported in the included studies. Further studies are warranted to explore
these inconsistent associations.

Keywords: coffee consumption; c-reactive protein; cross-sectional studies; systematic review and
meta-analysis

1. Introduction

Coffee is a well-known beverage around the world and the most popular caffeinated drink
choice [1,2]. A recent meta-analysis of 31 cohort studies reported that coffee consumption is associated
with decreased risk of total mortality and cause-specific mortality from cardiovascular disease (CVD)
and cancer [3]. C-reactive protein (CRP) is considered a biomarker of chronic inflammation [4] and
of disease risk and progression [5], including for CVD. The association between coffee and mortality
reported in the meta-analysis may be mediated through CRP.

Coffee contains many bioactive components such as chlorogenic acids, polyphenols, diterpenes,
micronutrients and caffeine [2,6–8], which may exert beneficial health effects through antioxidant and

Nutrients 2020, 12, 1349; doi:10.3390/nu12051349 www.mdpi.com/journal/nutrients
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anti-inflammatory properties [6–8]. There are also bioactive compounds that may negatively affect
health; for instance, the high amount of lipids in unfiltered coffee may increase blood cholesterol [9,10].

In this analysis, we investigated the associations between coffee consumption and CRP levels
among adults in observational studies by conducting a systematic literature review and a dose-response
meta-analysis. A previous meta-analysis of 24,863 participants from nine studies modeled coffee
consumption by categories and reported no overall statistically significant association with CRP
level, but there was evidence of substantial heterogeneity [11]. The cup volume varied by geographic
location, which affects the amount of bioactive compounds consumed and, consequently, their biological
effects [7,8,12–14]. Hence, we modeled the volume of coffee consumed and hypothesized that higher
coffee consumption is associated with lower levels of CRP.

2. Materials and Methods

2.1. Registration

This study was reported according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [15] and is registered with the PROSPERO International Prospective Register
of Systematic Reviews (CRD42018108351).

2.2. Literature Search

A systematic literature review was conducted using the electronic database PubMed to collect data
from published studies. The following search terms were used: (“coffee” [MeSH Terms] OR “coffee”[All
Fields]) AND (“c-reactive protein”[MeSH Terms] OR (“c-reactive”[All Fields] AND “protein”[All
Fields]) OR “c-reactive protein”[All Fields] OR “c reactive protein”[All Fields]). The last search was
conducted in March 2020, and a total of 61 abstracts were identified and reviewed independently by two
authors (E.D.M. and Y.T.). A full-text article was not obtained if the title and/or abstract met one or more
of the following exclusion criteria: (1) animal study; (2) study among children; (3) no mention of coffee
or other beverages, or of associations between food or beverage intake other than coffee and CRP or
other inflammatory biomarkers; (4) no mention of CRP or other inflammatory markers/biomarkers, or
of associations between beverage consumption and outcome variables other than CRP; (5) non-original
study such as review or commentary. After removing abstracts that met those exclusions, the full-text
articles of the remaining abstracts were obtained, reviewed, and excluded if they met one of the
following additional exclusion criteria: (1) not reporting the association between coffee consumption
and CRP level; (2) overlapping study populations; (3) not reporting enough data, such as coffee
consumption categories (at least three) and levels of CRP within those categories; (4) meeting any of the
previous exclusion criteria that could not be determined from the abstract alone, but was determined
based on the full-text article. A total of 10 articles that did not meet any of the exclusion criteria were
included in the systematic literature review. We found three meta-analysis/systematic review articles in
our PubMed search [4,11,16] and compared the list of original research studies included in the article,
finding no additional studies to the 10 articles we identified that met our inclusion criteria. Data were
extracted independently by two authors (E.D.M. and Y.T.) and inconsistencies were discussed and
brought to consensus.

The following information was extracted, compiled and summarized for each study: first
author; year of publication; study name; country; study design; calendar years when the study was
conducted and questionnaire information and blood samples were collected; number of participants;
age; gender; coffee consumption assessment (questionnaire validated or not) and methods of
questionnaire administration (interview or self-administered); cup volume conversion and/or frequency
of consumption; study results such as CRP levels (mean and standard deviations/error or 95% confidence
intervals (CI)) by coffee consumption categories.

Not all of the information described above could be extracted from each of the 10 articles. In such
cases, articles that might provide missing information were examined by examining references cited
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by the studies, searching for articles about the study or questionnaire through PubMed, or contacting
the corresponding author of the articles. For instance, information on cup volume conversion was
available for nine studies [17–24], but not for the Kyushu University cohort and the Dose-Response
to Exercise in Women (DREW) trial [25,26]. When we contacted the corresponding authors of these
two studies, we either received confirmation of the lack of information [26] or no response [25]; hence,
we estimated the cup conversion based on the other studies conducted in similar location and calendar
years, such as the Aichi Workers’ study [20] and Nurses’ Health Study (NHS) [18], respectively. Data on
high-sensitivity CRP levels were obtained from all studies, but two studies needed to be converted to
milligram per liter [20,22]. For all 11 studies, high-sensitivity CRP was measured using blood samples
collected throughout each study.

The risk of bias for each study was assessed by both authors (E.D.M. and Y.T.) independently
using the modified Newcastle–Ottawa Scale for cross-sectional studies [27]; any discrepancies were
discussed and a consensus reached.

2.3. Meta-Analysis

A meta-analysis of associations between coffee consumption volume and CRP level was conducted
through the Metafor package from R. Based on the cup conversion information we collected and the
range of cups of coffee consumed in each category reported in each article, we estimated the mid-point
volume (in mL) of coffee consumption in each category; we then re-calculated the p-trend to test a
linear association between coffee consumption and CRP level by treating coffee volume as continuous
in a model.

The estimated weighted mean changes in CRP level (per 100 mL of coffee) and 95% CI were
calculated through a mixed-effects meta-regression model. We used log-transformed CRP levels in our
meta-analysis. Due to incomparability of the reported values, the ATTICA study was excluded from
the meta-analysis. The heterogeneity across studies was assessed by I2 statistics [28]. To explore the
source of heterogeneity, we pre-specified and stratified analyses by gender and geographic location.

3. Results

Our study identified 61 abstracts published in March 2020 or earlier with search terms identified
previously. After reviewing articles based on the title and abstract (Figure 1), 47 were selected
to obtain full-text articles. Among them, 37 of the published studies were excluded: 26 for not
reporting the association between coffee consumption and CRP level, four for using the same study
population [29–32], five for not providing enough data [33–37], and two for being a non-original
article [38,39]. In total, 10 published articles reporting associations between coffee consumption and
CRP levels in 11 study populations (one article reported results from two cohorts [18]) were selected
and included in the current systematic review and meta-analysis.

The 11 studies were conducted between 1976 and 2007 in various locations: three in the United
States (US) [18,26], three in Asia [19,20,25], and the rest in Europe [17,21–24] (Table 1). These 11 studies
involved a total of 61,047 participants. Most studies had over 500 participants each [17–20,22,23,25],
with the exception of two studies which had 344 and 61 participants, respectively [21,26]. Among
the 11 studies, six included both men and women [17,19,20,22,23,25]. Of the other five studies, two
included only women [18,26] and three included only men [18,21,24].
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61 abstracts identified through PubMed search 

Articles excluded on basis of title/abstract: 
Animal study: 1 
Examining children: 2 
No mention of any combinations of keywords and key 
associations: 2* 
Studies without an abstract: 2 
Non-original article: 7 

47 articles met inclusion criteria and full texts were obtained  

Articles excluded: 
Studies that did not report the association between coffee 
consumption and CRP: 26 
Studies that overlap the same study population: 4 
Studies that did not provide enough data: 5 
Any of the previous exclusion criteria that could not be 
determined from the abstract alone, but was determined 
based on the full- text article: 2 

10 articles were included in systematic literature review 

Figure 1. Flow chart of systematic literature review. * no mention of coffee or other beverages, or
of associations between food or beverage intake other than coffee and c-reactive protein (CRP) or
other inflammatory biomarkers; no mention of CRP or other inflammatory markers/biomarkers, or of
associations between beverage consumption and outcome variables other than CRP.

The age of study participants varied from 18 to 87 years old. The mean body mass index
(BMI) of each study was between 22.8 kg/m2 and 36.1 kg/m2, with the exception of one that did
not report BMI values, but reported instead that 17.7% of participants were obese [17]. Six studies
reported that the mean alcohol consumption ranged from 1.7–27.3 g/day [18,20–24,26], while four
studies reported that 18.6–72.7% of participants drank alcohol [19,25]. One study did not provide
information on alcohol consumption [17]. As for smoking, one study of women and one study of
men consisted of only non-smokers [21,26]. Hence, the percentage of current smokers ranged from
0% (due to recruitment criterion) in the DREW trial and United Kingdom (UK) study [21,26] to 53.3%
in the ATTICA study [17]. Of the three studies that included postmenopausal women and reported
hormone therapy use [18,22,26], the proportion of users ranged from 25.9% in the European Prospective
Investigation into Cancer and Nutrition (EPIC) study [22] to 46.5% in the DREW trial [26].

All studies used questionnaires to assess coffee consumption, through self-administration,
interview, or both. Each study had 3–5 coffee consumption categories including “no”, “low”,
“medium”, “high”, and “very high” coffee consumption. The consumption amount considered “low”
or “high” varied across studies, ranging from 1 cup/month to <6 cups/week for low consumption and
2 to ≥6 cups/day for high consumption. Two studies included the fifth (“very high”) consumption
category as high as ≥7 cups/day [22,25]. As the studies were conducted in various locations, the volume
of a cup for each region ranged from 150 mL in the Aichi Workers’ cohort in Japan [20] and the Finnish
Diabetic Nephropathy (FinnDiane) study in Finland [23] to 237 mL in NHS and Health Professional
Follow-Up Study (HPFS) studies in the US [18] and EPIC and UK studies in Europe [21,22].
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When the linear association was assessed taking the volume of coffee consumed into account,
three of the 11 studies observed statistically significant inverse or positive associations between coffee
consumption and CRP levels, although the rest reported no significant association (Table 2). These
three studies examined associations separately by gender, and different associations were observed
by gender and study [18,22,25]. Among women, the EPIC and NHS included 10,520 and 15,551
women, respectively, and they had a statistically significant inverse association (EPIC: p-trend = 0.002,
2.7% decrease in CRP per 100 mL of coffee consumption; NHS: p-trend = 0.02, 5.5% decrease in
CRP) [18,22]. Among men, the Kyushu University cohort included 4407 men and also showed a
statistically significant inverse association (p-trend = 0.03, 1.3% decrease in CRP) [25]. In contrast, the
EPIC study had 4280 men and showed a statistically significant positive association between coffee
consumption and CRP levels (p-trend = 0.01, 2.2% increase in CRP) [22].

When the 10 studies that reported compatible CRP levels were combined through the
dose–response meta-analysis, no statistically significant association was observed among all participants
(mean change in CRP level: −2.4%; 95% CI: −8.7% to 4.4%; p = 0.49) with no evidence of heterogeneity
(I2 < 0.01%). Similarly, no significant associations (mean change in CRP level; 95% CI; p-value) were
observed when we stratified by gender (men: 0.9%; −9.7% to 8.8%; p = 0.85; women: −6.3%; −16.4% to
5.0%; p = 0.26), or geographic location (US: −6.7%; −6.5% to 8.3%; p = 0.54; Europe: 0.6%; −6.5% to
8.3%; p = 0.83; Asia: −1.6%; −12.1% to 10.2%; p = 0.78) with no evidence of heterogeneity (I2 < 0.01%).
Given that BELSTRESS study [24] was based on crude estimates, we repeated the analyses without the
BELSTRESS study, which did not materially change the results (data not shown).

Regarding risk of bias, assessed through the modified Newcastle–Ottawa Scale for cross-sectional
studies [27], all studies had scores of six or higher (Supplementary Table S1). Five studies [20–23,25]
scored seven, which is considered good quality. Two studies [24,26] scored six (satisfactory quality),
three [18,19] scored eight (good quality), and another [17] scored 10 (very good quality).
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4. Discussion

To our knowledge, this is the first dose–response meta-analysis of the association between coffee
consumption and CRP level in cross-sectional analyses that considered the volume of coffee consumed
instead of categorical data, as employed in a previous meta-analysis [11]. Hence, our analysis is more
robust in assessing the effects of volume of coffee consumed, which reflects the amount of bioactive
compounds in coffee better than considering categories alone [12–14]. This is important as cup volume
varied across studies (150 to 237 mL). When studies were combined through the dose–response
meta-analysis, no statistically significant associations were observed between coffee consumption and
CRP levels among all studies or after stratifying by gender or geographic location. To further elucidate
this finding, we examined associations of CRP level with coffee consumption by modeling the volume
of coffee and re-calculating the p-value for linear associations for each study. We found that the three
studies with the largest sample sizes, NHS, EPIC study, and Kyushu University cohort, had statistically
significant inverse or positive associations between coffee consumption and CRP levels, while others
reported no statistically significant association. These inconsistent associations across studies may be
explained by differences in study populations as discussed below.

The characteristics related to coffee preference and preparation methods common in each study
population may have affected the associations between coffee consumption and CRP level due
to variation in the amount of bioactive compounds [12,13,47,48]. Around the time when coffee
consumption was assessed in the included countries, instant coffees were popular in all countries.
Unfiltered coffee was more commonly consumed in European countries than in the United States, Japan,
and Singapore, where filtered coffee was more common [49]. Among the 11 included studies, three
investigated associations separately by coffee preparation methods or types—filtered and unfiltered
coffees in the ATTICA study [17] and decaffeinated and caffeinated coffees in the NHS and HPFS [18].
However, all studies found similar associations for either method [17,18]. Moreover, previous coffee
intervention trials reported no difference in CRP levels by different types or preparation methods
of coffee [34,50,51]. Nevertheless, a previous animal study provided evidence of anti-inflammatory
effects of caffeine, given that a three-week caffeine administration (7.5 to 15 mg/kg of body weight)
resulted in decreased CRP level in rats [7]. Therefore, previous human studies [34,50,51] may not have
had a sufficiently large variation in coffee consumption (due to small sample sizes or homogeneous
coffee consumption within a single study population) to observe differences in CRP levels comparable
to the animal study [7]. Our meta-analysis had a limited ability to further explore associations by
coffee preparation methods or types given that only three of the included studies conducted separate
analyses [17,18]. In addition to caffeine, chlorogenic acid was reported to decrease inflammation
in vitro, and its content varies by roasting levels [52]. To provide greater insight, future human
studies may need to assess type, preparation methods and roasting types, along with the volume of
coffee consumed.

In addition, discrepant results between studies could be due to participants’ characteristics
common in groups defined by gender and geographic location. These characteristics might have
contributed to their interactions with coffee consumption or have confounded the observed associations.
Firstly, BMI may have affected the inconsistent results between European men and women and Japanese
men. Given the pro-inflammatory nature of CRP, a positive association of CRP levels with BMI and
body fat composition was reported previously [53]. The EPIC study, with a positive association,
had a higher average BMI (26.3 kg/m2) [44] than the Kyushu University cohort (23.5 kg/m2) [25],
which reported an inverse association. Similarly, within the same EPIC study population, opposing
associations (a positive association for men and an inverse association for women) were reported,
which suggests that BMI (26.3 kg/m2 for men and 24.2 kg/m2 for women on average) [44] might have
played a role rather than other factors such as coffee type. Hence, it is possible that BMI or body fat
mass may have contributed to conflicting associations of coffee consumption with CRP levels in the
EPIC and Kyushu University cohort studies. To further elucidate potential involvement of body fat
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mass, future studies need to use other anthropometric measures that are more reflective of body fat
mass than BMI and stratify results by these anthropometric factors.

Secondly, smoking might have contributed to discrepant results. CRP levels were higher among
smokers than non-smokers [54], and smoking tends to be more common among men than women,
especially in Japan [25,55] and Singapore [56]. In addition, confounding effects of smoking in the
association between coffee and CRP level are possible as previously reported for coronary artery disease
or CVD mortality [3,57], which were closely linked to CRP levels. For the studies with statistically
significant associations, the proportion of current smokers was 32% for men in the Kyushu University
cohort [25], 30% for men and 17% for women in the EPIC study [45], and 13% in the NHS [18]. Hence,
the relatively low proportion of current smokers might partially explain the inverse association for
European and US women. However, other factors may play a role in conflicting associations between
European and Japanese men, which warrants further investigations.

Alcohol intake may have also been an influential variable in gender differences with regard to the
association between coffee consumption and CRP level. Among women, studies with a significant
inverse association tended to have a higher alcohol consumption (6.0 g/day in NHS [18] and 4.2 g/day
in EPIC women [22]) than studies with a non-significant association (1.7 g/day in DREW trial [26] and
27.1% as alcohol consumers in women in Kyushu University Cohort [25]). Among men, however, this
trend was not clearly observed; EPIC men with a significant positive association reported consumption
of 14.5 g/day [22]; Kyushu University Cohort men with a significant inverse association reported
72.7% of current alcohol consumers [25]; other studies with non-significant associations reported
consumption in the range of 11.8 g/day in HPFS [18] and 27.3 g/day in BELSTRESS [24]. Among men in
the Kyushu University Cohort, the inverse association between coffee and CRP was strongest among
high current alcohol consumers [25], which might have driven the overall inverse association when
all men in this study were combined. In the EPIC study, the association between coffee and CRP
was not reported by alcohol consumption level. Biological effects may be influenced by consumption
differences between genders, suggesting that the inverse association may be stronger for drinkers
than non-drinkers. The positive association observed in EPIC men [22] may be partially explained
by a previously reported U-shaped association between alcohol consumption and CRP [58], which
warrants further investigation. The stronger inverse association between coffee and CRP in high
alcohol consumers among Japanese men [25] is not consistent with the reported U-shaped association;
however, relatively lower BMI in Japanese men than European men might have contributed to this
difference. Additionally, the proportion of smokers was similar between Japanese and European men,
which may not explain the opposing associations reported. Taken together, other potential factors
(e.g., types of alcoholic beverages) that may explain the discrepant associations between European and
Japanese men need to be explored in future studies.

Strengths of this current analysis include the large number of participants (a total of 61,047), with
a majority of the included studies comprising over 500 participants. This analysis included a diverse
population of apparently healthy men and women, overweight and postmenopausal women, and
men and women with known diabetes or metabolic syndrome. Additionally, this analysis obtained
results from over 15 different countries in Europe, North America, and Asia. This diversity in study
populations allowed us to cover a wide range of coffee consumption levels (the estimated median
volume of coffee consumed ranged from 150 mL in Aichi Workers’ cohort [20] to 570 mL in the
FinnDiane study [23]) that could not be achieved within a single study, and it allowed us to conduct
a thorough examination of the association between coffee consumption and CRP levels. We also
estimated the volume of coffee consumed in our analysis, instead of the pre-defined category or
number of cups consumed, which better reflects the amount of hypothesized bioactive compounds in
coffee. In addition, the comparability of CRP values across studies is a strength as all studies measured
high-sensitivity CRP. The duration of blood sample storage varied by study; however, CRP values
were reported to be highly stable over time (spanning several years) when blood samples were stored
under the well-kept conditions [59] that all included studies followed. There may be slight variations
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in blood collection and handling procedures (such as temperature or time between blood collection
and storage), which were also reported not to affect CRP values [60].

A limitation of this analysis is that the sample size ranged from 61 to 15,551, although a majority
of the studies had over 500 participants. This may have affected the number of coffee consumption
categories and statistical power within a single study. Hence, we conducted a dose–response
meta-analysis including all eligible studies. Secondly, regarding CRP levels, two studies of women
in the United States (i.e., DREW trial and NHS) had relatively higher levels than the rest of the
studies. Previously, obesity and hormone therapy use were reported as determinants of high CRP
level [38,53,61]. Both studies [18,26] had the two highest proportions of hormone therapy users
(46.5% and 41.3% for the DREW trial and NHS, respectively), and the DREW trial included only
overweight and obese women, while the NHS had a higher average BMI than other studies; these
two characteristics may explain their high CRP levels. Thirdly, except for sex, we had limited ability
to explore effects of potential confounding factors such as smoking and BMI. This is due to the fact
that we did not have participant-level data and we relied on the reported associations adjusted for
a set of confounding variables chosen by study investigators. Moreover, our study was limited in
exploring the confounding effect of age because age ranges of study participants overlapped among the
included studies and no study conducted analyses stratified by age group. Fourthly, all studies were
based on cross-sectional analyses, which cannot infer temporal association, and future prospective
analyses are warranted. Fifthly, our analysis only included one biomarker of chronic inflammation,
CRP. Thus, other biomarkers such as interleukin-6 and tumor necrosis factor-alpha need to be explored
in future studies. These biomarkers were linked to coffee extracts in previous in vitro [52] and human
studies [17,18]. Furthermore, there is recent development in isoforms of CRP, such as pentameric and
monomeric isoforms, linked to cardiovascular diseases and inflammatory conditions [62], which need
to be considered in future studies. Sixthly, all the included studies used a food frequency questionnaire
(FFQ) to assess coffee consumption. Although most were previously validated and reported correlation
coefficients of coffee intake between FFQ and other dietary assessment instruments as high as 0.78 [31],
the use of FFQs may have impacted the coffee consumption data due to inherent self-reporting errors [63].
Nonetheless, it is an efficient way to assess dietary intake in a large sample size. Future studies could
use biomarkers of coffee consumption (e.g., urinary furoylglycine [64,65], N-methylpyridinium, and
trigonelline [66]) to overcome limitations in self-reporting methods. Additionally, these biomarker
studies would address the potential difference in the amount of bioactive compounds resulting from
differences in coffee preparation, brew strength, roasting and beans, which cannot be construed solely
by the volume of coffee consumed. Future studies measuring biomarkers of coffee consumption or
collecting detailed information on coffee type and preparation method are warranted.

5. Conclusions

Our results from the dose–response meta-analysis suggest no statistically significant association
between coffee consumption and CRP level among all studies combined or after stratification by
gender and geographic location. The three individual studies with the largest sample sizes among
the 11 included studies support an inverse or positive association between coffee consumption and
CRP levels among European men and women, US women, and Japanese men. Given these conflicting
associations, factors such as smoking and BMI may be attributable to these variations, and the potential
interaction with gender needs to be explored further.
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Abstract: Examination of urine excretion of caffeine metabolites has been a simple but common way
to determine the metabolism and effect of caffeine, but the relationship between urinary metabolites
and urine flow rate is less discussed. To explore the association between urinary caffeine metabolite
levels and urine flow rate, 1571 participants from the National Health and Nutrition Examination
Survey (NHANES) 2011–2012 were enrolled in this study. We examined the association between
urinary caffeine metabolites and urine flow rate with linear regression models. Separate models
were constructed for males and females and for participants aged <60 and ≥60 years old. A positive
association was found between concentrations of several urinary caffeine metabolites and urine flow
rate. Three main metabolites, namely, paraxanthine, theobromine, and caffeine, showed significance
across all subgroups. The number of caffeine metabolites that revealed flow-dependency was greater
in males than in females and was also greater in the young than in the elderly. Nevertheless,
the general weakness of NHANES data, a cross-sectional study, is that the collection is made at one
single time point rather than a long-term study. In summary, urinary concentrations of several caffeine
metabolites showed a positive relationship with the urine flow rate. The trend is more noticeable in
males and in young subgroups.

Keywords: urine caffeine metabolites; urine flow rate

1. Introduction

Caffeine is a common psychoactive stimulant that can be found in daily beverages such as coffee,
tea, and cocoa. Its impact on various aspects has aroused the interest of researchers from different fields.
In the field of physiology, the impact of caffeine on the central nervous system and peripheral organs has
been widely discussed [1]. The most noticeable one is the antagonism of adenosine receptors A1 and
A2 [2], which play a famous role in arousal, vigilance, and anxiety [3]. In regard to neurotransmitters,
caffeine seems to affect norepinephrine, dopamine, and serotonin, which contribute to alertness [4].
In the cardiovascular system, caffeine increases heart rate and affects blood pressure, cardiac rhythm,
and various cardiac diseases [5,6]. In kidneys, caffeine induces diuresis and natriuresis [7]. In the field
of psychology, sleep disturbance, learning and memory, addiction, and withdrawal are popular topics
related to caffeine [8–10].

In the field of pharmacology, enzyme assays, including CYP1A2, N-acetyltransferase, and xanthine
oxidase, utilize caffeine and its urinary metabolites as the means of evaluation [11,12]. There are
various ways of evaluating caffeine metabolism. Urine levels, serum levels, and metabolite ratios of
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caffeine act as biomarkers for diseases [13], targets for drugs [14], and probes for enzyme activity [15].
Factors that may confound the results of examinations should be taken into account when interpreting
related data. Urine flow rate is undoubtedly a crucial factor when interpreting data regarding urinary
caffeine metabolism, and thus the association between urinary caffeine metabolite concentrations and
urine flow rate deserves attention. Previous literature discussing flow-dependency put more focus on
theophylline, one of the caffeine metabolites that is well known for its therapeutic effects on asthma and
chronic obstructive pulmonary disease (COPD) [16–18]. However, comprehensive studies about other
caffeine metabolites are lacking. Therefore, the purpose of our study is to investigate the relationship
between 14 main urinary caffeine metabolites and the urine flow rate.

2. Materials and Methods

2.1. Design and Participants

The NHANES study, a nationally representative study of population in the United States, is a
cross-sectional survey based on a national sample of randomly-selected residents in the USA. It is
administered by the National Center for Health Statistics (NCHS) of the Centers for Disease Control
and Prevention (CDC). The survey combines three main parts. Initial screening questions determine
qualified participants. Afterward, an extensive interview is held at home, which includes information
such as age, gender, race, medical history, and health status. Further physical examination or clinical
evaluations are performed at specially designed mobile examination centers (MECs). All interviewers
received training programs and met the required standards. NHANES started in 1999 and remains
a continuous annual survey, with data released every 2 years. Detailed questionnaire instruments,
procedure manuals, brochures, and consent documents for the 2011–2012 NHANES are described
on the NHANES website. This study gained Institutional Review Board (IRB; project identification
code protocol #2011-17) approval by the National Center for Health Statistics (NCHS) in line with the
revised Helsinki Declaration. Informed consents were collected from all research participants before
the data-gathering procedure and examinations were carried out.

There were 9756 participants in the NHANES dataset from 2011–2012. Data from 2009–2010
also performed urinary caffeine analysis but was abandoned due to the instrument used not being
suitable for analyzing both positive and negative ions simultaneously, so each urine specimen was
analyzed twice. Data from 2011–2012 was from an improved instrument so that the measurement
of each specimen was done in a single analysis. After excluding those under 18 years old and those
with missing data such as urine flow rate, urinary caffeine analysis, and those taking medication of
benign prostatic hyperplasia and diuretics, 1410 eligible participants were involved in our analysis.
Figure 1 shows a scheme of the flow chart of participant recruitment. We performed our analyses in
three stages: categorizing participants as a whole population, by gender (male and female), and by age
(cutoff value set at 60 years old to refer to the elderly population [19,20]).

2.2. Measurement of Caffeine Metabolites in Urine

Spot urine samples were collected by experienced operators at the MECs. Recorded documents
included the date and time of sampling and the volume of urine collection. Samples were stored
at ≤−70 ◦C based on the Laboratory Procedures Manual before transportation to the National
Center for Environmental Health (Centers for Disease Control and Prevention, Atlanta, GA, USA)
for testing. Urinary metabolite quantification was determined by ultra-high performance liquid
chromatography–electrospray ionization–tandem quadrupole mass spectrometry (UHPLC–ESI–MS/MS)
(Agilent Technologies, Palo Alta, CA, USA) with stable isotope-labeled internal standards. More detailed
methods are reported on the NHANES website.
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Figure 1. Flow chart of participant recruitment.

Caffeine and 14 of its urinary metabolites, 15 in total, were examined, including
1-methyluric acid, 3-methyluric acid, 7-methyluric acid, 1,3-dimethyluric acid, 1,7-dimethyluric acid,
3,7-dimethyluric acid, 1,3,7-trimethyluric acid, 1-methylxanthine, 3-methylxanthine, 7-methylxanthine,
1,3-dimethylxanthine (theophylline), 1,7-dimethylxanthine (paraxanthine), 3,7-dimethylxanthine
(theobromine), 1,3,7-trimethylxanthine (caffeine), and 5-acetylamino-6-amino-3-methyluracil
(AAMU). AAMU is the decomposition product of the relatively unstable caffeine metabolite
5-acetylamino-6-formylamino-3-methyluracil (AFMU). Samples were allowed to incubate for at least
30 min at room temperature so that conversion of all AFMU to the more stable AAMU was ensured.

The lower limit of detection (LLOD in umol/L) for caffeine and caffeine metabolites can be obtained
from the NHANES website. For analytes with results below the lower limit of detection, the value
is the lower limit of detection divided by the square root of 2 (LLOD/sqrt [2]). All presented data
satisfied quality control (QC) procedures, which were performed by a multirule quality control system.
Samples examined were collected from 3 QC pools (low-, medium-, and high-quality control pools).
Urine analyte concentrations were adjusted to urinary creatinine (uCr) by dividing urine concentration
of metabolites by uCr values.

2.3. Measurement of Urine Flow Rate

Urinary flow rate was not a regular examined item in every cycle of NHANES. We collected our
data from NHANES 2011–2012. Upon visiting MECs, participants reported the time of the last urinary
void at home. At the center, the urinary volume was measured, and the time of sample collection was
recorded. Up to three voids could be collected if the initial two voiding volumes were insufficient for
the clinical and laboratory analyses. Conceptually, the calculation of urine flow rate is by dividing the
volume of the present urine sample by the time duration between the former urination and the present
urine collection, i.e., (total urine volume)/(total time duration).

2.4. Covariates

The self-reported demographic details of all subjects comprise gender, age, race/ethnicity, smoking
history, and medical history. Race was sorted into groups including Mexican American, other Hispanic,
non-Hispanic whites and blacks, and other races. Both former and current smokers were defined as
having a habit of smoking. The formula of body mass index (BMI) is weight in kilograms divided by
height in meters squared (kg/m2). Heart disease was defined as ever been diagnosed with congestive
heart failure, coronary heart disease, angina, or heart attack. Biochemical data are measured as follows:
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aspartate aminotransferase (AST) were detected by the Beckman Coulter UniCel DxC 800 Synchron
Clinical System; fasting plasma glucose (FPG) levels and urine creatinine (Cr) were measured by
Roche/Hitachi Modular P Chemistry Analyzer. Further details about collection procedures are available
on the NHANES website.

2.5. Statistical Analysis

We conducted a statistical analysis using SPSS (IBM SPSS Statistics for Windows, version
22.0, released 2013; IBM Corp., Armonk, NY). Qualitative data and quantitative variables were
reported in percentages and medians and interquartile ranges (IQRs), respectively. A p-value of
≤0.05 was considered statistically significant. The urine flow rates deviated from normality, and,
thus, log-transformation was performed to achieve normalization. Subsequently, we applied linear
regression models to investigate the relationship between urine levels of caffeine metabolite levels and
the log-transformed urine flow rate.

Four models were provided in each analytic group to adjust for relevant covariates. The unadjusted
model was numbered Model 1; Model 2 was adjusted for age, gender, and race; Model 3 was further
adjusted for BMI, serum fasting glucose, AST, and urine creatinine; Model 4 was further adjusted for
experiences of heart disease, smoking status, water intake, and caffeine intake.

3. Results

3.1. Characteristics of the Study Population

The demographic information of the eligible subjects in the study is shown in Table 1. The mean
age of the participants was 47.7 ± 17.79 years old, and 49.8% of participants were male and 43.5%
were ever-smokers. Median of baseline variables is as follows: BMI 28.89 kg/m2, AST 25.54 U/L,
uCr 0.89 mg/dL, and FPG 102.92 mg/dL.

3.2. Urinary Caffeine Metabolite Concentrations and Urine Flow Rate

Associations between urinary caffeine metabolite concentrations and urine flow rate are
demonstrated in Table 2. Positive correlations were discovered by linear regression analysis
in caffeine and several of its metabolites: 1-methyluric acid (β coefficient = 0.068, p < 0.001),
1,7-dimethyluric acid (β coefficient = 0.091, p = 0.047), 1,3,7-trimethyluric acid (β coefficient
= 1.806, p = 0.007), 1-methylxanthine (β coefficient = 0.152, p < 0.001), 7-methylxanthine
(β coefficient = 0.07, p = 0.005), 1,3-dimethylxanthine (theophylline, β coefficient = 1.177, p < 0.001),
1,7-dimethylxanthine (paraxanthine, β coefficient = 0.587, p < 0.001), 3,7-dimethylxanthine
(theobromine, β coefficient = 0.316, p < 0.001), 1,3,7-trimethylxanthine (caffeine, β coefficient =
1.102, p < 0.001), and 5-acetylamino-6-amino-3-methyluracil (β coefficient = 0.053, p = 0.004). Notably,
additional adjustments for all covariates did not affect the statistical significance in the aforementioned
metabolites. We further categorized our participants into subgroups by gender in Table 3 and by age
in Table 4. Paraxanthine (p < 0.001 in total population, male, female, under and over 60 years old),
theobromine (p < 0.001 in total population, male, female, under 60 years old; p = 0.011 over 60 years
old), and caffeine (p < 0.001 in total population, male, female, under and over 60 years old) were the
three showing significant positive correlations in all subgroups.
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Table 1. Characteristics of participants.

Variables Median (IQR) or Percent (%)

Continuous variables

Age (years) 47.70 ± 17.79
BMI (kg/m2) 28.89 ± 6.85

Aspartate aminotransferase (AST)(U/L) 25.54 ± 14.01
urine creatinine (mg/dL) 0.89 ± 0.29

serum fasting glucose (mg/dL) 102.92 ± 41.51
1-methyluric acid (umol/L) 0.91 ± 1.19
3-methyluric acid (umol/L) 0.01 ± 0.02
7-methyluric acid (umol/L) 0.22 ± 0.34

1,3-dimethyluric acid (umol/L) 0.11 ± 0.26
1,7-dimethyluric acid (umol/L) 0.42 ± 0.49
3,7-dimethyluric acid (umol/L) 0.01 ± 0.02

1,3,7-trimethyluric acid (umol/L) 0.03 ± 0.03
1-methylxanthine (umol/L) 0.48 ± 0.68
3-methylxanthine (umol/L) 0.42 ± 0.61
7-methylxanthine (umol/L) 0.67 ± 0.92

1,3-dimethylxanthine (theophylline) (umol/L) 0.03 ± 0.07
1,7-dimethylxanthine (paraxanthine) (umol/L) 0.29 ± 0.40
3,7-dimethylxanthine (theobromine) (umol/L) 0.28 ± 0.44

1,3,7-trimethylxanthine (caffeine) (umol/L) 0.09 ± 0.18
5-acetylamino-6-amino-3-methyluracil (uM/L) 0.96 ± 1.25

Caffeine intake on the exam day (mg) 142.74 ± 192.73
Total plain water drank the day before exam (mg) 1130.95 ± 1213.59

Categorical variables

Gender
Male 49.8

Female 50.2
Race

Mexican American 9.5
Other Hispanic 10.5

Non-Hispanic White 36.9
Non-Hispanic Black 26.8

Other Race—including Multi-Racial 16.4
Heart disease—ever had a diagnosis

Congestive heart failure 3.5
Coronary heart disease 4

Angina 2.6
Heart attack 3.8

Smoking 43.5

interquartile range (IQR).
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Table 2. Association between urinary caffeine metabolites and urine flow rate.

Variables
Model 1
β(95%

CI)
p Value

Model 2
β(95%

CI)
p Value

Model 3
β(95%

CI)
p Value

Model 4
β(95%

CI)
p Value

1-methyluric acid
0.072

<0.001
0.074

<0.001
0.083

<0.001
0.055

0.015(0.035,
0.110)

(0.037,
0.112)

(0.045,
0.121)

(0.011,
0.099)

3-methyluric acid
1.472

0.310
2.048

0.163
2.651

0.073
1.281

0.399(−1.373,
4.318)

(−0.833,
4.930)

(−0.244,
5.546)

(−1.698,
4.260)

7-methyluric acid
0.083

0.260
0.114

0.126
0.125

0.092
0.042

0.582(−0.061,
0.228)

(−0.032,
0.260)

(−0.021,
0.271)

(−0.108,
0.192)

1,3-dimethyluric acid
0.048

0.565
0.046

0.585
0.055

0.510
−0.012

0.885(−0.116,
0.213)

(−0.118,
0.210)

(−0.109,
0.219)

(−0.177,
0.153)

1,7-dimethyluric acid
0.108

0.020
0.135

0.005
0.147

0.002
0.054

0.322(0.017,
0.200)

(0.041,
0.228)

(0.053,
0.240)

(−0.053,
0.161)

3,7-dimethyluric acid
2.291

0.052
2.825

0.016
2.720

0.02
1.802

0.126(−0.022,
4.604)

(0.527,
5.123)

(0.427,
5.013)

(−0.507,
4.110)

1,3,7-trimethyluric acid
1.936

0.005
2.400

0.001
2.637

<0.001
1.508

0.046(0.598,
3.274)

(1.049,
3.751)

(1.287,
3.988)

(0.029,
2.987)

1-methylxanthine
0.164

<0.001
0.170

<0.001
0.170

<0.001
0.130

0.001(0.100,
0.229)

(0.105,
0.234)

(0.105,
0.235)

(0.056,
0.204)

3-methylxanthine
0.098

0.024
0.125

0.004
0.120

0.006
0.078

0.081(0.013,
0.183)

(0.040,
0.211)

(0.035,
0.206)

(−0.010,
0.165)

7-methylxanthine
0.080

0.002
0.091

<0.001
0.087

0.001
0.063

0.019(0.029,
0.131)

(0.040,
0.141)

(0.035,
0.138)

(0.010,
0.115)

1,3-dimethylxanthine
(theophylline)

1.146
<0.001

1.187
<0.001

1.173
<0.001

0.941
0.002(0.549,

1.743)
(0.594,
1.780)

(0.579,
1.766)

(0.343,
1.540)

1,7-dimethylxanthine
(paraxanthine)

0.590
<0.001

0.607
<0.001

0.609
<0.001

0.607
<0.001(0.483,

0.697)
(0.500,
0.713)

(0.502,
0.717)

(0.488,
0.725)

3,7-dimethylxanthine
(theobromine)

0.368
<0.001

0.398
<0.001

0.386
<0.001

0.347
<0.001(0.256,

0.479)
(0.287,
0.509)

(0.275,
0.498)

(0.235,
0.459)

1,3,7-trimethylxanthine
(caffeine)

1.091
<0.001

1.177
<0.001

1.186
<0.001

1.097
<0.001(0.855,

1.327)
(0.942,
1.413)

(0.950,
1.422)

(0.845,
1.348)

5-acetylamino-6-amino-
3-methyluracil

0.061
0.001

0.064
0.001

0.065
<0.001

0.029
0.188(0.025,

0.097)
(0.028,
0.100)

(0.029,
0.102)

(−0.014,
0.073)

Model 1 = unadjusted. Model 2 =Model 1 + age, gender, and race/ethnicity. Model 3 =Model 2 + BMI, serum fasting
glucose, aspartate aminotransferase (AST), and urine creatinine. Model 4 =Model 3 + congestive heart failure,
coronary heart disease, angina, heart attack, smoking, caffeine intake, and water intake. CI, confidence interval.
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Table 3 shows the results for male and female subgroups, respectively. In the male subgroup,
caffeine and 14 of its metabolites revealed positive correlations with urine flow rate, in contrast
with the female subgroup, with a number of 5. Among them, 1-methyluric acid, 7-methyluric
acid, 1,7-dimethyluric acid, 3,7-dimethyluric acid, 1,3,7-trimethyluric acid, 3-methylxanthine,
7-methylxanthine, and 5-acetylamino-6-amino-3-methyluracil presented significance in males but not
females. 1,3-Dimethylxanthine (theophylline) was the only one showing a positive correlation in
females but marginal significance in males (p-value = 0.067 in males, p-value < 0.001 in females).

Table 4 shows the results in participants aged under and over 60 years old, respectively, referring to
the cutoff point of the elderly population agreed on by the United Nations [20]. In the subgroup of age
<60 years old, caffeine and 14 of its metabolites all revealed positive correlations. On the contrary, in the
elderly subgroup ≥ 60 years old, the number of metabolites presenting significant correlations shrank to
3, namely, paraxanthine (p-value <0.001), theobromine (p-value = 0.011), and caffeine (p-value <0.001).

4. Discussion

In the US population, we found that urine levels of caffeine metabolites were positively associated
with urine flow rate. Furthermore, there are more caffeine metabolites showing a flow-dependency in
males than females and more in younger participants than older ones. Notably, caffeine and two of its
metabolites, paraxanthine and theobromine, revealed significance across all subgroups. They were the
main primary metabolites of caffeine, with paraxanthine composing 84% and theobromine composing
12% [18]. Other metabolites were formed by successive demethylations and hydroxylations. The large
proportion of caffeine metabolites being flow-dependent across subgroups proves that urine flow rate
is a nonnegligible influencing factor in caffeine excretion.

Previous literature discussing caffeine metabolites and urine flow rate focused more on
theophylline, which not only belongs to the same methylxanthine family as caffeine but is itself also
one of the main urinary metabolites [16,17,21–25]. Previous studies have mentioned the renal clearance
of theophylline being highly dependent on urine flow rate [16,17,21–23]. Some pharmacologists
have developed a mathematical model that explains the dependence of renal clearance on urine
flow rate in drugs such as theophylline, ethanol, and butabarbital [24,25]. Being siblings in the same
methylxanthine family, with similar metabolic pathways, caffeine and 14 of its metabolites presenting
flow-dependency in our study is plausible.

Other studies focusing directly on caffeine were of limited sample size and did not mention
comparisons among gender and age, two unneglectable factors that determine urine flow rate.
One early study observed a positive association in 10 elderly men [26], while another proposed a
positive relationship in 16 volunteers [27]. Several reports mentioned different flow-dependency of
caffeine metabolite ratios (MRs) contributing to different roles in the assessment of cytochrome P450
1A2 (CYP1A2) activity [28,29]. These studies revealed evident results but lacked further comparisons
in the subgroups. Our study was composed of 1410 participants from a representative sample,
providing highly robust evidence with a much bigger number of participants, and made comparisons
in subgroups to investigate whether different tendencies existed.

In the present study, we observed differences in the number of caffeine metabolites showing a
relationship with urine flow rate. Males outnumbered females, and younger participants outnumbered
older ones. We surveyed the factors affecting caffeine metabolism and urine flow rate and found possible
reasons for this difference. The rate of caffeine metabolism primarily depends on the genetic variability
of enzymes dominating caffeine breakdown, smoking status, alcohol intake, specific medications,
liver diseases, and pregnancy [30–32]. CYPIA2, the main enzyme metabolizing caffeine, is known
to show higher activity in men [33]. In contrast, female hormones decrease CYPIA2 activity during
pregnancy and with oral contraceptive use [34]. Furthermore, studies have described that males show
a significant decline in urinary flow rate with age, whereas females show less variation in urine flow
rate with respect to age [35]. In sum, a slower rate of caffeine metabolism and a more constant feature
of urine flow rate in females may explain the observation of less metabolites being flow-dependent
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in this group. In addition, the urine flow rate declines with age due to various reasons aside from
the one that was already excluded in our study, benign prostate hyperplasia. Prolapsed bladder after
vaginal childbirth and menopause in females are also factors that may influence urine flow rate [35].
In the elderly group, increased factors affecting the urine flow rate may perturb and weaken the
flow-dependency of metabolites.

The potential mechanism that links urinary caffeine metabolites and the urine flow rate together
might contribute to the physiological interplay in the kidneys. Tang-Liu et al. established a model
that explained drugs with a dependence of renal clearance on urine flow rate [24]. Theophylline and
caffeine fall into the category of those that are reabsorbed in the renal tubule, but the diffusional rate is
less than that of water. This results in a disequilibrium state that causes the renal clearance of these
drugs to be dependent on urine flow rates. Other drugs that showed no flow-dependency were either
not reabsorbed at all or their diffusional rate was equal to or greater than that of water. In another
study, the rate–concentration curve of theophylline was depicted to be convex-ascending but not linear.
The clearance of drugs increases markedly with urine flow up to a certain degree and, thereafter,
increases only slightly [18].

The clinical application of assessing caffeine and its metabolites in urine is multifaceted. Medical
research fields extend physiology, psychology, and pharmacology. The finding in our study illustrates
the necessity of controlling urine flow rates in studies relevant to caffeine, especially when subjects
are male and with younger participants. Restriction of fluid intake, salt intake, avoidance of diuretic
foods, and adjustment of renal function are reasonable means to approach more adequate assessment.
Moreover, other practice could be inferred from this observation. Increasing urine flow rate can act as
a means of detoxifying in caffeine-overdosed patients. Those who wish to stay awake by caffeine may
consider avoiding factors that speed up their urine flow rate. These practices require further studies to
validate their effectiveness. However, they are worth a try according to the flow-dependent feature
demonstrated in this study.

Several limitations of this study should be mentioned. Firstly, NHANES is a cross-sectional study
in which urinary caffeine metabolites and urine flow rate were examined at one particular time point
rather than continuously collected for a long period of time. The causal relationship could not be
established due to possible biased results by single measurement. Secondly, we put more emphasis on
the dataset from NHANES 2011–2012 but less on NHANES 2009–2010, which was another cycle that
collected urinary caffeine metabolite data. The official website mentioned the different instruments
used in the two cycles, which may cause analytical bias due to the earlier one requiring the specimens
to be analyzed twice. Even so, the results of 2009–2010 of 1853 participants in Table A1 still revealed
a similar trend of flow-dependency, only that the amount of metabolites is not the same. Thirdly,
we measured the average urine flow rate rather than the peak urine flow rate. Combining both
certainly offers a more comprehensive view of urodynamic studies, but peak flow rate requires more
complicated calculations with uroflowmetry. Previous comparable studies have utilized the average
urine flow rate, as shown in Table 5 [17,21–23,25–29], and thus we followed their practice.
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Table 5. Summary of the literature review findings on the association between urinary caffeine
metabolites and urine flow rate.

Study Details Study Design Participants
Caffeine

Metabolites

Evaluation of
Urine Flow

Rate

Findings on Urinary
Caffeine Metabolites and

Urine Flow Rate

Caffeine

Our study cross-sectional
study N = 1410 Caffeine and 14 of its

metabolites
Average flow

rate

Positive correlations were
shown between several

urinary metabolites and urine
flow rate. Men showed more
correlation than females, and
the young (age < 60) showed

more correlation than the
elderly (age > 60).

Blanchard, J.
et al. (1983),

Scotland [25]

cross-sectional
study N = 16 Caffeine Average flow

rate

Positive correlation between
the renal clearance of both
unbound (CLU) and total

(CLR) caffeine and the mean
urine flow rate.

Trang, J.M. et al.
(1985), USA

[24]

cross-sectional
study N = 10 Caffeine Average flow

rate

Positive correlations were
observed between total body

clearance (CL), renal clearance
(CL), and nonrenal clearance

(CL) and urine flow rate (UFR)

Sinués, B. et al.
(1999), Spain

[26]

cross-sectional
study N = 125

5 urinary caffeine
metabolite ratios

(MRs)

Average flow
rate

MR1, MR3, and MR4 were the
most flow-dependent. MR2
was flow-independent. MR5

was less flow-dependent.

Sinués, B. et al.
(2002), Spain

[27]

cross-sectional
study N = 152

8 caffeine metabolites
and 5 urinary

caffeine metabolite
ratios (MRs)

Average flow
rate

7 caffeine metabolites were
flow-dependent. MR1, MR3,

and MR4 were
flow-dependent. MR2 and

MR5 were flow-independent.

Theophylline

Our study cross-sectional
study N = 1410 Theophylline Average flow

rate

Positive correlations were
shown between theophylline

and urine flow rate in the
female subgroup and the

young (age <60) subgroup.

Gerhard Levy.
et al. (1976),

USA [17]

cross-sectional
study N = 6 Theophylline Average flow

rate

Positive correlation was
shown between the renal

clearance of theophylline and
the urine flow rate.

Tang-Liu,
D.D.S. et al.
(1982), USA

[23]

cross-sectional
study N = 14 Theophylline Average flow

rate

Theophylline renal clearance
is highly dependent on urine

flow rate and is neither
concentration- nor

dose-related.

St-Pierre, M.V.
et al. (1985),

USA [19]

cross-sectional
study N = 8

Theophylline and 3
of its major
metabolites

Average flow
rate

Renal clearance of metabolites
was greater after morning

dosing, the time with
enhanced urine flow rate.

Bonnacker, I. et
al. (1989),

Germany [20]

cross-sectional
study N = 10 Theophylline and 3

of its metabolites
Average flow

rate

The renal clearance of
1,3-DMU, the main metabolite
of theophylline, was found to
depend both upon urine flow

rate and age.

Agbaba, D. et
al., (1990),

Yugoslavia [21]

cross-sectional
study N = 22 Theophylline Average flow

rate

The dependence of the renal
excretion of theophylline on
urine flow rate was found

after both IV administration
and at steady state.
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5. Conclusions

A positive association exists between several urinary caffeine metabolites and urine flow rate.
The number of metabolites showing certain flow-dependency is higher in males than females and
also higher in young participants compared to elderly participants. Further studies are necessary to
elucidate the mechanisms underlying the flow-dependency appearance of caffeine metabolites in urine.
Our study highlights the importance of considering the urine flow rate as an influencing factor in
interpretations of urinary data regarding caffeine.
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Appendix A

Table A1. Association between urinary caffeine metabolites and urine flow rate in NHANES 2009–2010.

Variables
Model 1
β(95%

CI)
p Value

Model 2
β(95%

CI)
p Value

Model 3
β(95%

CI)
p Value

Model 4
β(95%

CI)
p Value

1-methyluric acid
0.041

0.008
0.049

0.001
0.050

0.001
0.032

0.072(0.011,
0.070)

(0.019,
0.079)

(0.020,
0.080)

(−0.003,
0.066)

3-methyluric acid
−1.087

0.307
0.096

0.930
0.826

0.073
1.281

0.399(−3.174,
1.000)

(−2.045,
2.236)

(−0.244,
3.027)

(−1.698,
2.282)

7-methyluric acid
−0.002

0.968
0.061

0.287
0.072

0.215
0.025

0.670(−0.112,
0.228)

(−0.052,
0.260)

(−0.042,
0.271)

(−2.157,
0.192)

1,3-dimethyluric acid
0.006

0.851
0.015

0.626
0.014

0.630
0.008

0.783(−0.064,
0.065)

(−0.045,
0.074)

(−0.046,
0.073)

(−0.051,
0.067)

1,7-dimethyluric acid
0.097

0.008
0.136

<0.001
0.137

<0.001
0.088

0.031(0.025,
0.169)

(0.064,
0.209)

(0.064,
0.209)

(0.008,
0.167)

3,7-dimethyluric acid
0.561

0.557
1.367

0.154
1.323

0.169
0.714

0.462(−1.314,
2.435)

(−0.515,
3.249)

(−0.561,
3.207)

(−1.191,
2.618)

1,3,7-trimethyluric acid
2.345

<0.001
2.759

<0.001
2.770

<0.001
2.373

<0.001(1.405,
3.285)

(1.819,
3.698)

(1.832,
3.709)

(1.383,
3.363)

1-methylxanthine
0.124

<0.001
0.131

<0.001
0.127

<0.001
0.101

0.002(0.067,
0.180)

(0.075,
0.187)

(0.071,
0.184)

(0.037,
0.166)

3-methylxanthine
0.022

0.526
0.064

0.071
0.063

0.073
0.038

0.280(−0.043,
0.090)

(−0.005,
0.132)

(−0.006,
0.132)

(−0.016,
0.108)

7-methylxanthine
0.037

0.125
0.052

0.028
0.050

0.037
0.032

0.189(−0.010,
0.083)

(0.006,
0.099)

(0.003,
0.097)

(0.010,
0.081)
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Table A1. Cont.

Variables
Model 1
β(95%

CI)
p Value

Model 2
β(95%

CI)
p Value

Model 3
β(95%

CI)
p Value

Model 4
β(95%

CI)
p Value

1,3-dimethylxanthine
(theophylline)

0.897
<0.001

1.004
<0.001

0.986
<0.001

0.896
0.002(0.494,

1.300)
(0.604,
1.405)

(0.586,
1.387)

(0.496,
1.296)

1,7-dimethylxanthine
(paraxanthine)

0.538
<0.001

0.565
<0.001

0.558
<0.001

0.552
<0.001(0.446,

0.631)
(0.473,
0.656)

(0.466,
0.650)

(0.454,
0.650)

3,7-dimethylxanthine
(theobromine)

0.358
<0.001

0.409
<0.001

0.403
<0.001

0.382
<0.001(0.271,

0.445)
(0.323,
0.496)

(0.316,
0.490)

(0.295,
0.469)

1,3,7-trimethylxanthine
(caffeine)

1.079
<0.001

1.153
<0.001

1.153
<0.001

1.097
<0.001(0.910,

1.248)
(0.985,
1.321)

(0.985,
1.321)

(0.924,
1.270)

5-acetylamino-6-amino-
3-methyluracil

0.036
0.031

0.046
0.006

0.045
0.006

0.024
0.213(0.003,

0.068)
(0.013,
0.078)

(0.013,
0.078)

(−0.014,
0.061)

Model 1 = unadjusted. Model 2 =Model 1 + age, gender, and race/ethnicity. Model 3 =Model 2 + BMI, serum
fasting glucose, aspartate aminotransferase (AST), and urine creatinine. Model 4 =Model 3 + congestive heart
failure, coronary heart disease, angina, heart attack, smoking, caffeine intake, and water intake.
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Abstract: Multiple studies suggest that genetic polymorphisms influence the neurocognitive effects
of caffeine. Using data collected from a double-blinded, within-participants, randomized, cross-
over design, this study examined the effects of trait (long-standing pre-disposition) mental and
physical energy and fatigue to changes in moods (Profile of Mood Survey-Short Form (POMS-
SF), state mental and physical energy and fatigue survey), cognitive (serial subtractions of 3 (SS3)
and 7 (SS7)), and fine-motor task (nine-hole peg test) performance after consuming a caffeinated
beverage and a non-caffeinated placebo. Results indicate that trait mental and physical fatigue and
mental energy modified the effects of caffeine on vigor, tension-anxiety, physical, and mental fatigue.
Additionally, we report that those who were high trait physical and mental fatigue and low-trait
mental energy reported the greatest benefit of caffeine on the SS3 and SS7, while those who were high
trait mental and physical fatigue reported the greatest benefit of consuming caffeine on fine-motor
task performance. The results of our study suggest that trait mental and physical fatigue and mental
energy modify the acute effects of caffeine among a group of healthy, young adults and should be
measured and controlled for by researchers who choose to study the effects of caffeine on acute
moods and cognitive and fine-motor task performance.

Keywords: trait energy; trait fatigue; caffeine; moods; cognitive tasks; psychomotor tasks

1. Introduction

Fatigue is a common, costly, and poorly understood problem, which affects approx-
imately 45% of the United States (US) population [1]. It has been estimated that fatigue
costs employers over $136 billion per year in lost productivity [2]; however, these esti-
mates do not account for fatigue-related driving and other accidents [3,4], poor medical
performance [5], and negative health outcome [6]. Fatigue is also underreported in medical
care [7] and has been linked to many diseases and disorders [8]. Despite the high financial
and social costs of fatigue, it is a poorly understood problem. For example, until recently,
most researchers viewed energy and fatigue on a bipolar continuum (e.g., if an individual
is not energetic, then they are fatigued). However, Loy and colleagues [9] recently provided
evidence that energy and fatigue are two distinct moods (e.g., an individual can be ener-
getic and fatigued simultaneously), with multiple studies since showing that feelings of
energy and fatigue are distinct yet overlapping constructs [10–12], with their own mental
and physical components [13,14]. Although we are aware of multiple interventions, such
as exercise [15], caffeine [16,17], and sleep [18], that increase feelings of energy and/or
decrease feelings of fatigue, evidence regarding the effectiveness of these interventions is
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mixed. Additional research is needed to better understand the inter- and intra-individual
differences in the efficacy of these interventions.

One common acute intervention for feelings of low energy and high fatigue is caf-
feine [16,17]. Caffeine is consumed in various forms, with coffee and energy beverages
being the most prevalent. However, to our knowledge, the release and absorption rates of
caffeine from coffee and energy beverages is the same [19]. Multiple studies have reported
that there are inter-individual differences in the influence of caffeine on moods [20–24].
These studies [20–24] have reported that ADORA2A gene polymorphism may be primarily
responsible for the inter-individual variations in the effects of caffeine on anxiety [21,24]
and physical fatigue [22,23]. While substantial evidence exists on the role of the ADORA2A
gene in determining the ergogenic effects of caffeine [20–24], identifying gene mutation
prior to administering caffeine as an ergogenic aid may be impractical for most nutrition
researchers and practitioners. Therefore, finding low-cost validated methods to identify
factors that influence the ergogenic effect of caffeine is pragmatic and desirable to both
practitioners and researchers.

One such potential measure, is trait (long-standing pre-disposition) mental and physi-
cal energy and fatigue, a construct only recently reported in the literature [13,14]. While the
authors of this study are aware of only one study that examines the effects of trait mental
and physical energy and fatigue on moods [14], that study reports that trait mental and
physical energy and fatigue moderates the effects of sleep on state energy and fatigue [14].
These findings raise an interesting question about whether trait mental and physical energy
and fatigue may also modify the intensity or effects of other interventions (e.g., caffeine)
on changes in self-reported mood and/or objective measures of mental energy during the
performance of a common mental test battery [25–29] used in nutritional science research.
Based on this premise, we re-examined data from a previously published study [28] that
investigated whether an adaptogenic-rich caffeine-containing beverage would modulate
the effects of caffeine on self-reported mood and objective measures of energy and fatigue.

Therefore, the aims of our current analyses were to determine whether trait mental
and physical energy and fatigue influence the rate of change in (1) state moods, (2) cognitive
task performance (objective mental energy measure), and (3) fine motor task performance,
when participants perform a commonly used mental energy test battery [25–29] on days
when they consumed caffeine compared to the days when they consumed placebo. To
address these aims, we performed a post-hoc analysis of our previous study [28] limited
to the days when participants consumed placebo and the active comparator (caffeinated)
conditions only.

2. Methodology

2.1. Study Design and Study Products

A full description of the methodology has been previously published [28]. In our
previous double-blinded, placebo-controlled, within-participants, randomized cross-over
study, we examined the effects of three 60 mL interventions: (1) a placebo; (2) an active
comparator (caffeine); and (3) e+TM shot (e+ shot, Isagenix International, LLC, Gilbert, AZ,
USA). For the purposes of this study, we only examined the placebo and active comparator
(caffeine). To ensure effective blinding in the main study, none of the scientists conducting
the study or analyzing the data were aware of treatment assignments. All treatments were
delivered in identical unmarked white containers with a black top. The placebo and caffeine
beverages had the same base components as e+ shot (purified water, apple juice concentrate,
glycerin, pomegranate juice concentrate, natural flavors, malic acid, potassium sorbate, and
sodium citrate) to which either 0 mg (placebo) or approximately 98 mg synthetic caffeine
(caffeine) were added. Quantitation of caffeine in the study products was verified according
to Eurofins Scientific Inc. (Des Moines, IA, USA).
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2.2. Screening and Participants

After receiving Clarkson University Institutional Review Board (IRB) approval (ap-
proval # 16-34.1), participants were recruited from 16 September 2015 to 9 August 2016
from a small private university and local community using in-class announcements, bul-
letin boards, electronic listservs, flyers at local businesses, and word of mouth. Potential
participants were invited to complete a screening questionnaire administered online using
SurveyMonkey Inc. (San Mateo, CA, USA).

The exclusion criteria were as follows: under the age of 18 or over the age of 45; self-
reported body mass index (BMI) > 30; above-average feelings of energy on the Profile of
Mood Survey- Short Form (POMS-SF) (scores > 12); high caffeine consumers (>21 servings
of 170.5–341 mL caffeine beverages per week; high consumption of polyphenols (>100 total
combined servings per week); self-reported chronic physical or mental health condition
requiring prescription or over-the-counter medication (excluding contraception) on a
continual basis; pregnant or reported a chance of being pregnant; allergy to caffeine; current
smoker; or consumption of nutritional supplements (i.e., herbs, vitamins, or creatine, not
including supplementation of protein without caffeine).

Volunteers not excluded by the screening were invited to the testing facility. All
participants read and signed the informed consent form. Participants were informed that
they would be taking part in a study investigating the effects of caffeine beverages on
mental function, blood pressure, heart rate and fine motor control. Thirty (17 women and
13 men) participants completed the original study and were all included in our current
post-hoc analysis. Characteristics from the sample (n = 30) are reported in Table 1.

Table 1. Participant Characteristics.

Sex (Males/Females) 13/17

Age (years) 21.8 ± 4.4
Height (cm) 169.6 ± 12.4
Weight (kg) 67.6 ± 11.0

Body Mass Index (kg/m2) 23.5 ± 2.5

Race

White 21
Asian 4
Black 4

More than one race 1
Trait Physical Energy 6.5 ± 2.1
Trait Physical Fatigue 3.5 ± 2.0
Trait Mental Energy 5.7 ± 1.7
Trait Mental Fatigue 3.8 ± 1.9

Amount of sleep on a typical night in the past month (hrs) 7.6± 0.8

Consumption of High-Flavanol Foods or Beverages during the Past Month

Caffeine drinks (servings) per week 4.2 ± 3.8
Caffeine drinks (mg caffeine) per day 60 ± 54.3

Cocoa (servings) per month 0.7 ± 1.3
Fruits (servings) per month 12.3 ± 12.4

Vegetables (servings) per month 25.1 ± 14.5
Data are reported as means ± standard deviations.

The average reported nightly sleep during the month prior to the study was 7.6 ± 0.8 h.
The number of hours of reported sleep the night before each of the testing sessions did
not significantly differ from between conditions (t = 0.38, p = 0.71); placebo (6.5 ± 1.3 h); caf-
feine (6.4 ± 1.1 h). Participants appeared to be low consumers of caffeine (4.2 ± 3.8 servings
per week) and polyphenols (56.74 ± 8.16 servings per month). All participants were asked
to refrain from consuming caffeine 24 h prior to testing, and salivary analyses were com-
pleted on each testing day to confirm compliance.
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2.3. Measures

During the survey to determine eligibility for the study, participants completed a
series of assessments. For the purposes of this study, we chose to analyze the influence
of trait mental and physical energy and fatigue on the testing day measures. On testing
days, participants completed a series of mental energy tests consisting of self-reported
motivation and mood measures and computerized cognitive tasks of sustained attention.
Additionally, we measured fine motor task performance using the nine-hole peg test.

All testing was performed in a seated position in a thermoneutral (72 ± 0.8 ◦F/22.2 ± 0.8 ◦C),
private lab setting, with sound attenuation and controlled lighting. Visual stimuli were
presented that required a finger response. Participants used the keyboard to respond
to information presented on a 17′ ′ screen on an Alienware laptop (17 R2 Model #P43F,
Roundrock, TX, USA). Prior to each cognitive task, participants were given on-screen
instructions about how to perform the task and asked to press the “enter” key if they under-
stood the directions or to get help from a researcher if they were uncertain. All cognitive
tests were performed using the Membrain Platform (PsychTechSolutions, Potsdam, NY,
USA) using Java-coded software. Results from the cognitive tasks were downloaded into
Microsoft Excel and two research assistants independently manually re-arranged data
for analysis.

For the purposes of this study, we only describe the measures used in the present
analyses. For a full list of pre-testing and testing day measures, the reader may refer to
Boolani et al. [13] and Boolani et al. [28], respectively.

2.3.1. Pre-Testing Measure

Trait Mental and physical energy and fatigue: The trait aspect of the mental and
physical state and trait energy and fatigue scale was used to collect pre-testing information
on trait (long-standing pre-disposition) mental and physical energy and fatigue. The trait
component, which references how the respondent usually feels, contains 12 total items with
three items for each of the four trait outcomes (physical and mental energy and fatigue).
Representative statements include: “I feel I have energy” and “I have feelings of being
worn out.” Responses were collected on a 5-point scale ranging from “never” to “always”.
In other studies, the Cronbach’s alpha coefficients range from 0.82 to 0.93 [13,14,30]. With
the current data, alpha coefficients ranged from 0.73 to 0.88 (trait mental energy = 0.73, trait
mental fatigue = 0.88, trait physical energy = 0.75, trait physical fatigue = 0.84).

2.3.2. Testing Day Measures

(1) State Moods: The 30-item Profile of Mood Survey–Short Form (POMS-SF) was used to
assess mood states in the moment using a five-point scale ranging from “Not at all” (scored as
0) to “Extremely” (scored as 4). Scores from these questions were used to calculate the different
components of tension/anxiety (α = 0.364), depression (α = 0.598), anger (α = 0.519), vigor
(α = 0.922), fatigue (α = 0.863), and confusion (α = 0.419). All dimensions were made of five
items (i.e., tension= tension + shaky + uneasy + nervous + anxious) [31].

(2) State Mental and Physical Energy and Fatigue: The state aspect of the mental
and physical state and trait energy and fatigue scale was used to measure feelings in the
immediate moment [29]. Like the trait component, the state component had the same
12 items as the trait scale, but this time a 0 to 100 Visual Analog Scale (VAS). However,
due to limitation in data collection techniques, the scale was modified to a 0–10 Likert
Scale anchored by “absence of feelings (left end, scored as 0) and the “strongest intensity of
feelings” (right end, scored as 10). The modification is the same as Boolani et al. previously
used (10,29). The Cronbach’s alpha for this current study was between 0.707 and 0.874
(state physical energy = 0.785, state physical fatigue= 0.837, state mental energy = 0.707,
and state mental fatigue = 0.874).

(3) Serial Three and Serial Seven subtraction tasks: Participants were asked to silently
subtract backwards in three’s or seven’s from a random starting number between 800
and 999 that was presented on the computer screen (Tahoma Regular font, size 20 pt).
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Participants were instructed to type their answers as quickly and as accurately as possible.
After each answer was entered by the participant, the number was cleared from the screen.
Participants were allowed to complete as many attempts as possible in two minutes [26,27].
For the purposes of this study, we did not analyze the number of correct responses because
all tests had >97.5% response accuracy. Therefore, we only analyzed the total number of
attempts for these serial subtraction tests. The maintained correct response rate suggests
that participants sacrificed speed for accuracy as they became more fatigued.

(4) Fine motor control: The validated nine-hole peg test of finger dexterity was used
to measure fine motor control [32]. The 12 × 12 cm wooden pegboard contained nine
holes and was placed on the desktop in front of the seated participant. There were nine
cylindrical pegs that were placed on the desktop outside of the container on the right or
left side of the board for when the participant’s right- and left-hand dexterity was tested.
Participants were instructed to place one peg into the pegboard holes one at a time and
then remove each peg one at a time, as fast as possible. The first test was performed with
the dominant hand and the next with their non-dominant hand. Each test was performed
twice. For the purposes of this study, we examined the mean scores from the two tests.
Results are presented as the average time (measured in seconds) of the two times for the
dominant hand (DH) and the average of the results of the two times for the non-dominant
hand (NDH).

2.4. Procedure

The study consisted of a familiarization day (~1 h) followed by three testing days
(~3 h) scheduled a minimum of 48 h apart. Each day started between 6 and 8 am and was
scheduled within ±30 min of the familiarization day to account for diurnal variations [33].
Participants were advised to get their typical amount of sleep and asked to refrain from
caffeine and alcohol consumption the night before testing. Additionally, they were asked
to refrain caffeine and alcohol consumption the day of testing.

Familiarization Day: To reduce the experimental error that may occur due to learning
effect, participants were asked to come to lab for a practice session where they completed a
single trial run of all the daily assessments. These data were not included in any of our
analyses. On familiarization day, we also measured participants’ characteristics. Height
was measured using a stadiometer and weight was measured using a digital scale (Tanita
TBF-410, Tanita Corporation, Tokyo, Japan).

Testing days 1–3: Using randomizer.org, participants were randomly assigned to the
order in which the beverage was administered. Participants came to lab each testing day
and completed a series of surveys that asked them about their previous night’s sleep, food,
beverage, and drug consumption over the prior 24 h. Participants who reported ±2 h of
their usual sleep duration (reported during the screening) were not tested that day and
rescheduled. Those who reported drug use or the consumption of caffeine-containing
foods or beverages the night before were also rescheduled. After screening, participants
were instructed to accumulate ~2 mL of saliva in a 10 mL test tube. Baseline measures
of sustained attention (cognitive task measures as part of the mental energy test battery),
motivation, mood, blood pressure (BP), heart rate (HR), and fine motor task performance
were obtained (Figure 1). After baseline testing, participants were administered one of the
beverages and instructed to consume it within 2 min. Following the administration of the
beverage, participants were given a 28 min break and were not allowed to participate in
strenuous physical or mental activity or consume additional snacks or beverages. Three
additional 27 min mental energy battery tests were completed, with 10 min rest breaks
between each test battery (Figure 2). At the end of the last test battery, participants provided
a post-test saliva sample using the same drool-down method described above.

207



Nutrients 2021, 13, 412

2.5. Data Treatment and Statistics
2.5.1. Data Handling

The medians for each trait variable (Trait Physical Energy = 7.0, Trait Physical Fatigue = 3.5,
Trait Mental Energy = 6.0, Trait Mental Fatigue = 3.0) were identified, and then surrogate
variables were created to represent these in dichotomous format with their values at 0 up
to the 50th percentile and 1 otherwise. All data processing and analyses were done with R
version 4.0.0. Scripts for these tasks can be found at Trait-Caffeine study.

Figure 1. Test battery sequence.

Figure 2. Testing day schedule.

2.5.2. Primary Analysis

Linear mixed-effects regressions were performed on each set of variables to test for
significant differences across testing groups before and after they consumed the inter-
vention [34,35]. For one-way effects, this test provides equivalent results to a type III
repeated-measures ANOVA, computing and comparing the estimated population marginal
means for two time points. For two-way effects, singularly significant mixed-effects re-
sults are interpreted in a straightforward manner, unlike those of an ANOVA, which are
interpreted as crossover effects. All tests and relevant marginal means figures were com-
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puted and generated using the lmerTest package in R. Statistically significant relationships
are presented in manuscript tables; however, a table containing values for all statistical
relationships can be found in the Supplementary Materials (Table S1).

3. Results

After screening 1035 surveys for eligibility, 43 participants qualified for the study
and were randomly allocated to the order in which they would receive the intervention.
Due to logistical issues, 13 participants started the study but did not complete it. A total
of 30 participants completed both days of the study, and their data were used for our
final analysis (Figure 3). Recruitment and data collection lasted from 25 September 2015
to 10 December 2016 until 30 participants had completed both days of treatment. There
were no harms or unintended consequences for any of the interventions. No participants
pre-testing salivary caffeine levels >0.05 μg/mL, suggesting that all participants followed
instructions of abstaining from caffeine prior to testing day. Post-hoc power analysis
revealed a calculated power >0.90 for all analyses.

Figure 3. Consolidating Standards of Report Trials (CONSORT) Flow Diagram.

3.1. Trait Influence on State Mood

When testing the caffeinated and placebo conditions together, we report that indepen-
dent of caffeine, high trait physical energy increased fatigue (β = 1.70, 95% CI: 0.43, 3.00)
and confusion (β = 0.830, 95% CI: 0.033, 1.628) and decreased POMS vigor (β = −3.20, 95%
CI: −5.43, −1.58) and motivation to perform mental tasks (β = −1.469, 95% CI: −2.827,
−0.111). Low trait physical energy increased state physical fatigue (β = −4.90, 95% CI:
−5.724, −1.33) and state metal fatigue (β = −4.50, 95% CI: −5.67, −1.33) with performance
of the mental test battery (Table 2).
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Independently, caffeine was found to increase POMS vigor (β = 1.30, 95% CI: −0.82,
1.95), POMS tension/anxiety (β = 0.63, 95% CI: −0.07,0.54), and POMS anger (β = 0.400,
95% CI: −0.013, 0.787). However, low trait physical fatigue and caffeine increased POMS
tension/anxiety scores (β = −0.80, 95% CI: −0.23, 0.63), meaning that low trait physical
fatigue amplifies the effects of caffeine on POMS tension/anxiety (Figure 4). The interaction
between all the trait moods and caffeine were not significant for vigor and anger, suggesting
that trait did not modify the effect of caffeine on vigor and anger (Table 2).
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Table 2. Trait and caffeine influence on moods, cognitive tasks and fine motor tasks (significant relationships only).

Factor Measure Beta 2.5% 97.5% t stat p Value

TPE Vigor −3.234 −5.686 −0.783 −2.586 0.014
Caffeine Vigor 1.300 0.211 2.389 2.341 0.022
Caffeine Vigor 1.437 0.396 2.479 2.706 0.008

TMF × Caffeine Vigor −1.866 −3.390 −0.342 −2.400 0.019
Caffeine Tension 0.633 0.265 1.001 3.372 0.001

TPF × Caffeine Tension −0.800 −1.321 −0.279 −3.012 0.003
Caffeine Anger 0.400 0.013 0.787 2.028 0.046
Caffeine Anger 0.364 0.045 0.683 2.234 0.028

TMF × Caffeine Depression −0.339 −0.632 −0.047 −2.276 0.025
TPE Confusion 0.830 0.033 1.628 2.040 0.047
TPE Motivation −1.469 −2.827 −0.111 −2.121 0.040

Caffeine Motivation 0.812 0.094 1.531 2.215 0.029
TMF × Caffeine Motivation −1.312 −2.365 −0.260 −2.444 0.017

TPE Physical Fatigue −4.926 −8.137 −1.715 −3.007 0.004
TME × Caffeine Physical Fatigue 5.369 1.502 9.237 2.721 0.008

TPE Mental Fatigue −4.483 −7.678 −1.289 −2.751 0.008
TME × Caffeine Mental Fatigue 5.199 1.306 9.092 2.617 0.010
TPF × Caffeine Sub3total 4.400 0.796 8.004 2.393 0.019

TME Sub3total 9.222 2.045 16.398 2.519 0.017
TME × Caffeine Sub3total −6.244 −10.242 −2.247 −3.062 0.003

Caffeine Sub3total −2.875 −5.290 −0.46 −2.334 0.022
TMF × Caffeine Sub3total 5.661 2.126 9.196 3.139 0.002

Caffeine Sub7total 2.632 0.518 4.746 2.440 0.017
TME Sub7total 6.858 1.106 12.61 2.337 0.025

Caffeine Sub7total 2.886 0.933 4.840 2.896 0.005
TMF × Caffeine Sub7total 4.964 1.751 8.178 3.028 0.003
TPF × Caffeine DH −9.433 −15.295 −3.572 −3.154 0.002
TMF × Caffeine DH −8.862 −14.777 −2.947 −2.936 0.004
TPF × Caffeine NDH −8.033 −13.744 −2.322 −2.757 0.007
TMF × Caffeine NDH −7.978 −13.706 −2.250 −2.730 0.008

TPE = Trait Physical Energy, TPF = Trait Physical Fatigue, TME = Trait Mental Energy, TMF = Trait Mental Fatigue, DH = Dominant Hand,
NDH = Non-dominant hand.

 
Figure 4. Profile of Mood Survey (POMS) Tension score changes. TPF = Trait Physical Fatigue. Data
are presented as means ± standard deviations.
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Low trait mental energy and caffeine together decreased state physical fatigue (β = 5.40,
95% CI: −0.23, 6.35) and mental fatigue (β = 5.20, 95% CI: −0.27, 6.27), while alone neither
had any statistically significant independent effect. We also found that low trait mental
fatigue and caffeine increased feelings of depression (β = −0.339, 95% CI: −0.632, −0.047)
and motivation to perform mental tasks (β = −1.312, 95% CI: −2.365, −0.260) (Table 2).

3.2. Trait Influence on Cognitive Task Performance

When testing the caffeinated condition and placebo together, we found that while
trait physical fatigue did not independently influence attempts of serial subtraction 3,
the interaction between caffeine and trait physical fatigue was positive (β = 4.40, 95%
CI: −3.23, 6.50), suggesting that those who reported high trait physical fatigue reported
a greater benefit of consuming caffeine. While high trait mental energy increased serial
subtraction 3 attempts (β = 9.20, 95% CI: −0.07, 12.27), the interaction between trait mental
energy and caffeine was negative (β = −6.20, 95% CI: −1.97, 10.79). This suggests that
those with low trait mental energy enjoyed greater benefits of caffeine on serial subtraction
3 attempts. While consuming caffeine reduced subtract 3 attempts (β = −2.9, 95% CI: −1.16,
4.80) independently of trait mental fatigue, caffeine and high trait mental fatigue together
increased subtract 3 attempts (β = 5.70, 95% CI: −3.42, 6.66). This suggests that participants
with high trait mental fatigue received the most benefit from consuming caffeine on the
serial subtract 3 (Table 2).

3.3. Trait Influence on Fine Motor Task Performance

High trait physical fatigue and caffeine together decreased dominant hand average
completion time by 9.4 s (β = −9.40, 95% CI: −8.05, 9.25) and nondominant hand average
completion time by 8 s (β = −8.00, 95% CI: −13.27, 4.14). High trait mental fatigue and
caffeine together decreased dominant hand average completion time by 8.9 s (β = −8.90,
95% CI: −12.11, 5.82) and nondominant hand average completion time by 8.0 s (β = −8.00,
95% CI: −17.75, −0.08) (Figure 5). These results imply that those with high trait mental
and physical fatigue reported the most benefit of consuming caffeine on the 9-hole peg
test (Table 2).

 

 

Figure 5. Trait and caffeine influence on nine-hole peg test times for both (A) dominant hand and (B) nondominant hand
average times. TMF = Trait Mental Fatigue.
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3.4. Post-Hoc Salivary Analysis

There were no statistically significant effects of Trait Physical Energy (p = 0.487),
Trait Physical Fatigue (p = 0.312), Trait Mental Energy (p = 0.458), or Trait Mental Fatigue
(p = 0.837) on pre-post salivary caffeine composition.

4. Discussion

To our knowledge, this post-hoc analysis is the first study to analyze the influence
of trait mental and physical energy and fatigue on the neurocognitive effects of caffeine
during the performance of a commonly used mental energy test battery. The results of
our study provide new evidence suggesting that trait energy and fatigue may explain
the interpersonal differences in the effects of caffeine on mood, cognitive and fine-motor
task performance.

4.1. Trait Influence on State Moods

The results of our study indicate that trait physical energy by itself influences mood
responses as a result of performing the mental test battery. For example, we found that
those who reported being high trait physical energy reported a greater decline in POMS
vigor (energy) scores and a greater increase in POMS fatigue and confusion scores and
motivation to perform mental tasks. These results suggest that participants who report
being normally very physically energetic may respond more negatively to repeatedly
performing this mental task battery. However, in our study, when we split fatigue into
mental and physical aspects of fatigue, those with low trait physical energy reported
greater declines in both physical and mental fatigue during the repeated performance of
this mental test battery. This relationship is contrary to their responses to the POMS fatigue
scores. While we cannot explain these differences, it raises questions as to the constructs
measured by the two surveys. While the POMS-SF and the state mental and physical energy
and fatigue surveys are widely used together [16,17,23,28,29], in our study, their results
were incongruent. With high alphas (>0.84), the consistency of the item responses within
our study is strong, which suggests responses were not biased by measurement error.

As expected, when comparing the caffeine to placebo condition, we found that caffeine
increased feelings of vigor [16,17,29], anger [29,36], and anxiety [24,29,37]; however, our
findings were unique in that we reported that trait physical fatigue moderated the effects
of caffeine on feelings of anxiety. Our findings suggest that those who were low trait
physical fatigue reported an increase in feelings of anxiety on days they consumed caffeine
compared to days they consumed placebo, as shown in Figure 4. The opposite is true for
those who reported high trait physical fatigue, in that these individuals reported reduced
feelings of anxiety on days they consumed caffeine compared to days they consumed
the placebo beverage. Our findings may explain the results of the study by Childs and
colleagues [24], where most, but not all, participants reported increased feelings of anxiety
after a high dose of caffeine. Another associated interaction in our results was the fact that
individuals with low trait mental energy reported greater decreases in feelings of mental
and physical fatigue after the consumption of caffeine. Our results suggest that those who
normally report feeling mentally energetic may not receive the same anti-fatiguing benefits
of consuming caffeine as those who normally report not feeling mentally energetic. These
two findings may be related because we find that the ADORA2A gene, a dopaminergic
gene, is associated with both feelings of energy [9] and anxiety [24]. Therefore, we may
hypothesize that genetic polymorphisms associated with the fatigue may modify the
expression of the ADORA2A gene with caffeine consumption.

We also reported that those who were low trait mental fatigue reported increased
feelings of depression after consuming caffeine. These results may explain why some of the
participants in a study by Dawkins and colleagues [38] reported an increase in feelings of
depression after consuming caffeine. Additionally, we found that those who were low trait
mental fatigue reported greater increases in motivation to perform mental tasks, suggesting
that those who are normally mentally fatigued may receive a boost in motivation compared
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to those who are not normally mentally fatigued. The results of our study might explain
why cyclists who reported feeling mentally fatigued reported increases in motivation to
perform mental tasks after consuming caffeine, while those who were not mentally fatigued
at baseline reported no increases in motivation [39]. Other studies that have examined their
population as a whole and have not split them up by those who normally feel mentally
fatigued compared to those who do not, have reported inconsistent findings for the effects
of caffeine on motivation [29,40], including the primary study from this data [28]. All of
the aforementioned studies [28,29,40] used very similar protocols and similar amounts of
caffeine (66–100 mg), yet they had differing results as it relates to the effects of caffeine
on motivation to perform mental tasks. Our results suggest that studies should control
for trait mental and physical energy and fatigue as those traits may modify the effects of
caffeine on motivation.

4.2. Trait Influence on Cognitive Task Performance

Our results found that overall, those who were high trait physical and mental fatigue
or low trait mental energy enjoyed the benefits of caffeine consumption on the serial
subtraction 3 task, while caffeine only had an effect on participants who were high trait
mental fatigue on the serial subtraction 7 task. These results were intuitive in that those
who need the biggest boost to perform cognitive tasks received it when they consumed
caffeine. Our results were also in line with previous findings that caffeine by itself increased
serial subtraction attempts [29]. An interesting finding from our study was that those who
were normally mentally energetic reported improvement in serial subtraction 7 attempts
during this protocol even without the benefit of consuming caffeine. Although the protocol
in our study has been validated [25] and used in multiple previous studies [16,17,26,27,29],
our findings suggest that not everyone may report the intended mental-fatigue-associated
decline in mental task performance with this protocol.

4.3. Trait Influence on Fine Motor Task Performance

The findings of our study suggest those who were normally mentally and physically
fatigued reported improvement in fine motor task performance with both their dominant
and non-dominant hands after consuming caffeine. While caffeine has been known to
decrease fine motor task performance [41–43], it seems that those who normally report
feeling physically or mentally fatigued report acute motor dexterity benefits of consuming
caffeine. We are unaware of literature that reports a group of individuals who report
improvements in motor task performance after caffeine consumption. However, from the
results of our study, we may argue that there is a subset of the population that may respond
counter to expectations with caffeine consumption as it relates to performance on fine
motor tasks.

4.4. Implications

This study deepens our understanding of the influence of long-standing predisposition
of mental and physical energy and fatigue on acute responses to caffeine consumption.
Our results found that trait mental and physical energy and fatigue may explain many of
the interpersonal differences in responses to caffeine consumption. These results provide
us with an inexpensive measure to control for inter-individual effects of caffeine and help
us identify hyper- and non-responders, or, in the case of fine motor task performance,
a group that has the opposite response to caffeine consumption than what has been
previously reported in the literature. While most caffeine researchers account for prior
night’s sleep [16,17,29] in their studies, we find that researchers should also account for an
individual’s trait mental and physical energy and fatigue, as this predisposition may play
a role in how individuals respond acutely to caffeine. Additionally, while some researchers
utilize random group assignments when performing caffeine research [44,45], our findings
suggest that these random group assignments may not control for the inter-individual
differences in caffeine response. We recommend the use of a cross-over design where all
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participants receive all interventions, as it may be best at reducing the risk that individuals
who were on one end of one of a trait spectrum are not accidentally assigned to the same
group. Therefore, it is the suggestion of the authors that nutrition researchers who are
interested in understanding the acute effects of caffeine (1) measure trait mental and
physical energy and fatigue in their participants, (2) control for trait mental and physical
energy and fatigue in their analyses, and (3) avoid random group assignment when possible
and utilize a cross-over design.

4.5. Limitations

Like all studies, this study has several aspects that may limit the generalizability of
the findings. First, recruitment was limited to average or lower than average consumers
of caffeine (<200 mg/day), fruits, vegetables, and other foods rich in polyphenols and
POMS vigor scores of <13. Second, although our models reported adequate power, we had
a relatively small number of participants and we also did not control for the timing and
composition of the meals preceding testing. Third, although we did not find any significant
effect of trait moods on pre–post caffeine differences, we did not obtain saliva samples
between completion of beverage consumption, the second, and the third mental energy
test battery. Therefore, it is unclear if caffeine’s bioavailability between mental energy test
batteries varied based on trait. Another limitation of our study is the poor psychometric
properties of the POMS survey. While the POMS in healthy populations has been reported
to have a Cronbach’s α < 0.90 [31], the α’s for anxiety, depression, anger, and confusion in
our study were surprisingly low. Another potential limitation of our study was that we only
allowed participants to practice cognitive tasks once prior to administering the protocol,
which may have led to learning effects during the study. To mitigate the risk of learning
effects, we initially compared all measures by testing days, regardless of the intervention.
No significant differences in performance between days were identified. Another possible
limitation may have been the carryover effect of one of the beverages on subsequent
testing sessions. To mitigate this risk, consistent with prior literature [16,17,26,27,29], we
randomized the order of the allocation and scheduled participants a minimum of 48 h after
completion of the prior session to allow for a washout period. The average time between
treatments was 7.4 ± 2.8 days (i.e., 13.7 ± 3.1 days between the two treatments analyzed in
this study). Additionally, some participants may have been more sensitive to the taste of
caffeine, thus being able to identify when they were given the placebo versus when they
were given the caffeinated beverage.

5. Conclusions

The objective of this study was to determine the influence of trait to mental and
physical energy and fatigue on state moods and cognitive and fine-motor task performance
when participants consumed caffeine compared to days they consumed a placebo. Our
results found that trait mental and physical energy and fatigue modified the effects of
caffeine on all three parameters and in the instance of fine motor skill had the opposite
of the intended effect on participants who reported being high trait mental and physical
fatigue. This analysis helps us better identify hyper- and non-responders to caffeine without
performing genetic testing. Our results suggest that nutrition researchers should consider
trait mental and physical energy and fatigue when conducting studies on acute responses
of caffeine on mood, cognitive and fine-motor tasks. Future research should compare these
trends on longer time frames (e.g., chronic caffeine consumption).

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
643/13/2/412/s1, Table S1: Trait and caffeine influence on moods, cognitive tasks, and fine motor
tasks.
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Abstract: Background: The main objective of the current investigation was to evaluate the effects
of caffeine on power output and bar velocity during an explosive bench press throw in athletes
habituated to caffeine. Methods: Twelve resistance trained individuals habituated to caffeine ingestion
participated in a randomized double-blind experimental design. Each participant performed three
identical experimental sessions 60 min after the intake of a placebo, 3, and 6 mg/kg/b.m. of caffeine.
In each experimental session, the participants performed 5 sets of 2 repetitions of the bench press
throw (with a load equivalent to 30% repetition maximum (RM), measured in a familiarization trial)
on a Smith machine, while bar velocity and power output were registered with a rotatory encoder.
Results: In comparison to the placebo, the intake of caffeine increased mean bar velocity during
5 sets of the bench press throw (1.37 ± 0.05 vs. 1.41 ± 0.05 and 1.41 ± 0.06 m/s for placebo, 3, and
6 mg/kg/b.m., respectively; p < 0.01), as well as mean power output (545 ± 117 vs. 562 ± 118 and
560 ± 107 W; p < 0.01). However, caffeine was not effective at increasing peak velocity (p = 0.09) nor
peak power output (p = 0.07) during the explosive exercise. Conclusion: The acute doses of caffeine
before resistance exercise may increase mean power output and mean bar velocity during the bench
press throw training session in a group of habitual caffeine users. Thus, caffeine prior to ballistic
exercises enhances performance during a power-specific resistance training session.

Keywords: ballistic exercise; upper limbs; resistance exercise; ergogenic substances; sport performance

1. Introduction

Caffeine (CAF) is one of the most common substances used in sport which enhances physical
performance [1]. Although CAF may affect various body tissues [2,3], there is a growing body of
evidence in animal [4] and human models [5] sustaining the ability of CAF to act as an adenosine
antagonist, as the main mechanism behind CAF ergogenic effect. Current research recommends doses
of CAF ranging from 3 to 6 mg/kg body mass to elicit ergogenic benefits, while the time of ingestion
(from 30 to 90 min before exercise) and the form of ingestion (pills, liquid, chewing gum) are less
significant as CAF is rapidly absorbed after ingestion [6]. However, the optimal protocol of CAF
supplementation may differ based on the type and duration of exercise, previous habituation to CAF
and the type of muscle contraction [6–10].

Acute CAF intake causes a slightly different response to upper and lower body exercise [10], despite
the lack of a mechanisms explaining this phenomenon. A recent meta-analysis about the effects of CAF
on muscle strength and power output found that CAF significantly improved upper but not lower body
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strength [7]. Although the outcomes of the first investigations were contradictory [11–13], more recent
studies have found a clear effect of CAF on several forms of upper body muscle performance [14–16],
when the used dose was at least 3 mg/kg/b.m. [17]. Interestingly, the effect of CAF on upper body
muscle performance may be partially dampened in athletes habituated to CAF because the regular use
of CAF-containing products [18] may develop tolerance to this substance. It must be noticed that this
decreased ergogenic effect of CAF is not removed even with the ingestion of doses>9 mg/kg/b.m. [19,20].

Most studies on the acute effects of CAF on upper body muscle performance used the bench
press exercise. The bench press exercise is widely used as a means of developing strength and power
of the upper limbs [21,22]. However, other authors, recommend the use of ballistic exercises for
the development of upper body power, such as the bench press throw (BPT) [23,24]. Specifically,
to increase power output, the loads ranging from 0% to 50% of one-repetition maximum (1 RM)
moved at maximal speed are recommended as the most potent loading stimuli for improving power
output [23]. However, this type of routine can only be performed on a Smith machine while using
the BPT exercise (i.e., maximal bar velocity is obtained at the moment of throw). The traditional
free-weight bench press exercise does not allow for the attainment of maximal velocity of execution
(i.e., velocity equals 0 m/s at maximal arm extension). Thus, ballistic exercises could be an optimal
choice for power training as they allow for greater velocity, and muscle activation in comparison to
similar traditional resistance training routines [21]. Perhaps, the main asset of the BPT is the maximum
acceleration of a given load, which ultimately produces high movement velocity in a short time [25].
In this respect, the loads applied in ballistic exercises during training will depend on the specific
requirements of particular sport disciplines and will determine success in numerous power-based
competitions [23]. Furthermore, the BPT performance has been associated with overall performance
in different sport-specific tasks [26–29]. Therefore, it seems reasonable to use the BPT as a means of
testing upper-body ballistic performance. Although the BPT is indicated as the most effective exercise
for developing power of the upper limbs [30], previous studies have not determined the acute effects
of CAF on power output and bar velocity during this type of exercise.

Burke [31] has suggested that, in the current literature, there is a lack of data about the practical
use of supplements in competitive sports because experimental protocols are often different from
sports practice. In case of CAF, most studies considering the acute effects of this supplement were
assessed on the basis of only a single set of an exercise [7,8,32], while real resistance training sessions
in trained individuals rarely contain only one set of a particular exercise [31]. On the other hand, the
investigations analyzing the acute effects of CAF on performance during successive sets of resistance
exercises are scarce. Bowtell et al. [3] showed that pre-exercise CAF (6 mg/kg/b.m.) intake improved
total exercise time during 5 sets of one-legged knee extensions performed to failure in comparison
to a placebo (PLAC). It is worth noting that this ergogenic effect was achieved despite significantly
lower muscle phosphocreatine concentration (PCr) and pH in the latter sets of an exercise in the CAF
trial. Further, CAF ingestion (6 mg/kg/b.m.) attenuated the increase in interstitial potassium during
one-legged knee extensions at 20 W (10 min) and 50 W (3× 3 min) measured using microdialysis [33],
which resulted in a 16% improvement in high-intensity exercise capacity.

Most studies related to the acute impact of CAF intake on power output and bar velocity have
used participants unhabituated to CAF or individuals with low-to-moderate daily consumption of this
stimulant [11,16,34]. However, the analysis of urinary CAF concentrations after official competitions
suggests that CAF is widely employed before or during exercise to enhance performance [35,36]. This
would mean that it is highly likely that some athletes are habituated to CAF due to daily consumption
of caffeine-containing products. The existence of athletes habituated to CAF may be particularly
common in sports such as cycling, rowing, triathlon, athletics, and weightlifting, sport disciplines that
benefit from the use of ballistic exercises during training to increase power output. Habitual CAF
intake modifies physiological responses to acute ingestion of this stimulant by the up-regulation of
adenosine receptors [37,38]. This effect would produce a progressive reduction of CAF ergogenicity in
those athletes consuming CAF on a regular basis, because the newly created adenosine receptors may
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bind to adenosine and induce fatigue. However, the fact of habituation to the ergogenic benefits of
CAF is still inconclusive. The studies by Dodd et al. [39] and de Souza [40] showed similar responses
to endurance exercise after acute CAF intake between low and habitual CAF consumers, although this
is not always the case [41]. Considering the above, the use of cross-sectional investigations including
participants with different degrees of habituation to CAF may explain the lack of consistency when
concluding about tolerance to the ergogenic effect of CAF. Lara’s et al. [42] crossover design showed
that the ergogenicity of CAF was reduced when the substance was consumed daily for 20 days, yet
afterwards the ergogenic properties of CAF were maintained. On the contrary, tolerance to some of the
side-effects associated to CAF has been observed in habitual consumers of CAF [43]. However, only
two previous studies analyzed the impact of CAF intake in habitual CAF consumers using resistance
exercise test protocols [18–20]. These investigations indicate that CAF ergogenicity to power output is
mostly reduced in individuals habituated to CAF, while only high doses (>9 mg/kg/b.m.) may exert
some benefit in maximal strength [19,20]. However, to date, there is no available data regarding the
influence of acute CAF intake on power output and bar velocity during ballistic exercises in athletes
habitually consuming CAF.

Given the widespread use of the BPT exercise as a mean of developing power output in the upper
limbs [44,45] and the widespread use of CAF in sport, it would be interesting to investigate whether
acute CAF intake affects power output and bar velocity in athletes habituated to CAF. For this reason,
the aim of the present study was to evaluate the effects of the acute intake of 3 and 6 mg/kg/b.m. of
CAF on power output and bar velocity during five sets of the BPT in participants habituated to CAF. It
was hypothesized that acute CAF intake would increase power output and bar velocity during the
BPT training session when compared to a control situation, even in participants habituated to CAF.

2. Materials and Methods

A randomized, double-blind, PLAC-controlled crossover design was used for this investigation.
Initially, the participants performed a familiarization session with the experimental protocols that
included a 1 RM measurement for the bench press exercise. Afterwards, they performed 3 different
experimental sessions with a one-week interval between sessions to allow for complete recovery and a
wash-out of ingested substances (Figure 1). During the 3 experimental sessions, the study participants
either ingested a PLAC, 3 mg/kg/b.m. of CAF (CAF-3) or 6 mg/kg/b.m. of CAF (CAF-6). One hour
after ingestion of CAF or PLAC, they performed 5 sets of 2 repetitions of the BPT exercise at 30%
1 RM. Both CAF and PLAC were administered orally to allow for peak blood CAF concentration
during the training session and at least 2 h after the last meal to avoid any interference of the diet with
the absorption of the experimental substances. CAF supplementation was provided to participants
in the form of unidentifiable capsules (Caffeine Kick®, Olimp Laboratories, Debica, Poland). The
manufacturer of the CAF capsules also provided identical PLAC capsules filled with all-purpose flour.
Participants refrained from strenuous physical activity the day before the experimental trials but they
maintained their training routines during the duration of the experiment to avoid any performance
decrement due to inactivity. Additionally, the participants maintained their dietary habits during the
study period, including daily CAF intake. They received a list of products containing CAF which
could not be consumed within 12 h of each experimental trial. Compliance was tested verbally and
by using dietary records. Additionally, the participants were required to refrain from alcohol and
tobacco, medications or dietary supplements for two weeks prior to the experiment. All subjects
registered their calorie intake using the “Myfitness pal” software [46] (Under Armour, Baltimore, MD,
USA) every 24 h before the testing procedure, to ensure that the caloric intake was similar between
experimental sessions.
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Figure 1. CONSORT flow diagram. n—number of participants; PLAC—placebo; CAF-3—caffeine
3mg/kg/b.m; CAF-6—caffeine 6mg/kg/b.m.

2.1. Participants

Twelve healthy strength-trained male athletes (age: 25.3 ± 1.7 years., body mass: 88.4 ± 16.5
kg, body mass index (BMI): 26.5 ± 4.7, bench press 1 RM: 128.6 ± 36.0 kg; mean ± SD) volunteered
to participate in the study. All participants completed a written consent form after they had been
informed of the risks and benefits of the study protocols. The participants had a minimum of 3 years
of strength training experience (4.4 ± 1.6 years). All of them were classified as high habitual CAF
consumers according to the classification recently proposed by de Souza Gonçalves et al. [40]. They
self-reported their daily ingestion of CAF (5.0± 0.95 mg/kg/b.m./day, 443± 142 mg/day) based on a Food
Frequency Questionnaire (FFQ). The inclusion criteria were as follows: (a) free from neuromuscular
and musculoskeletal disorders, (b) 1 RM bench press performance with a load of at least 120% body
mass, (c) habitual CAF intake in the range of 4–6 mg/day/kg/b.m. The athletes were excluded from
the study when they suffered from any pathology or injury or when they were unable to perform the
exercise protocol at the maximum effort. The investigation protocols were approved by the Bioethics
Committee for Scientific Research at the Academy of Physical Education in Katowice (March 2019),
Poland, according to the ethical standards of the latest version of the Declaration of Helsinki, 2013.

2.2. Habitual Caffeine Intake Assessment

Daily CAF intake was measured by an adapted version of the Food Frequency Questionnaire
(FFQ) proposed by Bühler et al. [47]. Household measures were employed to individually assess
the amount of food consumed during a day, week and month. The list was composed of dietary
products with moderate-to-high CAF content including different types of coffee, tea, energy drinks,
cocoa products, popular beverages, medications, and CAF supplements. Nutritional tables were used
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for database construction [48–50] and an experienced nutritionist calculated the daily CAF intake for
each participant.

2.3. Familiarization Session and One Repetition Maximum Test

A familiarization session with the experimental procedures preceded 1 RM testing in the bench
press exercise. In this session, the athletes arrived at the laboratory between 9:00 and 10:00 am. and
cycled on an ergometer for 5 min. Afterwards, they performed 15 repetitions at 20% of their estimated
1 RM in the barbell bench press exercise followed by 10 repetitions at 40% 1 RM, 5 repetitions at 60% 1
RM and 3 repetitions at 80% 1 RM. Then they executed single repetitions of the bench press exercise
with a 5 min rest interval between successful attempts. The load for each subsequent attempt was
increased by 2.5 to 10 kg, and the process was repeated until failure. Hand placement on the barbell
was individually selected grip width (~150% individual bi-acromial distance). After completing the 1
RM test in the bench press exercise, the participants performed a maximal BPT on a Smith machine
with a load of 30% 1 RM from 1 RM bench press test result, with a maximal tempo of movement.

2.4. Experimental Sessions

During experimental sessions, the athletes participated in three identical training trials. All trials
took place between 9.00 and 11.00 am. to avoid the effect of circadian variations on the outcomes of
the investigation. After replicating the warm-up procedures of the familiarization trial, the athletes
performed 5 sets of the 2 BPT repetitions at 30% 1 RM on the Smith machine. The repetitions were
performed without rest to produce a ballistic movement while the rest interval between sets was 3
min. The participants were encouraged to produce maximal velocity during both the eccentric and
concentric phase of the BPT movement. Two spotters were present on each side of the bar during the
exercise protocol to ensure safety. To standardize the exercise protocol for all trials, each BPT was
performed without bouncing the barbell off the chest, with the lower back in contact with the bench
and without any pause between the eccentric and concentric phases of the movement. A rotatory
encoder (Tendo Power Analyzer, Tendo Sport Machines, Trencin, Slovakia) was used for instantaneous
recording of bar velocity during the whole range of motion, as in previous investigations [51]. During
each BPT, peak power output (PP, in W) mean power output (MP, in W); peak bar velocity (PV, in m/s);
and mean bar velocity (MV, in m/s) were registered. MP and MV were obtained as the mean of the two
repetitions while PP and PV were obtained from the best repetition.

2.5. Statistical Analysis

Data are presented as the mean ± SD. All variables presented a normal distribution according to
the Shapiro-Wilk test. Verification of differences in peak power output (PP), mean power output (MP),
peak bar velocity (PV), and mean bar velocity (MV) was performed using a two-way (substance ×
set) analysis of variance (ANOVA) with repeated measures. In the event of a significant main effect,
post-hoc comparisons were conducted using the Tukey’s test. Percent changes and 95% confidence
intervals were also calculated. Effect sizes (Cohen’s d) were reported where appropriate and interpreted
as large (d ≥ 0.80); moderate (d between 0.79 and 0.50); small (d between 0.49 and 0.20); and trivial
(d < 0.20); [52].

3. Results

The two-way repeated measures ANOVA indicated no significant substance × set main interaction
effect for MP (F = 1.19; p = 0.32); MV (F = 1.18; p = 0.32); PP (F = 1.05; p = 0.40); PV (F = 1.09; p = 0.38).
However, there was a significant main effect of substance in MP (F = 7.27; p < 0.01) and MV (F = 6.75;
p < 0.01). No statistically significant main effect of substance was revealed in PP (F = 2.91; p = 0.07)
and PV (F = 2.63; p = 0.09; Table 1).
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Table 1. The main effect for substance on performance variables measured during 5 sets of the bench
press throw with the ingestion of 3 and 6 mg/kg/b.m. of caffeine or a placebo.

Bench Press Throw
(Mean of the 5 Sets)

Conditions
p

PLAC CAF-3 CAF-6

Mean Power (W) 545 ± 117 562 ± 118 560 ± 107 0.01 *
Peak Power (W) 1250 ± 274 1261 ± 220 1297 ± 293 0.07

Mean Velocity (m/s) 1.37 ± 0.05 1.41 ± 0.05 1.41 ± 0.06 0.01 *
Peak Velocity (m/s) 2.14 ± 0.10 2.16 ± 0.07 2.17 ± 0.13 0.09

These data represent the mean values of the 5 sets. All data are presented as mean ± standard deviation. * significant
main substance effect. PLAC: placebo; CAF-3: caffeine 3mg/kg/b.m; CAF-6: caffeine 6mg/kg/b.m.

Post hoc analyses for main effect of substance indicated significant increases in MP (p< 0.01; ES = 0.14)
and MV (p = 0.01; ES = 0.78) in BPT (mean of the 5 sets) after the intake of CAF-3 compared to PLAC as
well as significant increases in MP (p = 0.01; ES = 0.13) and MV (p = 0.01; ES = 0.72) in the BPT (mean of
the 5 sets) after the intake of CAF-6 compared to PLAC. There were no significant differences in MP and
MV between the two doses of CAF (CAF-3 vs. CAF-6). The results of particular sets in MP, MV, PP, and
PV as well ES between PLAC and CAF-3, CAF-6 in each set are presented in Table 2.

Table 2. Power output and bar velocity during 5 sets of the bench press throw with the ingestion of 3
and 6 mg/kg/b.m. of caffeine or with a placebo.

Conditions Set 1 Set 2 Set 3 Set 4 Set 5

Mean Power (W)

PLAC 542 ± 126 548 ± 119 551 ± 117 543 ± 115 540 ± 114
(95%CI) (462 to 622) (472 to 623) (477 to 626) (470 to 616) (468 to 613)
CAF-3 552 ± 124 564 ± 115 567 ± 116 557 ± 112 570 ± 124

(95%CI) (473 to 631) (490 to 637) (493 to 640) (486 to 628) (492 to 649)
CAF-6 559 ± 109 563 ± 107 562 ± 113 556 ± 103 562 ± 105

(95%CI) (489 to 628) (495 to 631) (489 to 634) (491 to 621) (496 to 629)

ES
PLAC vs. CAF-3 0.07 0.14 0.14 0.12 0.25
PLAC vs. CAF-6 0.14 0.13 0.09 0.12 0.20

Peak Power (W)

PLAC 1245 ± 248 1252 ± 291 1286 ± 378 1244 ± 252 1222 ± 250
(95%CI) (1088 to 1402) (1067 to 1437) (1045 to 1526) (1083 to 1404) (1063 to 1381)
CAF-3 1243 ± 218 1252 ± 265 1285 ± 216 1241 ± 199 1283 ± 224

(95%CI) (1105 to 1382) (1084 to 1420) (1147 to 1422) (1114 to 1368) (1141 to 1425)
CAF-6 1253 ± 294 1338 ±362 1338 ± 344 1278 ± 255 1278 ± 250

(95%CI) (1066 to 1440) (1107 to 1568) (1119 to 1556) (1116 to 1440) (1119 to 1437)

ES
PLAC vs. CAF-3 0.01 0.00 0.01 0.01 0.26
PLAC vs. CAF-6 0.03 0.26 0.14 0.13 0.22

Mean Velocity (m/s)

PLAC 1.36 ± 0.06 1.38 ± 0.08 1.38 ± 0.05 1.37 ± 0.04 1.36 ± 0.07
(95%CI) (1.32 to 1.40) (1.33 to 1.43) (1.35 to 1.41) (1.35 to 1.41) (1.32 to 1.40)
CAF-3 1.39 ± 0.07 1.42 ± 0.05 1.43 ± 0.05 1.40 ± 0.05 1.43 ± 0.05

(95%CI) (1.34 to 1.43) (1.39 to 1.45) (1.40 to 1.46) (1.37 to 1.43) (1.40 to 1.46)
CAF-6 1.41 ± 0.07 1.42 ± 0.07 1.41 ± 0.05 1.40 ± 0.07 1.42 ± 0.09

(95%CI) (1.36 to 1.45) (1.37 to 1.47) (1.38 to 1.45) (1.35 to 1.44) (1.37 to 1.47)

ES
PLAC vs. CAF-3 0.46 0.60 1.0 0.40 1.15
PLAC vs. CAF-6 0.77 0.60 0.6 0.33 0.77

Peak Velocity (m/s)

PLAC 2.13 ± 0.08 2.15 ± 0.11 2.17 ± 0.13 2.15 ± 0.12 2.10 ± 0.14
(95%CI) (2.08 to 2.18) (2.08 to 2.22) (2.09 to 2.26) (2.07 to 2.22) (2.01 to 2.19)
CAF-3 2.14 ± 0.08 2.17 ± 0.07 2.18 ± 0.09 2.14 ± 0.05 2.19 ± 0.08

(95%CI) (2.09 to 2.18) (2.12 to 2.22) (2.12 to 2.24) (2.11 to 2.17) (2.14 to 2.25)
CAF-6 2.16 ± 0.12 2.18 ± 0.13 2.19 ± 0.14 2.17 ± 0.14 2.17 ± 0.17

(95%CI) (2.08 to 2.23) (2.10 to 2.26) (2.10 to 2.28) (2.09 to 2.26) (2.06 to 2.28)

ES
PLAC vs. CAF-3 0.13 0.22 0.09 0.11 0.79
PLAC vs. CAF-6 0.29 0.25 0.15 0.15 0.45

All data are presented as mean ± standard deviation. CI: confidence interval. ES: effect size.
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Figures 2 and 3 represent the individual responses induced by CAF-3 and CAF-6, in comparison to
the placebo, for MP and MV. The 11 out of 12 participants showed an increase in MP and MV after the
ingestion of CAF-3, while CAF-6 produced higher values for MP and MV in 10 out of 12 participants.

Figure 2. Individual differences in mean power output during 5 sets of bench press throw (BPT)
between caffeine and placebo conditions.

Figure 3. Individual differences in mean bar velocity during 5 sets of bench press throw (BPT) between
caffeine and placebo conditions.

The y-axis represents the difference in mean bar velocity output during the 5 sets of BPT between
PLAC–CAF-3; PLAC–CAF-6 for each individual.

4. Discussion

The main finding of this study was that acute CAF intake has a positive effect on MP and MV during
a training session of the BPT performed at 30% 1 RM. Interestingly, both 3 and 6 mg/kg/b.m. doses of
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CAF had similar effectiveness in enhancing performance when compared to PLAC. Additionally, the
ergogenic effect of CAF on MP and MV was evident in most of participants, as all of them responded by
improving performance with either CAF-3 or CAF-6, even when they were catalogued as individuals
habituated to CAF (Figures 2 and 3). However, the study did not show significant changes in PP and
PV after CAF intake with either dose of CAF (3 and 6 mg/kg/b.m.) compared to PLAC. These outcomes
suggest that acute CAF intake in a moderate dose (from 3 to 6 mg/kg/b.m.) is effective in increasing
mean power and bar velocity during the BPT without a significant influence on peak values of these
variables. These results suggest that CAF can be effectively used to acutely improve this power-specific
training routine even with individuals habituated to CAF, although the long-term training effects with
CAF should be further investigated.

The y-axis represents the difference in mean power output during the 5 sets of BPT between
PLAC–CAF-3; PLAC–CAF-6 for each individual.

Previous research showed that acute CAF intake increases power output during the bench press
exercise [8,14–16]. However, most of these studies included only one set of the exercise which is not
the habitual practice during sports training, where several sets of a particular exercise are performed
in order to obtain significant adaptations derived from training. In presented study, the main effect of
increase in MP and MV after the intake of CAF-3 and CAF-6 over the placebo has occurred for training
session consisting several sets (Table 2). The ergogenic effect of CAF observed during the BPT is partly
consistent with the results of previous findings [8,16]. However, it should be emphasized that this is
the first study investigating the effects of CAF during a training session that includes several sets of a
ballistic exercise. Experimental procedures with the use of CAF in which more than one set of an upper
body exercise are used are scarce [18,53,54]. The study of Lane and Byrd [53] showed that the intake of
300 mg of CAF, representing 3.5 mg/kg/b.m. increased peak velocity during 10 sets of the bench press
exercise at 80% 1 RM compared to PLAC. Wilk et al. [18] did not show significant changes after the
intake of different doses of CAF (3, 6, and 9 mg/kg/b.m.) in both, mean and peak power output and
bar velocity during the BP exercise at 50% 1 RM (3 sets of 5 repetitions), although this investigation
was carried out in athletes habituated to CAF. No changes in mean and peak bar velocity after CAF
intake of 150 mg, representing 1.74 mg/kg/b.m. were observed in a study by Lane et al. [54] where
10 sets of 3 repetitions of the bench press exercise were performed at 80% 1 RM. The current study is
quite innovative because it is the first investigation geared to assess the effects of CAF intake on power
output by using a ballistic upper body exercise with a low external load (30% 1 RM), geared for power
training of athletes [55]. The current state of the literature, indicates that CAF is useful in increasing
power during one or multiple sets of the bench press exercise when the dose ingested is >3 mg/kg/b.m.,
but it seems particularly effective when using low and moderate loads during an explosive exercise,
such as the BPT.

The overall increase of MP and MV during the training session of the BPT after ingestion of
CAF-3 and CAF-6 can be also attributed to increased pre-exercise central excitability. Specifically, the
pre-exercise ingestion of CAF would allow the athletes to maintain a certain amount of force even in
the presence of biochemical changes within the working muscle that lead to fatigue [3]. Under this
theory, CAF intake would allow a higher physical performance because it would help to maintain the
neural response even in the presence of metabolic perturbations such as low muscle pH. This effect
may be accompanied by reductions in interstitial potassium accumulation found after CAF intake [2],
that ultimately leads to the maintenance of excitability during exercise [33,56]. In the central nervous
system (CNS), CAF binds to adenosine receptors that influence the release of neurotransmitters, such
as noradrenaline and acetylcholine [4,57–59] and consequently, increase muscle tension [60]. However,
in the current investigation, this purported effect of CAF on CNS was not sufficient to enhance PP and
PV during the BPT at 30% 1 RM. Thus, reduced fatigue through CAF-induced modulation of both
peripheral and central neural processes may explain the obtained results and higher MP and MV of
the bar during the BPT training session. Nevertheless, the association of the ergogenic effect with the
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mechanisms that allowed this ergogenic effect is speculative at this moment because no measurements
were carried out to test the origin of caffeine’s ergogenic effects.

It should be taken into consideration that the study participants in the current study were habitual
CAF users. In contrast, most of the investigations aimed at determination of the ergogenic effect
of CAF on muscle performance have selected individuals unhabituated to this stimulant or with
low-to-moderate daily consumption of CAF (e.g., from 58 to 250 mg/day), [11,16,34], to avoid the
effects that tolerance to CAF may. However, CAF is an ergogenic aid frequently used in training
and competition and it is likely that some athletes seeking for ergogenic benefits of CAF are already
habituated to this substance due to the chronic use of caffeine-containing supplements during training
and competition. In fact, previous investigations have suggested that between 75% and 90% of athletes
use CAF in competitive and training settings [35,36,61], suggesting that studies on the effect of acute
CAF intake on physical performance during real training and competition settings are particularly
important in athletes habituated to CAF. In this respect, previous research using well-controlled
CAF treatments has suggested that the habitual intake of this stimulant may progressively reduce its
ergogenic effect on exercise performance [42,62] and then, it has been speculated that the ergogenic
effect of CAF could be dampened in habitual CAF users.

To the authors’ knowledge, only three previous studies analyzed power output of the upper limbs
in a group of participants habituated to CAF [9,18–20]. The study of Sabol et al. [9] showed an increase
in medicine ball throwing distance after the acute intake of 6 mg/kg/b.m. of CAF but the doses of 2
and 4 mg/kg/b.m. did not show any differences with the PLAC. The study by Wilk et al. [18] did not
show increases in power output and bar velocity during the bench press exercise in high habitual
CAF users that ingested from 3 to 9 mg/kg/b.m. Although it has been theorized that the reduction
in the ergogenic effects of CAF in habitual users can be modified using doses greater than the daily
habitual intake [63], previous investigations indicate that athletes habituated to CAF do not benefit
from the acute ingestion of CAF in doses above their habitual intake while the prevalence of side effects
is greatly increased [19,20]. Interestingly, participants in the presented study self-reported their daily
ingestion of CAF, which amounted to 5.0 ± 0.95 mg/kg/b.m., (443 ± 142 mg of CAF per day), and the
acute CAF doses (especially CAF-3) and some performance enhancements were obtained even when
de dose of CAF did not exceed the value of habitual consumption. In any case, although the current
investigation found a positive effect of CAF on mean power output and mean bar velocity during
the BPT in athletes habituated to CAF, it is still possible that the effect of this substance is higher in
unhabituated individuals.

In addition to its strengths, the current study presents limitations that should be addressed.
Although the results showed a significant main effect on MP and MV after CAF intake, the direct
causes of these changes cannot be determined and explained. The study did not include biochemical
analysis which could explain the obtained results. In addition, blood samples were not obtained and
thus, we have no data about serum CAF concentrations with each of the dosages of CAF employed in
this investigation. Further, we did not analyze the genetic intolerance on CAF in the tested subjects.
However, the participants of this study did not report any side effects after consuming CAF in the six
months prior to the experiment. Due to the fact that the response to CAF is related to the individual
tolerance of this substance [42], the dose [19,20], and gender [64] therefore the results of this study
should only be translated to males habituated to CAF who use low to moderate CAF doses to enhance
performance. Another limitation of the study was that the 1 RM test was performed using the barbell
bench press exercise while the BPT was performed on a Smith machine during the experimental trials
to increase the security of participants and investigators. Although there is a high transfer between the
results obtained in both types of exercise, the calculation of loading would be more reliable if both
evaluations were performed on the same resistance exercise. In any case, this limitation did not affect
the outcomes of the investigation because the load was the same for all experimental trials.
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5. Conclusions

The results of the present study indicate that acute doses of CAF, between 3 and 6 mg/kg/b.m.,
ingested before the onset of an explosive resistance exercise produced an overall effect on mean power
output and mean bar velocity during a BPT training session in a group of habitual CAF users. The main
effect in mean power and bar velocity was found in several sets during the trial which may indicate
that the use of CAF was effective in increasing performance in the whole training session. In contrast,
no significant changes were observed for peak power output and peak bar velocity. These results
suggest that the ingestion of CAF prior to ballistic exercise can enhance the outcomes of resistance
training. However, the results of our study refer only to power output and bar velocity of the upper
limbs during the BPT with an external load of 30% 1 RM and further investigations should consider
the effect of CAF with different loads or the use of lower-body exercises.
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Abstract: Coffee infused with the additive Eurycoma longifolia, also known as Tongkat ali (TA),
has become widely available in the Malaysian market. Safety evaluations for consumption of the
products have been called for due to the herbal addition. This study investigates the acute, subacute
and chronic effects of a commercial TA coffee in Sprague Dawley rats when given in a single,
repeated and prolonged dosage. The dosages of 0.005, 0.05, 0.30 and 2 g/kg body weight (BW)
were used in the acute study and 0.14, 0.29 and 1 g/kg BW were used in the repeated dose studies.
The in-life parameters measured were food and water intake, body weight and clinical observations.
Blood were collected for hematology and clinical biochemistry analyses. All animals were subjected
to full necropsies. Non-toxicity-related changes were observed in the food and water consumption
parameters. Body weight showed normal increments and none of the animals had any clinical signs
of toxicity. Microscopically assessed organ tissues did not reveal any abnormalities. There was
significant decrease of platelet count in all the chronic study male treated groups. Significant elevation
of renal profile parameters in both gender groups given 0.29 g/kg BW, along with liver and lipid profile
elevation in some female groups of the chronic study were noted. No dose-dependent relationship
was apparent in the dosage range tested, though these changes may suggest an initial safety indication
to the TA coffee. The study concludes that the no observed adverse effect level (NOAEL) for this
commercial TA coffee was 1 g/kg BW.

Keywords: Eurycoma longifolia; Tongkat ali; toxicity; infused coffee; herbal additives

1. Introduction

Eurycoma longifolia, also known as Tongkat ali (TA), is a native plant to Southeast Asian rain forests.
The roots are believed to boost wellness while having aphrodisiac, anti-malarial and other therapeutic
properties, such as anti-inflammatory and anti-osteoporosis [1–8]. TA has received considerable
attention among Malaysian consumers and is traditionally processed into a drink, although coffee
makers also tout it as a healthy additive in coffee drinks. Safety information such as the no observed
adverse effect level (NOAEL) for E. longifolia in its aqueous extract form has been previously reported to
be more than 3 g/kg in mice [9] and more than 1 g/kg and 5 g/kg in rats in two separate studies [10,11],
while the powdered form of the root was reported to have an acute limit dose of more than 6 g/kg [12].
Although these studies reported a high tolerance of the highest dose used, they also reported hydropic
liver histology indicating hepatotoxicity [11] and minor yet significant hematology and clinical
biochemistry changes [10,12]. Additionally, information for TA extract long-term consumption is
limited and its use as an herbal additive in food products has never been evaluated and warrants
further investigation.
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Worldwide, the legislation with regards to beverages with herbal additives varies between
countries [13], whereas currently in Malaysia, safety testing for food products in this category has not
been accounted under the Food Act (1983), Ministry of Health, Malaysia and Food Regulation (1985),
Ministry of Health, Malaysia [14,15]. While there have been no claims of ill health and the existing
legislation in Malaysia does not require safety testing for using E. longifolia extracts in coffee, the World
Health Organization (2004) recommends herbal medicinal ingredients in products to be assessed for its
safety [16]. Furthermore, the addition of therapeutically claimed traditional ingredients have clouded
the definitions between the food and drug regulations. It is often unclear which testing standards
are required and the sets of regulations to abide by for the herbal additives in food products [17–19].
Consequently, without safety testing, marketing of such coffee outside of Malaysia is restricted due to
strict import regulations with various levels of evidence requirements.

Safety testing adds value to the product, elevates the product safety information, improve
consumer trust and may prevent potential incidents such as interaction between pharmaceutical drugs
and herbal-incorporated food products, where occurrence may have gone unnoticed [17,18,20,21].
The aim of this paper is to investigate the safety of a commercial TA coffee, with reference to the
Organization for Economic Cooperation and Development (OECD) testing guidelines 420, 407 and
452 [22–24]. The TA coffee was administered to Sprague Dawley rats in a single-dose 14-day acute
study and as a repeated daily dose for 28 days and 6 months in the subacute and chronic toxicity
studies, respectively.

2. Materials and Methods

2.1. Test and Reference Item Preparation

The commercial GTHerb Gold Coffee E. longifolia-mixed coffee was provided by GTHerb Industries
Sdn. Bhd. Analysis of the content was done by Als Technician and Technology Park Malaysia,
Biotech Sdn. Bhd. (Kuala Lumpur, Malaysia). The TA coffee (test item) was physically in powdered
form and dark brown in color. Prior to the daily preparation, the test item was kept at temperatures
between 25 and 28 ◦C. The test item prepared was calculated based on the individual rat′s body weight
and according to the required dosage. The test item for rats weighing less than 100 g was dissolved in
1 mL hot distilled water, whereas for rats weighing 200 g and above, 2 mL of hot distilled water was
used. The reference item (distilled water) was administered in the same manner. The administered
amount of test item was adjusted weekly to correspond with the weekly change in the body weights.

2.2. Care and Handling of Experimental Animal

The three oral toxicity studies used a total of 208 Sprague Dawley rats purchased from BioLASCO
Taiwan Co. Ltd. (Taipei City, Taiwan). The rats, hereafter referred to as the test system (TS), arrived at
four weeks of age and were quarantined for two weeks under the care of the veterinarian. Following
quarantine, the TS were housed individually in the Individual Ventilated Cage (IVC) and acclimatized
to the experimental environment for seven days. The room had a 12 h light and dark cycle where the
lights were switched on from 7 a.m. to 7 p.m.; the temperature was kept at 22 ± 3 ◦C and relative
humidity was maintained at 57.5 ± 7.5%. The cages and bedding were changed every two weeks.
Food (200 g) was placed in each cage weekly and replenished if inadequate. The amount of food left
weekly was measured and used to calculate the week’s food consumption. Reverse osmosis water
was provided ad libitum and the water intake was also measured in a similar approach. This study
followed the Principle and Guide to Ethical Use of Laboratory Animals prepared by the Ministry
of Health Malaysia (2000) [25]. Approval from the Animal Care and Use Committee (ACUC) at the
Institute for Medical Research, Malaysia was obtained; ACUC number ACUC/KKM/02(5/2008).
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2.3. Single Dose Acute Oral Toxicity Study

The acute oral toxicity was done following the OECD Guideline No. 420 [22], where the sighting
study was done using single dosages of 0.005, 0.05, 0.30 and 2 g/kg BW of test item and administered
orally to female TS. First, one of the TS was orally administered with the lowest dose and observed for
any signs of acute toxicity 24 h post-dosing. As the first TS showed no signs of toxicity, a second TS was
administered the second lowest dose (0.05 g/kg BW) and observed in the same manner. This procedure
was repeated until the highest dose (2 g/kg BW) was administered. The highest dose did not trigger
any acute effects; thus 2 g/kg BW was used in the main study. Four new TS were given 2 g/kg BW
of the test item and monitored for 14 days. The TS were monitored for any signs of acute toxicity,
including morbidity and mortality, at 0.5, 1, 2 and 4 h after treatment, then twice daily until day 14.
The BW, food and water consumption were measured weekly. The TS were sacrificed following the
14-day observation period and gross observations of all organs were recorded.

2.4. Subacute 28-Day and Chronic 6-Month Oral Toxicity Studies

2.4.1. Subacute 28-Day Experimental Design

The subacute oral toxicity study was based on the OECD Guideline No. 407 [23], with modifications.
Male and female TS were grouped into four groups of five TS, where each group received doses
of 0.14, 0.29 and 1 g/kg BW of test item, orally administered in 2 mL volumes. The control group
received distilled water. The TS were observed twice daily for any clinical signs, morbidity and
mortality. Individual TS’s dosage was corrected each week to correspond with the TS’s body weight.
Detailed clinical observations and food intake measurements were performed, while water was
given ad libitum. The TS were anaesthetized and blood samples were collected by cardiac puncture.
Blood samples were sent for hematology analysis (2.5 mL) in EDTA tubes. The TS were then sacrificed
with an overdose of diethyl ether and necropsies were performed. At necropsy, gross pathology was
conducted and the internal organs; lung, heart, liver, kidneys, adrenals, ovaries, testes, spleen, stomach
and intestinal tract were collected. All organs were cleaned of excess fat and absolute weights were
taken immediately. The organs were then placed in 10% formalin for histopathology evaluations.

2.4.2. Chronic 6-Month Experimental Design

The chronic 6-month oral toxicity study was carried out in accordance with OECD Guideline
No. 452 [24], with modifications, where 20 rats per group per sex were used in the same dosage group
(0.14 g/kg BW, 0.29 g/kg BW, 1 g/kg BW and Control) as in the subacute study. The test item (2 mL)
was orally administered daily. During the in-life phase, the TS were observed daily for mortality,
morbidity and clinical observations. Their food and water intake were monitored weekly, while
detailed clinical observations by the attending veterinarian was conducted monthly. At necropsy, gross
observation was conducted and blood was collected for hematology and serum clinical biochemistry
analysis. The absolute weights of the internal organs were recorded, then treated with 10% formalin
for histopathology investigation. The list of organs was as in the subacute study.

2.4.3. Hematology Analysis

Blood was analyzed using Medonic CA620 Vet Analyzer (Boule Diagnostics AB, Stockholm,
Sweden) for white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT),
mean corpuscular hemoglobin concentration (MCHC) and platelets (PLT) for the subacute study. In
the chronic study, the RBC, HGB, HCT and PLT levels were determined.

2.4.4. Clinical Biochemistry Analysis

Serum in the chronic study was analyzed using the biochemistry analyzer (Vitalab Selectra E-series,
Vital Scientific N.V., Spankeren/Dieren, Netherlands). Liver function profile—total protein, albumin,
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enzymes; alkaline phosphatase (ALP), alanine amino-transferase (ALT) and aspartate amino-transferase
(AST), lactate dehydrogenase (LDH), creatine kinase (CK); renal profile—creatinine, urea and uric acid;
lipid profile—cholesterol and triglycerides; and glucose and calcium were determined.

2.4.5. Relative Organ Weight

The weight of the organs relative to 100 g BW of the TS were calculated based on the TS body
weights recorded prior to necropsy and their absolute internal organ weights.

2.4.6. Histopathological Examination

All organs collected (lung, heart, liver, kidneys, adrenals, ovaries, testes, spleen, stomach and
intestinal tract) were fixed in 10% formalin, sectioned and stained using hematoxylin and eosin (H&E)
before microscopically observed for any pathological abnormalities.

2.5. Statistical Analysis

The data for body and organ weights, food and water consumptions, as well as hematology and
clinical biochemistry results, was checked for normality using Kolmogorov-Smirnov and Shapiro-Wilk
tests. Normally distributed data were analyzed using the one-way analysis of variance (ANOVA),
while in not normally distributed cases, Kruskal-Wallis test was used. In cases where statistically
significant differences were noted, Post-Hoc tests were used to elucidate the differences between the
control and treated groups. Male and female data were analyzed separately. When there was any
death during the study period, the data for body weight, food intake and water intake were included
up until the last recorded weekly data and then excluded thereafter. Consequently, the hematology,
clinical biochemistry and organ weight data were excluded for animals that died in the group. The actual
sample size is denoted in the result figures and tables. Statistical analyses were performed using SPSS
18.0 statistical software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 7.0 software (GraphPad
Software, La Jolla, CA, USA). Statistically significant differences were considered when p < 0.05.

3. Results

3.1. Single Dose Acute Oral Toxicity Study

No mortality was recorded during the 14-day observation period and the TS showed no sign of
toxicity. No major findings were detected in the body weight and food intake parameters of the TS
(Table A1). Internal and external examination of the TS and organs revealed no abnormalities. It was
concluded that the test item exerted no acute toxicity in the TS.

3.2. Subacute 28-Day and Chronic 6-Month Oral Toxicity Studies

3.2.1. Clinical Signs and Mortality

The TS did not produce any mortality or toxicology-related clinical signs due to the consumption
of the test item in either study. However, in the subacute study, one female TS in the medium dosage
group on day 18 died due to a gavage accident. While in the chronic study, five females given 0 g/kg
BW (day 56), 0.14 g/kg BW (day 121), 0.29 g/kg BW (two TS; day 44 and day 126) and 1 g/kg BW (day
158) and 2 males given 0 g/kg BW (day 158) and 1 g/kg BW (day 76) died also due to gavage accidents.
Autopsy revealed no treatment-related alteration in the dead TS.

3.2.2. Body Weights, Food and Water Intake

The subacute study showed that the mean body weights for both males and females did not
depict any significant difference between the control and the treated groups. The weekly mean body
weight also increased gradually over the dosing period (Figure 1a,b). The food consumption (Table A2)
was noted to be normal for growing TS and no significant increase or decrease was evident.
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Figure 1. In-life parameters monitored in male and female test systems: (a) Mean body weight (BW)
of male test systems in the 28-day subacute toxicity study (red line) and the 6-month chronic toxicity
study (dotted blue line). (b) Mean body weight of female test systems in the 28-day subacute toxicity
study (red line) and the 6-month chronic toxicity study (dotted blue line). (c) No difference in the
body weight (BW) gain in male and female test systems of the 6-month chronic toxicity study. (Group
0.29 g/kg BW female (S): n = 5, week 1–2; n = 4, week 3–4. Group 0 g/kg BW male (C): n = 20, week 1–22;
n = 19, week 23–24. Group 1 g/kg BW male (C): n = 20, week 1–11; n = 19, week 12–24. Group 0 g/kg
BW female (C): n = 20, week 1–8; n = 19, week 9–24. Group 0.14 g/kg BW female (C): n = 20, week 1–17;
n = 19, week 18–24. Group 0.29 g/kg BW female (C): n = 20, week 1–6; n = 19, week 7–18; n = 18, week
19–24. Group 1 g/kg BW female (C): n = 20, week 1–22; n = 19, week 23–24). S = subacute, C = chronic.
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Figure 2. In-life parameters monitored in male and female test systems: (a) Mean food consumption
of male test systems in the 6-month chronic toxicity study. (b) Mean food consumption of female
test systems in the 6-month chronic toxicity study. (c) Mean water intake of male test systems in the
6-month chronic toxicity study. (d) Mean water intake of female test systems in the 6-month chronic
toxicity study. Each graph is expressed as mean ± SD (Group 0 g/kg BW male: n = 20, week 1–22;
n = 19, week 23–24. Group 1 g/kg BW male: n = 20, week 1–11; n = 19, week 12–24. Group 0 g/kg
BW female: n = 20, week 1–8; n = 19, week 9–24. Group 0.14 g/kg BW female: n = 20, week 1–17; n = 19,
week 18–24. Group 0.29 g/kg BW female: n = 20, week 1–6; n = 19, week 7–18; n = 18, week 19–24.
Group 1 g/kg BW female: n = 20, week 1–22; n = 19, week 23–24).
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In the 6 months chronic study, female rats administered 1 g/kg BW dosage of the test item had
a significant (p < 0.05) increase in body weight each week (Figure 1a,b). However, there was no
significant difference in the percentage body weight gain throughout the study of TS administered
1 g/kg BW as compared to the control group in either gender (Figure 1c). Overall, elevating trends in
body weight was observed weekly. Looking at food consumption (Figure 2a) in males, a significant
increase was observed in weeks 15, 21 and 22 in the 0.29 g/kg BW dosage group when compared to the
control group. A significant increase in food intake was seen in females (Figure 2b) given 1 g/kg BW
dosage in weeks 11 and 15 when compared to the control group. In week 17, a significant increase in
food intake was recorded for all the treated groups. Female TS given 1 g/kg BW showed a significant
decrease in food consumption in week 3.

The water consumption trend (Figure 2c) in male TS showed that TS administered 1 g/kg BW
consumed less water in weeks 7, 8, 12 and 13, while those given 0.29 g/kg BW only showed a decrease
in week 8. Female TS given high doses of the test item (1 g/kg BW dosage) had a significant increase in
water intake in weeks 1, 8–10 and 18 (Figure 2d). A significant increase in water intake of female rats
given low and medium dosage test item occurred in week 8 and week 22, respectively.

3.2.3. Hematology Analysis

No abnormal levels were detected in the hematological analysis of the blood samples for the
subacute study (Table 1). After the 6-month prolonged exposure, the hematologic profile (Table 2)
showed a decrease in the platelet (PLT) count in all treated male dosage groups, while other parameters
did not show any significant difference. Females given 1 g/kg showed a significant increase in HGB
levels when compared to the control group.

Table 1. Hematology values of male and female test systems in the 28-day subacute study.

Sex
Dosage

(g/kg BW)
WBC

(10 3/μL)
RBC

(10 6/μL)
HGB
(g/dL)

HCT
(%)

MCHC
(g/dL)

PLT
(10 5/μL)

Male 0.00 5.18 ± 2.01 8.05 ± 0.48 16.40 ± 0.82 49.10 ± 2.53 33.40 ± 0.39 11.17 ± 1.97
0.14 4.06 ± 2.52 8.44 ± 0.31 16.70 ± 0.74 50.74 ± 2.40 32.92 ± 0.40 10.64 ± 0.90
0.29 5.40 ± 1.66 8.09 ± 0.55 16.34 ± 0.84 48.62 ± 2.92 33.64 ± 0.53 11.77 ± 1.57
1.00 4.22 ± 1.43 8.03 ± 0.63 16.36 ± 0.82 48.22 ± 2.91 33.94 ± 0.48 11.48 ± 1.04

Female 0.00 6.52 ± 3.29 6.92 ± 0.19 14.42 ± 0.54 40.46 ± 1.42 35.64 ± 0.46 10.82 ± 0.91
0.14 4.66 ± 2.84 6.63 ± 0.79 13.50 ± 1.90 38.56 ± 5.04 34.98 ± 0.87 10.21 ± 3.30
0.29 5.30 ± 1.48 6.76 ± 0.36 14.13 ± 0.34 39.38 ± 1.79 35.90 ± 1.23 9.16 ± 4.68
1.00 3.00 ± 1.78 6.88 ± 0.57 14.34 ± 0.72 40.38 ± 2.17 35.50 ± 0.32 12.51 ± 1.44

Values expressed as mean ± SD (n = 5 for all groups, except n = 4 for group 0.29 g/kg BW female). No significant
changes were found (p > 0.05). Body weight, BW; white blood cells, WBC; red blood cells, RBC; hemoglobin, HGB;
hematocrit, HCT; mean corpuscular hemoglobin concentration, MCHC; platelets, PLT.

Table 2. Hematology values of male and female test systems in the 6-month chronic study.

Sex
Dosage

(g/kg BW)
RBC

(10 6/μL)
HGB
(g/dL)

HCT
(%)

PLT
(10 5/μL)

Male 0.00 (n = 19) 8.41 ± 0.57 72.99 ±3.76 44.92 ± 2.96 6.87 ± 1.42
0.14 (n = 20) 8.03 ± 0.92 71.99 ± 8.0 43.39 ± 5.27 5.51 ± 1.12 *
0.29 (n = 20) 8.10 ± 0.39 73.25 ± 3.03 44.78 ± 2.07 5.57 ± 0.95 *
1.00 (n = 19) 8.06 ± 0.52 72.99 ± 3.49 44.66 ± 3.26 5.35 ± 0.74 *

Female 0.00 (n = 19) 7.11 ± 0.77 65.02 ± 6.58 39.38 ± 4.25 7.81 ± 1.39
0.14 (n = 19) 6.92 ± 1.43 63.49 ± 14.44 37.81 ± 7.81 8.70 ± 2.44
0.29 (n = 18) 7.21 ± 0.35 66.68 ± 2.45 39.76 ± 1.65 7.88 ± 1.06
1.00 (n = 19) 7.67 ± 0.61 71.41 ± 5.46* 42.79 ± 4.06 7.38 ± 0.93

Values expressed as mean ± SD. BW = body weight. * Significantly different from control group at p < 0.05.
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3.2.4. Clinical Biochemistry Analysis

The liver and enzyme parameters showed reduced levels of albumin, alkaline phosphatase
(ALP), alanine amino-transferase (ALT) and triglyceride in males administered 0.14 g/kg BW (Table 3).
Significantly elevated total protein, creatinine and urea levels in males administered 0.29 g/kg BW was
observed. There was also a significant increase in creatine kinase level in males given 1.0 g/kg BW
dosage. In female test groups, elevated albumin, ALT, aspartate amino-transferase (AST), creatinine,
urea, cholesterol and calcium levels were observed in the 0.29 g/kg BW group. The 1 g/kg BW group
had a significant increase in lactate dehydrogenase (LDH), cholesterol and calcium levels, while there
was a significant decrease in the triglyceride level.

3.2.5. Organ Weights

In the subacute study, there was no significant difference in the relative organ weights (ROW) of
any organs in males. Some ROW in females were significantly decreased, including stomachs in the
0.14 g/kg BW group and spleens for the 0.14 and 0.29 g/kg BW groups (Table 4). In the 6-month chronic
study, no significant differences in the ROW was observed in any of the collected organs for all the
tested groups (Table 5).

3.2.6. Gross Necropsy and Histopathology Examination

No abnormalities were visually detected when gross pathological examination was carried out
postmortem. Microscopic histopathology revealed no abnormalities.
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4. Discussion

Herbal-infused beverages have been introduced into the market where countless other beverages
are marketed. With the extra edge of having herbal concoctions incorporated, herbal additives in
beverages have gained popularity and are widely consumed in Malaysia. A rat model was used to
investigate the acute and prolonged repeated consumption of such product to establish its safety profile
and infer its effects at its expected exposure dose in humans.

The test item did not exert any acute toxicity and no mortality was observed at any of the tested
doses. In both the subacute and chronic studies, there were no significant clinical signs of toxicity,
body weight changes were normal and gross and histopathology investigations did not reveal any
significant toxicity effect. There was a total of seven incidental deaths in the repeated dose studies due to
technical error by personnel. The gavage error may have led to gavage-assisted reflux in the TS causing
these deaths [26]. We report the following findings, namely fluctuations in the food and water intake
measurements, the relative organ weights (ROW) in two organs in the subacute study and platelet
changes observed in the chronic study with some alterations to the clinical biochemical parameters.

The statistically significant reduction in food consumption which only occurred in the female high
dose group in week 3 of the chronic study and the increased water intake in some female treated groups
may indicate natural physiological changes. It has been reported that female TS consume less food
and become active during their estrus cycle which may incur responses as manifested in the amount
of food and water consumed, as seen in this study [27,28]. On the other hand, males in the chronic
studies consumed significantly less water, where coffee consumption itself may have caused the TS to
drink less water [29]. Despite the fluctuating food and water intake, the body weight measurements
showed elevating trends, indicating normal development of the TS. Similar body weight trends were
also reported by other authors [30–32]. Hence, it is concluded that the fluctuations observed in the
food and water intake did not cause any treatment-related effects in the TS.

In the subacute female group, there was a reduction in ROW for the stomach (0.14 g/kg BW group)
and spleen in the 0.14 and 0.29 g/kg BW dosage groups. There was no clear dose-relationship in reduction
of ROW as the highest dose group did not produce any changes. Further microscopic examination
of these two organs did not show any correlation to the decrease in size. As the changes were only
observed in the subacute female group and prolonged exposure of six months revealed no effect on any
of the organs inspected in either gender, these two observations are not considered treatment-related.

No significant differences were seen in the hematology profile of the 28-day study of the treated
groups when compared to the control group. The hematology parameter findings for the subacute and
chronic studies were similar to published control data, except for the WBC, HGB, MCHC and PLT
counts, where slight differences were found between the two reference intervals [31,33]. After prolonged
exposure of the test item over a substantial lifetime of the TS, some changes in the blood investigations
were observed, where platelet numbers of males from all the treated groups significantly decreased.
A drop in the platelet reading may be a cause of concern as they are primarily involved in blood
coagulation and hemostasis [34]. Coffee by itself has been shown to reduce platelet activation resulting
in reduced platelet aggregation though platelet aggregate formation was not evaluated in the current
study [35]. The decreased platelet levels recorded were lower than the average platelet levels in males
when compared to the reference interval by He et al. (2017) but were comparable to the reference
values from Delwatta et al. (2018) [31,36]. However, the decrease was not dose-dependent, as the
highest dose did not further reduce the platelet reading compared with the lowest dose.

Creatinine, urea, cholesterol, triglyceride and glucose levels were similar to published control
data [31,36]. It was noted that there were large differences in the control data range published. Hence,
the control group data in this study were used for all statistical analysis as the control group TS were
subjected to the same environment as the treated groups. Elevated renal profile (creatinine and urea),
total protein and creatine kinase in the male treated groups (0.29 and 1 g/kg BW dosage) and elevation
of the liver, renal and lipid profiles in the female treated groups (0.29 and 1 g/kg BW dosage) may
indicate the TS early response to the test item. A recent study by Riza & Andina Putri et al. (2019)
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also found an increase in creatinine levels in rats administered coffee [37]. However, in our current
study, no further correlation in liver nor kidney histopathology were apparent. No dose-dependent
conclusion can be drawn from the changes observed in the 0.29 g/kg BW group, as the highest dose did
not exacerbate the parameters measured. Contrarily, the consumption of coffee has been reported to
decrease liver enzymes associated with liver damage and has shown protective effects attributed to its
polyphenol content [38–43]. There were favorable significant reductions in liver enzymes (ALP and
ALT) and lipid profile indicator (triglyceride) in the low male dose group but no trend was evident in
the higher dose groups except in the female triglyceride level when given the high dose.

The interactions between the different components present in both coffee and TA and additionally
with food may have exerted their effects on the parameters measured in this study. Both coffee
and TA are made up of various phytochemicals, such as caffeine and polyphenols, found in coffee,
and eurycomanone, a major compound found in TA [1,39,40]. Caffeine has been well studied and is
reported to have a high tolerance dose of 400 mg/day in human [44–46]. Although eurycomanone has
been reported to have low bioavailability in rats [47,48], its pharmacokinetic behavior may be modified
when incorporated with coffee. A recent study reported coffee’s potential to alter acetaminophen
drug pharmacokinetic profile when consumed together [49]. Due to this multi-component nature and
interactions, safety evaluation of herbal incorporated food products is crucial.

In this study, the toxicity was assessed in one mammalian rodent model, whereas regulatory
submissions may require the safety tests to be conducted in more than one species, typically in either
rats, mice or rabbits and in dogs to compare the effect and rate of severity of the toxicity [50]. Despite this
limitation, the study was conducted for three different durations that covers the acute response of the
administered product, as well as the repeated exposure. The studies covered a substantial duration of
the rodents’ lifetimes. Therefore, conclusions drawn from this study are exhaustive.

Considering an average consumption of 2 cups (2.5 g test item per cup) per person per day,
an average adult (70 kg body weight), ingests on average 0.07 g/kg body weight of the test item daily.
The calculated human equivalent dose (HED) for 1 g/kg BW in rats is 0.16 g/kg BW in humans. As the
calculated HED is twice the predicted average daily consumption dosage, the present study suggests
that the highest dose tested in the prolonged toxicity study (1 g/kg BW per day) of E. longifolia infused
coffee, may be well tolerated for human consumption.

5. Conclusions

In conclusion, the highest single dose administration of TA coffee (2 g/kg of body weight) did not
show acute oral toxicity in Sprague Dawley rats in the present study. The 28-day subacute toxicity
study reported no toxic change in any observed parameters. No dose-dependent nor morphological
changes were attributed to the consumption of TA coffee in the 6-month chronic toxicity study and
consumption of TA coffee at a dose of 1 g/kg/day in male and female rats was identified as the no
observed adverse effect level (NOAEL).
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Abstract: Non-alcoholic fatty liver disease is a highly prevalent condition without specific
pharmacological treatment, characterized in the initial stages by hepatic steatosis. It was suggested
that lipid infiltration in the liver might be reduced by caffeine through anti-inflammatory, antioxidative,
and fatty acid metabolism-related mechanisms. We investigated the effects of caffeine (CAF) and
green coffee extract (GCE) on hepatic lipids in lean female rats with steatosis. For three months,
female Sprague-Dawley rats were fed a standard diet or a cocoa butter-based high-fat diet plus 10%
liquid fructose. In the last month, the high-fat diet was supplemented or not with CAF or a GCE,
providing 5 mg/kg of CAF. Plasma lipid levels and the hepatic expression of molecules involved in
lipid metabolism were determined. Lipidomic analysis was performed in liver samples. The diet
caused hepatic steatosis without obesity, inflammation, endoplasmic reticulum stress, or hepatic
insulin resistance. Neither CAF nor GCE alleviated hepatic steatosis, but GCE-treated rats showed
lower hepatic triglyceride levels compared to the CAF group. The GCE effects could be related to
reductions of hepatic (i) mTOR phosphorylation, leading to higher nuclear lipin-1 levels and limiting
lipogenic gene expression; (ii) diacylglycerol levels; (iii) hexosylceramide/ceramide ratios; and (iv)
very-low-density lipoprotein receptor expression. In conclusion, a low dose of CAF did not reduce
hepatic steatosis in lean female rats, but the same dose provided as a green coffee extract led to lower
liver triglyceride levels.

Keywords: caffeine; coffee; dietary supplements; hepatic steatosis; non-alcoholic fatty liver disease
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of alterations ranging from simple
hepatic steatosis to non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma.
Hepatic steatosis, defined as the accumulation of triglycerides (TGs) in lipid droplets in at least 5% of
the hepatocytes, is the initial reversible phase of NAFLD, affecting around 33% of adults in the US [1].
Although NAFLD is usually associated with obesity, this condition might also be present in individuals
with a body mass index in the normal range, which is referred to as lean or non-obese NAFLD [2].
Compared to obese NAFLD, lean individuals with NAFLD are more commonly female and exhibit a
lower prevalence of insulin resistance [2,3].

Consumption of sweetened beverages with a high fructose content is one of the main dietary
triggers of NAFLD [4]. Despite the implementation of public policies that aim to reduce their
consumption, a recent study on diet population trends showed that 42% of energy intake in US adults
still comes from low-quality carbohydrates, including fruit juices and added sugars in beverages [5].
Moreover, the consumption of saturated fats, another dietary factor associated with NAFLD, still remains
above the recommended maximal intake of 10% of the energy intake [5].

Given the difficulty to avoid excessive consumption of simple sugars and fats in the population,
one strategy to fight NAFLD is the inclusion in the usual diet of functional foods or dietary supplements
that could be effective to prevent or reduce hepatic lipid accumulation. Several meta-analysis of
randomized clinical trials showed that compounds such as resveratrol, silymarin, vitamin E or D,
and curcumin, exert positive effects on NAFLD, which might be attributed to their antioxidant or
anti-inflammatory properties [4]. However, not all evidences showed clinical efficacy, which could be
related to the different doses, formulation issues, or duration of studies [6–8]. Coffee was reported to
exert beneficial effects on liver-related disorders [9], including a reduced risk of NAFLD and of liver
fibrosis in NAFLD patients, as revealed by a recent meta-analysis [10]. Effects of coffee on NAFLD
development were mainly ascribed to its caffeine content. Several studies indicated that caffeine
reduces intrahepatic fat accumulation in mice and rats, however, these studies did not specify the dose
of caffeine based on animal weight or they used a dose close to the maximal one admitted in humans
after interspecies conversion [11–13]. Moreover, coffee contains more than one hundred compounds
besides caffeine, and it is especially rich in polyphenols such as chlorogenic acids [14], which might
also be responsible for its beneficial effects.

In the present study, we investigated the effects of a moderate dose of caffeine (5 mg/kg/day,
alone or as part of a green coffee extract) in a model of hepatic steatosis without obesity and without
inflammation, induced in female rats by feeding a cocoa butter-rich, high-fat diet, together with liquid
fructose. Female rats were used, as non-obese steatosis is more frequent in females than in males [3].
The aims of the study were to determine whether caffeine at this low dose reversed hepatic steatosis in
this model, whether there were different effects when the same dose of caffeine was administered in
the form of a coffee extract, and to explore the mechanisms involved.

2. Materials and Methods

2.1. Animals

Female Sprague Dawley rats were purchased from Envigo (Barcelona, Spain). Animals were
maintained under conditions of constant humidity (40–60%) and temperature (20–24◦C), with a
light/dark cycle of 12 h (2 rats/cage). Studies were conducted in accordance with the principles and
procedures outlined in the guidelines established by the Bioethics Committee of the University of
Barcelona (Autonomous Government of Catalonia Act 5/21 July 1995). The Animal Experimentation
Ethics Committee of the University of Barcelona approved all experimental procedures involving
animals (approval no. 10106).
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2.2. Dosage Regimen

Forty-eight female rats aged 8 weeks were randomly assigned into 4 groups (n = 12 in each),
which received: (1) standard rodent chow (control group, CT); (2) high-fat diet, and 10% w/v fructose
in the drinking water (high-fat-high-fructose group, HF-HFr); (3) high-fat diet containing caffeine
(from Sigma–Aldrich, St. Louis, MO, USA, 0.18 g/kg of diet) and 10% w/v fructose in drinking
water (caffeine group, CAF); or (4) high-fat diet containing a green coffee extract providing 0.18 g
of caffeine/kg of diet, and 10% w/v fructose in the drinking water (green coffee extract group, GCE).
Groups 1 and 2 received their respective diets for 3 months. Groups 3 and 4 received the HF-HFr
diet for 2 months, with the caffeine or green coffee extract supplied to the rats incorporated in the
high-fat diet pellets during the third month of the protocol. The green coffee extract (a generous gift
from Applied Food Science Inc., Austin, TX, USA) was obtained by extraction with 70:30 ethanol:
water mixture, and then the extract was filtered, evaporated, and spray dried. The compositions of the
control diet (2018 Teklad Global 18% protein) and the high-fat diet (Teklad Custom Diet TD.180456) are
detailed in Supplementary material Table S1. Diets containing caffeine and green coffee extract were
prepared by Envigo (Madison, WI, USA), by mixing the compounds with the different ingredients
of the high-fat diet and pelleting. Fructose solutions were changed every two days. Throughout the
treatment, solid food and liquid consumption was controlled three times a week, and body weight
was recorded once a week. Based on the amount of diet consumed and the body weight of each rat,
the amount of caffeine ingested in both the CAF and GCE groups was 5.0 ± 0.8 mg/kg/day. The human
equivalent dose based on body surface area (Km value for humans = 37 and for rats weighing 250 g = 7)
was 0.95 mg/kg/day [15].

2.3. Open Field Test

In the last week of the treatment, an open field test (OFT) was performed to study locomotor
activity in the control and treated rats. Rats were placed in the middle of a black box (40 × 40 × 40 cm),
under a low illumination of 12 lux. Rats underwent habituation sessions for two consecutive days.
On the third day, the distance traveled by each rat was monitored during 60 min (SMART® version 3.0
software, Panlab SL, Barcelona, Spain). The OFT apparatus was cleaned with 10% ethanol solution,
before using it with another rat.

2.4. Oral Glucose Tolerance Test

An oral glucose tolerance test (OGTT) was performed in the last week of the treatment, one day
after the OFT test. Rats were fasted for 6 h, and a sample of blood was collected from the tail vein
(time 0). A glucose solution of 2 g/kg of body weight was then administered by oral gavage, and blood
samples were collected from the tail vein at 15, 30, 60, and 120 min after glucose administration.
Glucose levels were determined in all blood samples using a hand-held glucometer (Accutrend® Plus
System, Cobas, Roche Farma, Barcelona, Spain). Plasma was obtained from blood samples collected at
0, 15, and 120 min, and insulin levels were measured using a rat insulin enzyme-linked immunosorbent
assay (ELISA) kit (Millipore, Billerica, MA, USA).

2.5. Sample Preparation

At the end of the treatment, rats were fasted for 2 h and blood samples were obtained from
the tail vein to measure TG, cholesterol, and glucose levels, using an Accutrend® Plus system
glucometer (Cobas, Roche Farma, Barcelona, Spain). The rats were then immediately anesthetized
with ketamine/xylazine (9 mg/40 μg per 100 g of body weight, respectively) and blood was collected
into micro-tubes (Sarstedt AG & Co., Nümbrecht, Germany) through cardiac puncture and centrifuged
at 10,000× g for 5 min, at room temperature. Rats were euthanized by exsanguination, and the
liver and visceral white adipose tissue (vWAT) were collected and weighed. For the histological
studies, samples of the liver of each animal were fixed in buffered formalin or were embedded in OCT,
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frozen quickly in liquid nitrogen, and stored at −80 ◦C. The remaining liver tissues were immediately
frozen in liquid nitrogen and stored at −80 ◦C until needed for biomolecular assays.

2.6. Plasma Analysis

Plasma samples were assayed in duplicates. Insulin and adiponectin concentrations were
determined using specific ELISA kits (Millipore, Billerica, MA, USA). Alanine aminotransferase
(ALT) activity was determined using an ALT/GPT enzymatic assay kit (Spinreact, Girona, Spain).
Insulin sensitivity index (ISI) was calculated as 2/[plasma insulin (nM) × blood glucose (μM) + 1].

2.7. Histological Studies

Liver samples were dehydrated and paraffin embedded using a Leica TP1020 automatic tissue
processor and a Leica EG1150 H Paraffin Embedding Module (Leica Microsistemas, Barcelona, Spain).
Samples were cut to 5 microns and stained with hematoxylin and eosin (H&E). Lipid accumulation
was analyzed in OCT-embedded liver sections stained with Oil-Red O (ORO). Images were acquired
with a Leica DMSL microscope equipped with a DP72 camera (Leica Microsistemas, Barcelona, Spain)
and analyzed using Image J 1.49 software (National Institutes of Health, Bethesda, MD, USA). The area
of positive ORO staining was calculated as the positively stained area per total area. All procedures
were carried out in the Animal Histopathology Laboratory at the University of Barcelona.

2.8. Liver Assays

Liver TGs were extracted as described by Qu et al. [16] and determined using a TG colorimetric
assay kit (Spinreact, Girona, Spain). Total hepatic fatty acid β-oxidation was determined in rat livers,
as described by Lazarow [17], using 30 μg of postnuclear supernatant.

2.8.1. Measurement of Fatty Acid Methyl Esters in Liver TGs

Fatty acid methyl esters (FAMEs) from liver TGs were determined by gas chromatography/electron
ionization mass spectrometry as described in the Supplementary Methods and Table S3.

2.8.2. Lipidomic Analysis in Rat Liver Homogenates

Levels of diacylglycerols [DAG], ceramides [Cer], and hexosylceramides [HexCer] in rat livers were
determined by liquid chromatography-tandem mass spectrometry (LC–MS/MS) system, as described
in Supplementary Methods and Table S4.

2.9. RNA Preparation and Analysis

Total RNA was isolated from the liver samples using Trizol® (Invitrogen, Carlsbad, CA, USA),
cDNA was synthesized by reverse transcription and specific mRNAs were assessed by real-time reverse
transcription polymerase chain reaction (RT-PCR), as described previously [18]. TBP (TATA-box-binding
protein) was used as an internal control. The primer sequences and PCR product lengths are listed in
Supplementary Material (Table S2).

2.10. Preparation of Protein Extracts

Liver samples were homogenized with a Polytron PT 1200E in lysis buffer containing proteases,
phosphatases, and deacetylase inhibitors, and incubated for 1.5 h at 4 ◦C. Samples were then centrifuged
at 15,000× g for 15 min at 4 ◦C, and the supernatants were collected. To obtain hepatic nuclear extracts,
samples were homogenized with a homogenization buffer, kept on ice for 10 min, and centrifuged at
1000× g for 10 min at 4 ◦C. Lysis buffer was added to the obtained pellet and samples were incubated
for 1.5 h at 4 ◦C, before being centrifuged at 25,000× g for 30 min at 4 ◦C. The resulting supernatants
were then collected. Protein concentrations were determined by the Bradford method [19].
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2.11. Western Blot Analysis

Western blots were performed using three samples per group, each sample was pooled from
two animals. A total of 20–30 μg of protein extracts were subjected to SDS-polyacrylamide gel
electrophoresis. Proteins were then transferred onto Immobilon polyvinylidene difluoride transfer
membranes (Millipore, Billerica, MA, USA), and blocked for 1 h at room temperature, with 5% non-fat
milk solution in Tris-buffered saline (TBS) containing 0.1% Tween-20. Membranes were then incubated
with specific primary antibodies. Detection was performed using the Immobilion Western HRP
substrate Peroxide Solution® (Millipore, Billerica, MA, USA). To confirm the uniformity of protein
loading, blots were incubated with anti-β-actin or anti-β-tubulin antibody (Sigma–Aldrich, St. Louis,
MO, USA) as a control for total protein extracts, and with anti-TBP antibody (AbCam, Cambridge, UK)
for nuclear protein extracts.

2.12. Statistical Analysis

The results are expressed as mean ± standard deviation (SD). Significant differences between
the groups were established by one-way ANOVA and Šidák’s post-hoc test for selected comparisons
(GraphPad Software version 8, San Diego, CA, USA). When the SD of the groups was different
according to Bartlett’s test, the data were transformed into their logarithms and ANOVA was rerun,
or the corresponding non-parametric test was applied. The OGTT curves for glucose and insulin were
analyzed by two-way ANOVA. The level of statistical significance was set at p ≤ 0.05.

3. Results

3.1. The HF-HFr Diet Does Not Induce Obesity or Gluconeogenic Gene Expression

As shown in Table 1, although the HF-HFr diet induced a 1.8-fold increase in total caloric intake,
the final body weight and vWAT weight were not significantly modified. Only the liver weight/body
weight ratio showed a significant increase in response to the HF-HFr diet. Locomotor activity
(measured as the total distance travelled in the open field test) was not significantly affected by the diet
or treatments.

Table 1. Zoometric parameters, blood analytes, and open field test results.

CT
(n = 12)

HF-HFr
(n = 10)

CAF
(n = 12)

GCE
(n = 12)

Final body weight (g) 270 ± 13 271 ± 13 280 ±10 270 ± 12
Liver weight/body weight 2.9 ± 0.2 3.5 ± 0.4 ** 3.8 ± 0.4 *** 3.6 ± 0.3 ***
vWAT weight/body weight 2.5 ± 0.7 3.1 ± 0.8 3.0 ± 0.6 2.9 ± 0.7

AUC consumed diet (Kcal/90 days/rat) 3884 ± 122 2728 ± 511 *** 2821 ± 352 *** 2710 ± 438 ***
AUC ingested liquid (Kcal/90 days/rat) 0 4098 ± 1201 *** 4330 ± 565 *** 4093 ± 750 ***

Total calorie intake (kcal/animal/90 days) 3884 ± 122 6827 ± 744 *** 7151 ± 141 *** 6803 ± 401 ***
Blood insulin (ng/mL) 1.2 ± 1.1 2.3 ± 1.0 3.3 ± 1.0 2.9 ± 1.4
Blood glucose (mg/dL) 117.2 ± 19.1 111.9 ± 12.7 120.2 ± 11.9 121.4 ± 15.3

ISI 1.1 ± 0.4 0.5 ± 0.2 * 0.5 ± 0.1 *** 0.6 ± 0.3 **
ALT (U/L) 19.9 ± 5.2 23.4 ± 5.2 19.8 ± 6.0 22.1 ± 5.8

Distance travelled in the OFT (cm) 8537 ± 1523 8429 ± 2110 8429 ± 1454 8316 ± 1985

Values are expressed as mean ± SD (n = 10–12). ALT: alanine aminotransferase; AUC: area under the curve;
CAF: caffeine; CT: control; GCE: green coffee extract; HF-HFr: high-fat-high-fructose; ISI: insulin sensitivity index,
calculated as 2/(plasma insulin (nM) × blood glucose (μM) + 1); OFT: open field test; vWAT: visceral white adipose
tissue. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control.

Basal blood glucose and insulin levels were similar across the different groups (Table 1). After a
glucose challenge in the OGTT, all groups on the HF-HFr diet exhibited higher glucose levels than
the CT group at the shortest time points (Figure 1A). However, no differences were observed in the
integrated glucose concentration, which was calculated as the area under the curve (AUC) (Figure 1B).
Both the insulin levels (Figure 1C) and the corresponding AUC (Figure 1D) were significantly increased
by the HF-HFr diet, with neither CAF nor GCE attenuating this increase. Accordingly, the ISI was
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significantly reduced in the HF-HFr group and none of the treatments reversed this decrease (Table 1).
The mRNA levels of the insulin-responsive gluconeogenic genes phosphoenolpyruvate carboxykinase
(Pepck) and glucose-6 phosphatase (G6Pase) decreased in the rats fed the HF-HFr diet (Figure 1E–F).

Figure 1. Blood glucose (A), area under the curve (AUC) for glucose (B), plasma insulin (C), and AUC
for insulin (D) at different times after oral administration of a glucose solution (2 g/kg body weight).
Results are the mean ± SD of values from 10–12 animals/group. Bar plots representing the mean ± SD
mRNA levels corresponding to liver Pepck (E) and G6Pase (F) genes from CT (n = 5), HF-HFr (n = 6),
CAF (n = 6) and GCE (n = 6) experimental groups. * p < 0.05; *** p < 0.001 vs. control.

3.2. GCE Exerts Different Effects Compared to CAF on Hepatic TG Amount and Composition

Blood cholesterol was unaffected by the diet or treatments, whereas blood TG levels were similarly
increased in the HF-HFr, CAF, and GCE groups, compared to the control rats (Figure 2A,B).
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Figure 2. Blood cholesterol (A), blood triglyceride (B), and liver triglyceride (C) levels. Results are the
mean ± SD of values from 10–12 animals/group. (D) Bar plot representing the mean ± SD percentage
of area of positive Oil Red O staining calculated as positive stained area per total area section in CT,
HF-HFr, CAF, and GCE experimental groups (n = 10–12/group). Representative hematoxylin and eosin
(E) and Oil Red O (F) stained liver sections from the four experimental groups. * p < 0.05; ** p < 0.01;
*** p < 0.0001 vs. control. & p < 0.05 vs. CAF group.

The hepatic TG concentration was also increased in the HF-HFr group versus the CT group,
and neither CAF or GCE attenuated this increase. Interestingly, hepatic TG levels were significantly
lower in the GCE group than in the CAF group (Figure 2C). The same trend was observed in the liver
sections stained with H&E and ORO, although the difference between the GCE and CAF groups was
only marginally significant (p = 0.1) (Figure 2D–F).

We also aimed to determine the fatty acid profile of the hepatic TGs. As shown in Figure 3A,
the amount of SFAs [palmitic acid (16:0) and stearic acid (18:0)] and MUFAs [palmitoleic acid (16:1 n-7)
and oleic acid (18:1 n-9)] in the hepatic TG fraction was strikingly increased by the HF-HFr diet.
The addition of CAF or GCE did not significantly affect the levels of these SFAs compared to the
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HF-HFr group. Interestingly, the levels of both MUFAs were lower in the GCE group than in the CAF
group, although the difference was significant only for palmitoleic acid. We also analyzed the levels
of a less abundant MUFA in the TG fraction, 20:1 n-9, which showed also a significant increase in
response to the HF-HFr diet and a decrease in the GCE group, compared to the CAF group (Figure 3A).
Regarding PUFAs 20:4 n-6, 20:5 n-3, and 22:6 n-3, all showed lower levels in the GCE group than in the
HF-HFr and the CT groups. The amount of linoleic acid (18:2 n-6) was not significantly altered by the
diet or treatments (Figure 3B).

 
Figure 3. Fatty acid composition of hepatic triglycerides. (A) Saturated and monounsaturated fatty
acids and (B) polyunsaturated fatty acids in the hepatic triglyceride fraction from CT, HF-HFr, CAF, and
GCE experimental groups. Results are the mean ± SD of values from 9–10 animals/group. * p < 0.05;
** p < 0.01; *** p < 0.001 vs. control. # p < 0.05; ## p < 0.01 vs. HF-HFr group. & p < 0.05; && p < 0.01 vs.
CAF group.

3.3. Liver Lipidomic Signatures Induced by the HF-HFr Diet and Effects of CAF and GCE

Analysis of hepatic DAGs showed a striking effect of the HF-HFr diet, which increased the
amount of SFA-, and MUFA-containing DAGs (Figure 4A). The addition of GCE to the HF-HFr diet
significantly attenuated the increase in DAG 18:0/18:0 whereas CAF supplementation had no effect on
this species. By contrast, the HF-HFr diet did not significantly increase the levels of PUFA-containing
DAG (Figure 4B) and caused a large reduction in DAG 18:2/18:2. GCE treatment reduced the amount
of DAG 16:0/18:2 and DAG 18:0/20:4.

We also analyzed the effect of diet and treatments on the amount of hepatic Cer and HexCer
(Figure 4C,D). The HF-HFr diet significantly reduced the levels of Cer 14:0 and Cer 16:0. By contrast,
the amount of Cer 18:1 was increased by the HF-HFr diet, with CAF significantly attenuating this
increase. Similarly, HexCer 18:0 and HexCer 20:0 levels were increased in the HF-HFr group, with GCE
attenuating the increases. Moreover, GCE exerted specific effects on several species that were not
modified by the HF-HFr diet, such as the reduction of Cer 20:0 and HexCer 16:0, 22:0, and 24:1 levels.
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Figure 4. Lipidomic analysis in rat liver homogenates. Levels of diacylglycerols (DAG) (A,B),
ceramides (Cer) (C), and hexosylceramides (HexCer) (D) in CT, HF-HFr, CAF, and GCE experimental
groups. Results are the mean ± SD of values from 9–10 animals/group. * p < 0.05; ** p < 0.01; *** p < 0.001
vs. control. # p < 0.05; ## p < 0.01 vs. HF-HFr group. & p < 0.05; && p < 0.01; &&& p < 0.001 vs.
CAF group.

As shown in Table 2, the ratio of HexCer 16:0, 18:0, 20:0, and 24:0 to the corresponding Cer was
very low in the CT group and was increased by the HF-HFr diet. Again, we observed a differential
effect of GCE, as this group showed lower HexCer/Cer ratios for 16:0 and 18:0 than the HF-HFr group,
whereas CAF did not cause this effect.

Table 2. Ratio hexosylceramide/ceramide.

CT HF-HFr CAF GCE

16_0 0.038 ± 0.017 0.076 ± 0.009 *** 0.093 ± 0.022 *** 0.059 ± 0.014 *** #

18_0 0.010 ± 0.004 0.028 ± 0.004 *** 0.030 ± 0.007 *** 0.021 ± 0.003 *** # &&

20_0 0.007 ± 0.002 0.016 ± 0.004 *** 0.019 ± 0.004 *** 0.019 ± 0.003 ***
22_0 0.076 ± 0.026 0.104 ± 0.049 0.082 ± 0.025 0.060 ± 0.015
24_0 0.139 ± 0.033 0.178 ± 0.040 * 0.191 ± 0.025 ** 0.157 ± 0.024

Values are expressed as mean ± SD (n = 9–10). * p < 0.05; ** p < 0.01; *** p < 0.001 vs. CT. # p < 0.05 vs. HF-HFr;
&& p < 0.01 vs. CAF.

3.4. Effects of the Diet and Treatments on the Fatty Acid Biosynthetic Pathway

We determined the hepatic expression of sterol regulatory element-binding protein-1c (SREBP-1c),
a transcription factor that controls the expression of enzymes involved in fatty acid synthesis. Both the
precursor (125 kD) and the active form of SREBP-1c (68 kD) remained unaltered in the hepatic protein
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samples of all groups (Figure 5A). By contrast, the hepatic protein level of fatty acid synthase (FAS),
a lipogenic enzyme controlled by this transcription factor, was increased significantly by the HF-HFr
diet, with GCE partially preventing this increase (Figure 5B). The mRNA levels of another lipogenic
enzyme controlled by SREBP-1c, stearoyl-CoA desaturase (Scd1), followed the same pattern of an
increase in the HF-HFr group (Figure 5C). Interestingly, CAF increased Scd1 expression even more
than the HF-HFr diet, whereas GCE did not.

 

Figure 5. Western Blot of precursor (125 kD) and mature (68 kD) SREBP-1c (A) FAS: fatty acid synthase
(B) lipin-1 (D) and phospho-mTOR proteins (E) in liver samples. Bar plots represent the mean ± SD
band intensity of the proteins obtained from three samples per group, each one pooled from two
animals. Bands are shown in the upper part of the figures. (C) Bar plot representing the mean ± SD
mRNA levels corresponding to liver Scd1 from CT (n = 5), HF-HFr (n = 6), CAF (n = 6), and GCE (n = 6)
experimental groups. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. CT. # p < 0.05; ## p < 0.01 vs. HF-HFr.
& p < 0.05 vs. CAF.

The observed effects of the diet on FAS and SCD1 expression suggested increased SREBP-1c
transcriptional activity despite no changes in the amount of the active form of the protein. As shown
in Figure 5D, the HF-HFr group showed a significant decrease in hepatic nuclear levels of lipin-1,
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which could modulate the transcriptional activity of SREBP-1c. Accordingly, the expression of
phosphorylated mammalian target of rapamycin (P-mTOR), which phosphorylates lipin-1 and causes
its nuclear exclusion, was increased in the livers of the rats from the HF-HFr group (Figure 5E).
Interestingly, GCE relieved the reduction in lipin-1 levels caused by the diet, increasing the amount
of this protein in nuclear extracts above CT levels (Figure 5D). Moreover, the GCE group returned
P-mTOR levels to the control values, showing a significant reduction compared to the HF-HFr and
CAF groups, which was in accordance with the increase in nuclear lipin-1 levels (Figure 5E).

3.5. CAF or GCE Does Not Affect Lipid Catabolic Pathways

To explore other mechanisms potentially involved in the observed effects on hepatic TGs,
we determined the β-oxidation activity in liver samples. The results showed a significant decrease in
response to the HF-HFr diet, with CAF or GCE addition having no effect on this decrease (Figure 6A).
The mRNA levels of peroxisome proliferator-activated receptor α (Pparα), and the PPARα target genes
acyl-CoA oxidase (Aco) and very-low density lipoprotein receptor (Vldlr) were not modified by the
diet or treatments (Figure 6B–D). However, the protein levels of VLDLR despite not being increased by
the HF-HFr diet were significantly lower in the CAF and GCE groups, and GCE even lowered the
amount of this protein compared to the CAF group (Figure 6E).

The autophagy of lipid droplets was described as another form of lipid catabolism. As shown
in Figure 6F, the ratio of the microtubule-associated protein 1A/1B-light chain 3 (LC3) B-II/I was
significantly reduced in the HF-HFr group, with CAF or GCE treatment not reversing this decrease.
However, neither diet nor treatments reduced the levels of the autophagy substrate p62 (Figure 6G),
while beclin-1 levels showed a small but significant increase in the CAF group (Figure 6H).

3.6. Endoplasmic Reticulum Stress, Inflammation, and Oxidative Stress Markers

We also explored other cell signaling pathways that could modulate hepatic lipid levels, such as
endoplasmic reticulum (ER) stress. The HF-HFr diet significantly increased inositol-requiring
enzyme-1α (IRE1α) phosphorylation, with neither CAF nor GCE reversing this increase (Figure 7A).
However, levels of the active/spliced form of X-box-binding protein 1 (XBP-1s) protein in nuclear
extracts were not significantly modified by any treatment, and mRNA levels of the XBP-1s target gene
ER degradation-enhancing α-mannosidase-like 1 (Edem1) were not altered by HF-HFr diet and showed
reduced expression in the CAF group (Figure 7B,C). Levels of the precursor (90 kD) and mature form
(50 kD) of activating transcription factor 6 (ATF6) and phosphorylation of protein kinase RNA-like ER
kinase (PERK) were not altered in any group (Figure 7D,E).

Finally, we assessed the expression of several inflammation and oxidative stress markers.
The experimental diet used did not induce an inflammatory response in the liver. In fact, the mRNA
expression of several inflammation-related genes was reduced, with the treatments showing negligible
effect (Figure 8A). In line with these results, the plasma levels of the inflammation marker ALT were
not increased by the diet or treatments (Table 1). Similarly, the HF-HFr diet did not induce hepatic
oxidative stress, and even reduced glutathione peroxidase 1 (Gpx1) expression. The GCE group showed
lower mRNA levels of superoxide dismutase 2 (Sod2) compared to the CAF group (Figure 8B).
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Figure 6. (A) β-oxidation activity in liver samples. Bars represent the mean ± SD of 10–12 samples per
group. Bar plots representing the mean ± SD mRNA levels corresponding to liver Pparα (B), Aco (C),
and Vldlr (D) genes from CT (n = 5), HF-HFr (n = 6), CAF (n = 6), and GCE (n = 6) experimental
groups. Western Blot of VLDLR (E), LCII/I ratio (F), p62 (G), and beclin-1 (H) proteins, in liver samples
obtained from CT, HF-HFr, CAF, and GCE experimental groups. Bar plots represent the mean ± SD
band intensity of the proteins obtained from three samples per group, each one pooled from two
animals. Bands are shown in the upper part of the figures. * p < 0.05; ** p< 0.01 vs. CT. # p < 0.05 vs.
HF-HFr group.
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Figure 7. Western Blot of phosphorylated and total IRE1 (A), nuclear XBP1S (B), precursor (90 kD) and
mature (50 kD) ATF6 (D), and phosphorylated and total PERK (E) in liver samples. Bar plots represent
the mean ± SD band intensity of the proteins obtained from three samples per group, each one pooled
from two animals. Bands are shown in the upper part of the figures. (C) mRNA levels of Edem1 in the
livers from CT (n = 5), HF-HFr (n = 6), CAF (n = 6), and GCE (n = 6) experimental groups. * p <0.05;
*** p < 0.001 vs. CT.
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Figure 8. Bar plots showing the mean ± SD of specific mRNAs of pro-inflammatory molecules iNos,
Mcp1, Nlrp3, Tlr4, Tnfα, Il-6, and F4/80 (A) and oxidative stress genes Gpx1, Sod2, Nrf2, and Cat (B) in
the livers from CT (n = 5), HF-HFr (n = 6), CAF (n = 6), and GCE (n = 6) experimental groups. * p < 0.05;
** p < 0.01; *** p < 0.001 vs. control. & p < 0.05 vs. CAF group.

4. Discussion

Although nearly all rodent models on a high-fat diet rich in saturated fatty acids are characterized
by obesity and insulin resistance [20], it is increasingly being recognized that a substantial proportion
of individuals present NAFLD without obesity [2]. To obtain a model of NAFLD in its initial phase
of simple hepatic steatosis, we fed female Sprague-Dawley rats a high-fat diet, which provides an
exogenous source of fatty acids, and added liquid fructose (10% w/v) to their drinking water to promote
de novo lipogenesis (DNL) [21]. To avoid the dietary intake of cholesterol, which is thought to activate
Kupffer cells and stellate cells, and induce inflammation and fibrosis characteristic of NASH [22],
we used cocoa butter instead of milk, as the source of saturated fatty acids in the high-fat diet.

Administration of the HF-HFr diet for three months caused hypertriglyceridemia and hepatic
lipid deposition in the female Sprague-Dawley rats, but not inflammation, ER stress, or oxidative
stress. Moreover, the rats fed the HF-HFr diet did not show an increase in body weight and adiposity,
despite receiving around 1.8-times more calories than the control rats, which could not be ascribed to
increased energy expenditure through spontaneous locomotor activity. Furthermore, although the rats
on the HF-HFr diet responded to a glucose challenge with a higher insulin secretion, the increased
insulin levels successfully controlled blood glucose levels and reduced the expression of hepatic
gluconeogenic genes. This suggests that despite a decrease in the ISI, the hepatic glucose output was
reduced, whereas in a typical situation of hepatic insulin resistance it would be increased [23].

The lipidomic analysis of liver samples from the rats offered some clues to explain these features
of the HF-HFr diet. One of the most important bioactive lipids are ceramides, a class of sphingolipids
involved in insulin resistance, inflammation, oxidative stress, and NAFLD development [24]. It was
suggested that saturated fat derived from DNL or from the diet induces ceramide synthesis and insulin
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resistance [25]. However, we found that the hepatic levels of most ceramide species were not increased
by the diet, which could be attributed to the absence of inflammation, as liver ceramides were reported
to be increased in NASH, but not in simple steatosis in humans [26]. Remarkably, mice deficient in
ceramide synthase 5 (CerS5), which exhibit lower hepatic levels of Cer 16:0, were protected from
developing obesity and insulin resistance when fed a high-fat diet [27]. Therefore, the 50% reduction in
hepatic Cer 16:0 levels in the HF-HFr group might help explain the absence of liver insulin resistance
and obesity in rats fed this diet.

Having obtained a model of lean NAFLD with simple hepatic steatosis, we aimed to determine
whether a moderate dose of caffeine, or a green coffee extract providing the same dose of caffeine,
was effective in reducing the liver lipid burden. One of the major sources of caffeine in the human diet
is coffee, which was reported to have beneficial effects on liver health [9]. However, a positive effect of
coffee on NAFLD was not clearly established in human studies. Thus, a lower prevalence of NAFLD
was associated with higher coffee intake in the NHANES study [28] and in some meta-analyses [10],
but this association was not confirmed in other studies [29,30]. However, studies in animal models
of diet-induced steatosis showed that several components of coffee, including caffeine, might be
effective in reducing liver fat deposition [31]. The different outcomes from the human and animal
studies might be due to the high doses of caffeine administered to laboratory animals, which in
some studies were equivalent to 6 cups of coffee a day, much higher than the usual consumption
in humans [32]. To provide a more realistic scenario, we treated rats with a low dose of caffeine
(5 mg/kg/day), which after conversion based on body surface area was equivalent to 66 mg of caffeine
for a 70-kg human being [15]. This amount roughly corresponded to 1 cup (20–25 mL) of espresso
coffee per day, which was reported to contain 2.4 to 4.5 mg/mL of caffeine [33].

We observed that neither CAF nor GCE alleviated the hypertriglyceridemia and hepatic steatosis
caused by the HF-HFr diet. However, rats treated with GCE exhibited lower levels of hepatic TG than
those treated with CAF. When we analyzed the fatty acid composition of these TGs, we found that the
amounts of palmitoleic acid and 20:1 n-9 were increased by the HF-HFr diet but were lower in the
GCE group than in the CAF group. Palmitoleic acid is generated from palmitic acid through SCD1,
which, together with FAS, are lipogenic enzymes regulated by SREBP-1c. The HF-HFr diet, despite not
affecting the SREBP-1c levels, increased mTOR phosphorylation, which is known to phosphorylate and
exclude lipin-1 from the nucleus [34]. This might lead to increased SREBP-1 transcriptional activity
and, consequently, to FAS and SCD1 induction. Interestingly, the livers of the HF-HFr rats showed
reduced nuclear levels of lipin-1 together with increased FAS and Scd1 expression. These changes
were not reversed neither by CAF nor by GCE. In fact, the expression of Scd1 was higher in the CAF
group than in the HF-HFr group, suggesting that CAF could further increase hepatic lipogenesis and
worsen hepatic lipid deposition. However, neither the amount of hepatic TG nor lipin-1 or p-mTOR
protein levels were different between the CAF and HF-HFr groups. In contrast, the GCE-treated rats
showed lower mTOR phosphorylation and higher nuclear levels of lipin-1 than those of the rats from
the HF-HFr group, suggesting lower SREBP-1 transcriptional activity. This might explain why FAS
and SCD1 expression were induced to a lesser extent by GCE than CAF, and was in accordance with
the lower levels of palmitoleic acid and total TGs observed in the livers of the GCE-treated rats.

The different effects of GCE compared to CAF were also observed with several DAG species,
namely 18:0/18:0, 16:0/18:2, and 18:0/20:4, whose levels were reduced by GCE treatment compared
to the HF-HFr group, but not by CAF treatment. Although there is a paucity of information about
the effects of specific DAG species, it is generally assumed that DAGs play a role not only in insulin
resistance but also in hepatic steatosis [35]. Therefore, the reduction of at least some of the DAGs
accumulated in the liver might be regarded as a positive effect of other compounds contained in the
GCE, given that caffeine alone did not cause such a reduction.

The hepatic levels of HexCer, which are formed from Cer by the enzyme glucosylceramide
synthase (GCS), were reduced in the GCE group, as well as the 16_0 and 18_0 HexCer/Cer ratio.
The HexCer/Cer ratio was considered to be an indicator of GCS activity. Interestingly, treatment of
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ob/ob mice with an inhibitor of GCS was reported to reduce TG accumulation in the liver [36]. Thus,
the lower HexCer/Cer ratios observed in the GCE group might also be associated with reduced GCS
activity and lower levels of liver triglycerides in this group, suggesting beneficial effects of GCE on
hepatic steatosis.

To gain more insight into the mechanisms involved in the regulation of hepatic TG accumulation,
we also examined several pathways linked to fatty acid catabolism. The reduced hepatic activity of
β-oxidation could contribute to increased liver TG accumulation in the HF-HFr group. However,
none of the treatments reversed this decrease, suggesting that reduced catabolism of fatty acids also
occurred in the CAF and GCE groups. By contrast, the hepatic protein levels of VLDLR, which were
reported to increase in animal models and humans with hepatic steatosis [37], were significantly
reduced by GCE, compared to the CAF group, although they were not significantly modified by
the HF-HFr diet. Reduced VLDLR levels could contribute, at least partly, to the lower hepatic TG
accumulation observed in the GCE group.

Due to its role in lipid droplet degradation, autophagy is another mechanism that can lead to
liver fat removal [38]. Our group previously showed that liquid fructose supplementation in female
rats inhibit liver autophagy, as shown by the lower LC3II/I ratio, which leads to increased liver TG
levels [39]. In the current study, we also observed a reduced LC3II/I ratio and TG accumulation in
the livers of rats receiving the HF-HFr diet, suggesting inhibition of hepatic autophagy. CAF-treated
rats showed the lowest LC3II/I ratio and the highest TG levels in the liver, which despite a slight
increase in the beclin-1 protein levels indicated that CAF did not activate autophagy in our model.
Other studies suggest that CAF induced autophagy in the liver [11], but they used higher doses of
CAF (30 mg/kg/day compared to 5 mg/kg/day in our study).

In conclusion, a moderate dose of caffeine, equivalent to 1 cup of coffee a day in humans, did not
alleviate liver lipid deposition in a model of diet-induced hepatic steatosis, without obesity and
inflammation. One limitation of our study was that we did not treat rats fed a control diet, so we cannot
rule out that caffeine could have exerted some effects in rats not exposed to HF-HFr. However, our goal
was to investigate whether caffeine could reverse the hepatic steatosis induced by the HF-HFr diet.
The lack of effect of caffeine in our study could be attributed to the duration of treatment, to the fact
that treatment was initiated two months after the introduction of the HF-HFr diet or to the low dose
used. However, when the same dose of caffeine was administered through a coffee extract, despite not
normalizing the hepatic TG levels, these were lower than when the caffeine was administered alone.
The coffee extract was rich in other compounds such as polyphenols, which might be responsible for
the different effects observed. Vitaglione et al. showed that decaffeinated coffee reduced lipid droplet
accumulation in hepatocytes, in a model of NASH, suggesting that caffeine was not essential for the
anti-steatotic effect of coffee [40]. However, few studies compared the effects of caffeine with other
coffee compounds on hepatic steatosis. A study conducted in mice concluded that only treatment with
chlorogenic acid significantly reduced hepatic TG levels, whereas administration of pure caffeine did
not [41]. Similarly, female mice treated with catechines or with catechines combined with caffeine,
reduced liver TG levels, whereas caffeine alone did not [42]. In mice fed an HFD, administration of
chlorogenic acid or caffeine alone did not reduce hepatic TG, but a combination of both compounds
was effective [43]. Although the molecular mechanisms involved are not clearly established, this study
suggest a synergistic effect on several pathways controlling fatty acid metabolism, including SREBP1c
and lipogenic enzymes, such as SCD1 and FAS. Along the same lines, our results suggest that GCE
components, either independently or in combination with CAF, might lead to: (i) less lipogenesis
due to lower mTOR phosphorylation and higher nuclear levels of lipin-1, affecting FAS and SCD1
expression; (ii) a reduced amount of several DAG species; (iii) a lower HexCer/Cer ratio, which is a
marker of GCS activity; and (iv) reduced expression of hepatic VLDLR. Although these changes are
subtle, their combination might contribute to the different effects of the extract when compared to
caffeine alone.
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Abstract: Red Bull energy drink is popular among athletes, students and drivers for stimulating
effects or enhancing physical performance. In previous work, Red Bull has been shown to exert
manifold cardiovascular effects at rest and during exercise. Red Bull with caffeine as the main
ingredient increases blood pressure in resting individuals, probably due to an increased release of
(nor)-epinephrine. Red Bull has been shown to alter heart rate or leaving it unchanged. Little is known
about possible effects of caffeinated energy drinks on pulmonary ventilation/perfusion distribution
at sea level or at altitude. Here, we hypothesized a possible alteration of pulmonary blood flow in
ambient air and in hypoxia after Red Bull consumption. We subjected eight anesthetized piglets in
normoxia (FiO2 = 0.21) and in hypoxia (FiO2 = 0.13), respectively, to 10 mL/kg Red Bull ingestion.
Another eight animals served as controls receiving an equivalent amount of saline. In addition to
cardiovascular data, ventilation/perfusion distribution of the lung was assessed by using the multiple
inert gas elimination technique (MIGET). Heart rate increased in normoxic conditions but was not
different from controls in acute short-term hypoxia after oral Red Bull ingestion in piglets. For the
first time, we demonstrate an increased fraction of pulmonary shunt with unchanged distribution
of pulmonary blood flow after Red Bull administration in acute short-term hypoxia. In summary,
these findings do not oppose moderate consumption of caffeinated energy drinks even at altitude at
rest and during exercise.

Keywords: Red Bull energy drink; caffeine; taurine; hypoxia; ventilation/perfusion distribution;
multiple inert gas elimination technique; piglets

1. Introduction

After market release of Red Bull energy drink in April 1987 in Austria, caffeinated energy drinks
have become increasingly popular. During leisure time and in training, these energy drinks are popular
among athletes, students and drivers for stimulating effects or enhancing physical performance.

Nutrients 2020, 12, 1738; doi:10.3390/nu12061738 www.mdpi.com/journal/nutrients
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Beyond caffeine, one of the most popular beverages worldwide, these sugary drinks are enriched
with additives like taurine and glucuronolactone to a variable amount. Vitamins and minerals are
contained to a smaller amount. These ingredients account for a manifold of effects [1]. In previous
work, Red Bull has been shown to exert cardiovascular effects at rest and during exercise [2–11].

Plenty of data demonstrate a change of heart rate to a minor extent. Already one century ago,
the earliest studies in regards to the effect of caffeine on heart rate were reviewed [12]. Two decade ago,
Alford et al. demonstrated a rise of heart rate after ingestion of a 250 mL can of Red Bull [2]. This is in
line with work of Grasser et al., who demonstrated an increased heart rate and cardiac output after
355 mL of Red Bull at rest in 25 young healthy adults [3]. Moreover, such an increased heart rate has
been shown during a mental arithmetic task in 20 young healthy adults [7]. A current randomized,
crossover trial subjecting 38 healthy adults to several caffeinated energy drinks showed an increased
mean arterial blood pressure (MAP), QTc interval and heart rate [13]. These findings are supported by
other studies [4,5,11]. Aside of that data two studies reported an unchanged heart rate [8,9]. A larger
trial examining 68 young adults at rest demonstrated even a small drop in heart rate [10].

In regards to 24-h blood pressure, a study demonstrated an increased 24-h blood pressure in
nine healthy normotensive adults after 250 mL Red Bull compared to an equivalent amount of
caffeine [4]. This is in line with a larger study demonstrating an increased heart rate and systolic blood
pressure (SBP) and diastolic blood pressure (DBP) in 50 subjects early after 355 mL RB ingestion [5].
Furthermore, this group could exclude any acute effects on ventricular repolarization or conventional
electrocardiographic parameters, such as the PR-, QRS-, QT-, and QTc-intervals [5]. Earlier work by
Ragsdale, showing an unchanged blood pressure after 250 mL Red Bull ingestion, further impedes
interpretation of data [6].

In addition to the reported cardiovascular effects at rest, Alford demonstrated an improved
aerobic endurance and an improved anaerobic endurance during cycling after use of Red Bull [2].
In triathletes, an increased stroke volume and left ventricular end diastolic diameter after exercise
has been shown. The researchers of this small-scale study (with 13 subjects) concluded that taurine,
either alone or in combination with caffeine, is responsible for this increased contractility of the
left atrium [11]. More recently, Doerner and co-workers demonstrated an increased left ventricular
contractility assessed by cardiac magnetic resonance in 32 healthy resting volunteers [8].

Given those cardiovascular influences after energy drink consumption, sojourning to high altitude
may further amplify physiologic responses to hypoxia. At high altitude the reduced inspired paO2

leads to hypoxia-mediated smooth muscle contraction in the pulmonary vasculature. This hypoxic
pulmonary vasoconstriction (HPV) occurs without impairment in gas exchange. If caffeinated energy
drinks lead to ventilation/perfusion mismatching, it could further aggravate hypoxemia. Moreover,
hypoxic induced demand tachycardia may further rise after Red Bull consumption. The current
knowledge concerning effects of caffeine consumption at altitude is limited to four small studies. Those
trials show an increased endurance performance in hypoxic conditions [14–17]. However, no data exist
about possible effects of caffeinated energy drinks on pulmonary ventilation/perfusion distribution
at altitude. The scarcity of literature encountered when designing the study led us to believe that
this porcine model would be suitable for such a first pilot trial. Here, we hypothesized a possible
effect of Red Bull in regards to ventilation/perfusion distribution in hypoxia. We subjected eight
anesthetized piglets in normoxia (FiO2 = 0.21) and in hypoxia (FiO2 = 0.13) to 10 mL/kg Red Bull
ingestion, whereas another eight served as controls. In addition to standard cardiovascular data,
ventilation/perfusion distribution of the lung assessed by using the multiple inert gas elimination
technique (MIGET) was measured.
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2. Materials and Methods

2.1. Subjects

All experiments conformed to the guidelines of the National Institute of Health and were approved
on 27.09.2006 by the Austrian Federal Animal Investigational Committee (# GZ66.011/127-BrGT/2006).

Sixteen healthy, 4-week-old cross breed piglets (German land-race x Pietrain) of either sex were
selected from a local stock regularly used for experimental research. Prior to the experiment, all animals
were examined in the barn by a veterinarian to affirm healthy piglets. Acute sickness of piglets would
have led to exclusion. After arrival at the animal research facility, they were housed in a quiet and dark
barn. Thereafter, premedication was administered intramuscularly (im.) using Ketamine (20 mg/kg)
and Azaperon (4 mg/kg). Additionally, Atropine im. (0.01 mg/kg) was used to oppose a possible
ketamine-induced hypersalivation. After venepuncture of an ear, anaesthesia was inducted with
Propofol (4 mg/kg iv.) followed by tracheal intubation. Anaesthesia was maintained using Propofol iv.
(1–1.5 mg/kg/h; Perfusor, B. Braun Melsungen AG, Melsungen, Germany) and several boluses of 15 mg
Piritramide in order to keep all piglets deeply anesthetized.

All piglets were mechanically ventilated in a volume-controlled mode (Evita 2, Dräger,
23,558 Lübeck, Germany) with a fraction of inspired oxygen (FiO2) of 0.21 and a positive end-expiratory
pressure (PEEP) set at 5 mmHg. Tidal volumes (TV) were adjusted to values of 10 mL/kg at
15 breaths/min.

Throughout the procedure, Ringer’s solution (6 mL/kg/h) and a 3% gelatine solution (4 mL/kg/h)
served as compensation for any loss of blood and fluid. However, blood loss was less than 100 mL
during instrumentation. A standard lead II ECG was used to monitor cardiac rhythm. Body temperature
was maintained between 38 and 39 ◦C by using an electric heating blanket.

An 8.5 French pulmonary artery catheter was advanced from the internal jugular vein into the
pulmonary artery to measure mean pulmonary arterial pressure (mPAP), pulmonary capillary wedge
pressure (PCWP), central venous pressure (CVP) and cardiac output by the thermodilution technique
(10 mL saline in triplicate) and to withdraw mixed venous blood. A 6.0 French arterial catheter
introduced into the femoral artery was used to monitor systemic blood pressure and to take blood
samples. All catheters were filled with saline and connected to pressure transducers zeroed to ambient
pressure at the level of the right atrium.

2.2. Experimental Protocol

After surgical preparation, the animals were moved into prone position and left for a stabilization
phase of 30 min. Thereafter the first baseline measurements (i.e., 0 min) including hemodynamics,
blood gases, ventilation and MIGET were taken.

Sixteen animals were randomly assigned into two groups. Eight animals received Red Bull
(10 mL/kg) over a stomach tube (Charriere 10, length 125 cm, Maersk Medical A/S, Roskilde, Denmark),
whereas another eight were sham-tested with an equivalent volume of saline. All animals were
mechanically ventilated, spontaneous breathing efforts were not observed. Thirty min after baseline,
the first experimental leg started exposing all animals to ambient air (i.e., normobaric normoxia).
After 120 min, the second experimental leg started with taking a second baseline. Thereafter, all animals
were exposed to normobaric hypoxia with an FiO2 of 0.13 simulating an altitude of 14.000 feet
(equivalent to 4.267 m). After 150 min, animals assigned to the Red Bull group received another
bolus of Red Bull (5 mL/kg), whereas the remaining six received the corresponding amount of saline.
Hemodynamics and blood gas samples were performed every 30 min. MIGET was performed at 0, 30,
90, 120, 150 and 240 min.

We used a standard 250 mL can of Red Bull energy drink, containing 80 mg caffeine, 1.000 mg
taurine, 0.6 g glucuronolactone, 27 g carbohydrate (glucose, sucrose), 20 mg niacin (vitamin B3), 5 mg
pantothenic acid (vitamin B5), 5 mg vitamin B6, 5 μg vitamin B1 and 2 μg vitamin B12, respectively [18].
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Given the weight of the piglets (23.59 +/− 3.33 kg), 250 mL Red Bull resulted in a 3-fold higher dose
compared to the same volume in adults.

Respirator settings were not changed during the observation period in none of the animals.
After 240 min, the study ended with killing the animals using pentobarbital and potassium chloride.
No adverse events in the animals were observed.

Thereafter, the heart and the proximal parts of the great arteries were removed and inspected to
rule out any anatomical intra- or extracardial shunt connection.

The multiple inert gas technique was applied in the usual manner as described by [19–21]. In brief,
six inert gases, prepared in sterile 0.9% saline, were infused continuously. After obtaining a steady state
after 30 min, the six gas concentrations in expired gas, arterial and venous blood samples were assessed
by gas chromatography (Hewlett-Packard 5890, series II). Using the ratios of excretion and retention
allows to calculate ventilation/perfusion distribution using a least squares best fit regression analysis.

2.3. Statistical Analysis

A two-way ANOVA was used to determine inter- and intragroup differences. Significant results
were analysed post hoc with the Newman–Keuls and Fisher’s exact tests. Results are given as mean
and standard deviation, values of p ≤ 0.05 were considered significant.

3. Results

Eight anesthetized piglets were subjected to Red Bull in ambient air followed by normobaric
hypoxia. Another eight animals were sham-tested with an equivalent amount of saline in normoxia
followed by hypoxia.

Baseline data showed no differences between the two groups.

3.1. Hemodynamic Changes

Red Bull administration increased heart rate after 30 min in normoxia. In contrast, heart rate
remained unchanged in normoxic controls. After induction of hypoxia, heart rate increased in the
Red Bull group but remained unchanged after the second ingestion of Red Bull. In hypoxic controls,
heart rate showed a somewhat delayed course with a lesser increase after induction of hypoxia
compared to the verum group. Moreover, placebo treatment showed a trend towards heart rate increase
reaching comparable values of the Red Bull group until the end of hypoxia (Figure 1).
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Figure 1. Course of heart rate after consumption of Red Bull or placebo in normoxic and hypoxic
piglets (n = 16). 1 p < 0.01 versus control, 2 p < 0.05 versus control. Normoxia (FiO2 = 0.21) 0–120 min,
Hypoxia (FiO2 = 0.13) 120–240 min. Piglets (n = 8) received 10 mL/kg Red Bull at 0 min and 5 mL/kg at
150 min, respectively. Values are mean ± standard deviation.
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MPAP increased nearly 1.5-fold after start of hypoxia in both groups with a further increase in
the Red Bull group after the second dose of Red Bull at 210 and 240 min (in intragroup comparison).
Placebo treatment did not change mPAP in controls. Cardiac output (CO) remained unchanged during
normoxia in both groups. 30 min after induction of hypoxia CO increased in the Red Bull group only.
Thereafter, these verum animals showed lower values until the end of the experiment. CO in controls
showed a trend towards higher values after 210 min compared to the Red Bull group, but this failed to
reach significance (Table 1).

Table 1. Hemodynamic measurements (n = 16).

Time Point 0 min 30 min 90 min 120 min 150 min 210 min 240 min

Normoxia (FiO2 = 0.21) Hypoxia (FiO2 = 0.13)

MAP (torr) RB 87 ± 14 92 ± 12 97 ± 16 89 ± 12 86 ± 15 77 ± 9 82 ± 10
control 89 ± 9 101 ± 17 98 ± 6 94 ± 12 83 ± 8 83 ± 9 86 ± 16

mPAP (torr) RB 23 ± 3 24 ± 3 24 ± 2 24 ± 3 37 ± 4 40 ± 2 1 41 ± 3 1

control 23 ± 1 24 ± 2 24 ± 2 24 ± 2 38 ± 1 38 ± 5 39 ± 4

CO (l/min) RB 4.5 ± 0.7 4.3 ± 0.5 4.0 ± 1.0 4.2 ± 0.7 5.4 ± 0.6
2 4.8 ± 0.7 4.5 ± 1.1

control 4.5 ± 0.7 4.0 ± 0.6 4.0 ± 0.7 4.2 ± 1.2 4.3 ± 0.8 5.2 ± 1.3 4.6 ± 2.1
PCWP (torr) RB 13 ± 0 13 ± 1 12 ± 1 10 ± 2 9 ± 3 9 ± 3 10 ± 4

control 15 ± 2 15 ± 3 14 ± 2 12 ± 1 11 ± 1 10 ± 2 10 ± 2
CVD (torr) RB 9 ± 1 10 ± 2 10 ± 1 9 ± 3 9 ± 3 10 ± 1 10 ± 2

Control 10 ± 1 9 ± 1 9 ± 1 10 ± 1 11 ± 1 10 ± 2 10 ± 1
1 p < 0.05 versus 150 min, 2 p < 0.05 versus control. MAP reflects mean arterial blood pressure; mPAP reflects mean
pulmonary arterial blood pressure; CO reflects cardiac output; PCWP reflects pulmonary capillary wedge pressure;
CVD reflects central venous pressure. RB reflects Red Bull energy drink. Piglets (n = 8) received 10 mL/kg Red Bull
at 0 min and 5 mL/kg at 150 min, respectively. Values are mean ± standard deviation.

3.2. Bloodgas Changes

Arterial partial pressure of oxygen (paO2) and mixed venous partial pressure of oxygen (pvO2)
remained unchanged after oral Red Bull ingestion in normoxia. Shortly after exposure to hypoxia
arterial partial pressure of oxygen (paO2) and mixed venous partial pressure of oxygen (pvO2)
decreased in both groups. The second administration of Red Bull or placebo did not change paO2.
However, PvO2 was smaller at the end of the experiment after 240 min in the Red Bull group.

The first administration of Red Bull increased arterial partial pressure of carbon dioxide (paCO2)
after 30 min in normoxia. During the rest of the experiment, paCO2 in animals subjected to Red Bull was
higher than in the placebo group without reaching significance. In the Red Bull group, mixed venous
partial pressure of carbon dioxide (pvCO2) was greater after 30 min in normoxia compared to controls
and baseline values. Thereafter, pvCO2 in the verum group was greater after 90 min in normoxia and
after 210 and 240 min in hypoxia, respectively (Table 2).

Table 2. Blood gas measurements (n = 16).

Time Point 0 min 30 min 90 min 120 min 150 min 210 min 240 min

Normoxia (FiO2 = 0.21) Hypoxia (FiO2 = 0.13)

paO2 (torr) RB 98 ± 5 88 ± 4 88 ± 6 93 ± 4 35 ± 4 33 ± 2 33 ± 2
control 98 ± 6 90 ± 5 87 ± 3 93 ± 3 35 ± 5 33 ± 3 34 ± 4

paCO2 (torr) RB 37 ± 2 40 ± 3 1 39 ± 2 37 ± 1 38 ± 4 39 ± 5 39 ± 5
control 35 ± 2 35 ± 3 35 ± 3 36 ± 2 34 ± 5 36 ± 3 37 ± 3

pH RB 7.44 ± 0.03 7.40 ± 0.01 1 7.40 ± 0.02 7.43 ± 0.03 7.44 ± 0.04 7.33 ± 0.09 7.29 ± 0.10
control 7.46 ± 0.02 7.46 ± 0.03 7.43 ± 0.06 7.51 ± 0.02 7.48 ± 0.04 7.43 ± 0.04 7.39 ± 0.05

pvO2 (torr) RB 37 ± 2 35 ± 2 34 ± 2 34 ± 3 22 ± 1 17 ± 2 14 ± 2 1

control 36 ± 0 33 ± 2 33 ± 2 35 ± 3 22 ± 3 19 ± 2 21 ± 4
pvCO2 (torr) RB 41 ± 2 46 ± 3 1,2 46 ± 2 1,2 43 ± 2 43 ± 4 47 ± 6 3 48 ± 6 3

control 41 ± 3 40 ± 5 41 ± 4 41 ± 4 39 ± 4 40 ± 3 42 ± 3
1 p < 0.05 versus control, 2 p < 0.05 versus 0 min, 3 p < 0.05 versus 150 min. PaO2 reflects arterial partial pressure
of oxygen; paCO2 reflects arterial partial pressure of carbon dioxide; pH reflects arterial pH; pvO2 reflects mixed
venous partial pressure of oxygen; pvCO2 reflects mixed venous partial pressure of carbon dioxide. RB reflects
Red Bull energy drink. Piglets (n = 8) received 10 mL/kg Red Bull at 0 min and 5 mL/kg at 150 min, respectively.
Values are mean ± standard deviation.
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3.3. Ventilation/Perfusion Changes

In normoxic conditions, ingestion of Red Bull or placebo did not change ventilation/perfusion
distribution. Furthermore, induction of hypoxia did not change these variables. After the second Red
Bull dose, blood flow to unventilated lung units (i.e., the fraction of shunt) increased after 240 min
(Figure 2).
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Figure 2. Course of shunt fraction after consumption of Red Bull or placebo in normoxic and hypoxic
piglets (n = 16). 1 p < 0.05 versus control. Shunt reflects unventilated lung units. Normoxia (FiO2 = 0.21)
0–120 min; Hypoxia (FiO2 = 0.13) 120–240 min. Piglets (n = 8) received 10 mL/kg Red Bull at 0 min and
5 mL/kg at 150 min, respectively. Values are mean ± standard deviation.

Moreover, in these verum animals, blood flow to normally ventilated units (normal VA/Q of
Q) showed a trend towards decrease after 240 min without reaching significance. The mean of the
distribution of perfusion (mean of Q) showed a trend towards a small increase, but this also did not
reach significance. The distribution of pulmonary blood flow (expressed as the logarithmic deviation of
the standard of the mean of the distribution of perfusion, i.e., LogSDQ) remained unchanged (Table 3).

Table 3. Inert gas data (n = 16).

Time Point 0 min 30 min 90 min 120 min 150 min 240 min

Normoxia (FiO2 = 0.21) Hypoxia (FiO2 = 0.13)

Low VA/Q of Q (%) RB 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
control 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1.2 ± 1.8 0.7 ± 1.1

Norm VA/Q of Q (%) RB 96.8 ± 2.2 95.0 ± 2.5 97.3 ± 1.5 98.0 ± 2.5 98.1 ± 0.9 93.3 ± 2.2
control 99.1 ± 1.4 99.2 ± 1.9 98.8 ± 1.5 97.8 ± 1.7 96.7 ± 1.7 97.0 ± 1.7

High VA/Q of Q (%) RB 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.5 ± 0.9
control 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Mean of Q RB 0.62 ± 0.18 0.60 ± 0.16 0.62 ± 0.11 0.73 ± 0.26 0.75 ± 0.32 1.26 ± 0.54
control 0.86 ± 0.19 0.88 ± 0.31 0.86 ± 0.20 0.63 ± 0.14 0.59 ± 0.21 0.67 ± 0.29

LogSDQ RB 0.39 ± 0.08 0.45 ± 0.16 0.43 ± 0.06 0.36 ± 0.05 0.43 ± 0.15 0.68 ± 0.27
control 0.45 ± 0.14 0.52 ± 0.12 0.47 ± 0.12 0.63 ± 0.20 0.57 ± 0.13 0.54 ± 0.06

Low VA/Q reflects lung units with a low VA/Q ratio; norm VA/Q reflects normal VA/Q lung units; high VA/Q reflects
high VA/Q lung units; mean of Q reflects mean of the distribution of perfusion; logSDQ reflects logarithmic deviation
of standard of the mean of the distribution of perfusion; RB reflects red Bull energy drink. Piglets (n = 8) received
10 mL/kg Red Bull at 0 min and 5 mL/kg at 150 min, respectively. Values are mean ± standard deviation.

In the MIGET, adequacy of fit of the data to the model is assessed by the remaining sum of squares
(RSS). RSS was ≥ 10.6 in 91.2% of all MIGET analysis, thereby indicating good data quality.
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4. Discussion

The salient finding of this study is that, in a controlled laboratory trial, Red Bull significantly
increased pulmonary shunt fraction with unchanged distribution of pulmonary blood flow after Red
Bull consumption during short-term exposure to acute hypoxia. Moreover, we could demonstrate an
increased heart rate after high dose Red Bull ingestion at near sea level in piglets.

The increased heart rate after Red Bull ingestion is in line with previous work performed in
man [2–5,7,11,13,22]. We observed a larger increase of heart rate as we chose a threefold higher amount
of Red Bull compared to studies conducted in adults. In contrast to those studies, two recent trials
reported an unchanged heart rate [8,9]. In total, 67 adults received Red Bull doses of 168 mL/m2 body
surface area (BSA) corresponding to a volume of about 350 mL.

Ten years ago, Ragsdale and co-workers reported a trend towards drop of heart rate after 250 mL
Red Bull ingestion in 68 undergraduate students [6].

Recent work examining 44 young Iranians at rest demonstrated a small drop in heart rate after
Red Bull administration [10]. However, Hajsadeghi et al. used 250 mL but did not report the weight of
the subjects. A study conducted over two decades ago reported a drop in heart rate in 10 endurance
athletes after consumption of half a litre of Red Bull during submaximal exercise [23]. Bichler et al.
observed a decreased heart rate shortly after administration of pills containing caffeine and taurine in
college-students [24].

In summary, a comparison of trials reporting changes in heart rate still remains difficult given the
different approaches used, variable volumes of Red Bull or any potential influences of sex category
or age. Moreover, the extent of common caffeine consumption plays a pivotal role. As early as
1981, frequent caffeine consumers have been shown to respond less to acute administration than
caffeine-naive individuals [25]. However, since piglets are life-long caffeine abstinent, we did not take
regular caffeine consumption into account.

Acute hypoxia induces demand tachycardia as one mechanism of short-term adaption in preserving
convective oxygen transport [26]. Here, we observed an accelerated heart rate at once in acute hypoxic
exposure in the verum group only. Moreover, cardiac output at this time point was also higher,
most likely due to the tachycardic response and a preserved stroke volume [27]. One could guess that
consumption of Red Bull at high altitude may further accelerate tachycardia. Thus, maximum heart
rate could be reached earlier being detrimental for oxygen delivery at high altitude. However, after
the second dose of Red Bull, heart rate showed a trend to rise without any significance. Moreover, it
remained nearly unchanged thereafter. In contrast, placebo treated piglets showed a smaller increase
of heart rate at commencement of hypoxia. Until the end of the experiment, this group reached nearly
the same heart rate as the verum group. In summary, our findings demonstrate that a high dose of Red
Bull does not worsen tachycardia at high altitude.

Staying at high altitude exposes to reduced inspired paO2 without impairment in gas exchange.
Whether energy drink consumption at high altitude impairs pulmonary blood flow and thus may
limit hypoxic exercise performance is still not answered. Up to date, only four small studies reporting
caffeine consumption in hypoxic conditions exist, all of them reporting an increased endurance
performance [14–17]. Nearly twenty years ago, researchers Berglund and Hemmingsson reported an
improved exercise performance at 2900 m. They subjected fourteen well-trained cross-country skiers to
6 mg/kg caffeine during competition in a time trial over 21 km [14]. Later on, Fulco and co-workers used
a smaller caffeine dose (4 mg/kg) in eight adults cycling at 4300 m. These researchers demonstrated a
prolonged time to exhaustion at 80% of the altitude-specific maximal oxygen consumption (VO2max) [15].
A small controlled study investigated the ergogenic effect of ingestion of 4 mg/kg caffeine in seven
male adults in moderate hypoxia. At simulated 2500 m, caffeine prolonged time to exhaustion and
increased the heart rate to a greater extent during high-intensity cycling than in controls. Moreover,
the authors excluded a caffeine-associated reduction in neuromuscular fatigue during performance at
moderate altitude [16]. Stadheim and colleagues demonstrated a prolonged time to exhaustion during
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double poling at sub-maximal exercise in 2000 m. However, the 13 cross-country skiers consumed half
as much caffeine (4.5 mg/kg) as used in our study [17].

Those four studies used caffeine only and focused on exercise performance. In the present study,
we were interested to know if Red Bull, a caffeinated energy drink, impacts pulmonary blood flow
or HPV. We observed an increased shunt fraction after Red Bull consumption during acute exposure
to short-term hypoxia. Furthermore, we observed increased pvCO2 values shortly after Red Bull
ingestion in hypoxia. A possible explanation could be a decreased pulmonary CO2 elimination due to
shunt which can be excluded here as arterial gas exchange appeared to be unchanged. The 20-fold
higher diffusion capacity of CO2 compared to O2 makes this even more unlikely. In addition to that,
the increased shunt did not correspond with a decreased normal VA/Q (only a trend) as one could
expect. Moreover, we did not observe a further worsening of gas exchange or ventilation/perfusion
distribution in hypoxia. In summary, Red Bull consumption did not alter gas exchange at high altitude
in piglets. However, careful transfer of our findings to humans is coercible.

The respiratory stimulant nature of caffeine is long known. Before World War I, Cushney showed
an increased respiratory rate to carbon dioxide after caffeine [28]. These data have been confirmed
some decades later [29,30]. Moderate caffeine doses (around 3 mg/kg) have been demonstrated to
increase alveolar ventilation while exercising moderately [31]. Another group showed a rise of hypoxic
ventilatory response (HVR) using high doses (nearly 10 mg/kg) [32].

Recently, Cavka and co-workers were able to demonstrate an increased respiratory rate and flow
rate, respectively, at rest and during moderate exercise after ingestion of half a litre of Red Bull in
38 college students. These researchers showed an activation of the sympathetic nervous system and
hypothesized a notable dilation of bronchioles [33]. Recent data from Spanish colleagues showed an
increased cycling performance in ambient air as well as enhanced muscle oxygen saturation assessed
at the thigh at moderate workloads (30–60% of VO2max) after caffeine intake (3 mg/kg). Moreover,
peak pulmonary ventilation during exercise and blood lactate after exercise were higher [34]. The most
likely candidate for these effects is caffeine without any certain evidence up to date. Here, we did not
observe an influence of Red Bull on respiratory drive as paCO2 and ventilation of the anesthetized
piglets remained unchanged until termination of the experiment.

From a physiological point of view the intake of an ample amount of sugar (here around 40 g of
sugars in about 375 mL Red Bull per piglet) has to be taken into account when interpreting our results.
In the present study, paCO2 was higher after Red Bull ingestion (i.e., after 27 g of sugars) in ambient air.
Such a glucose load may have led to an increased carbon dioxide production (VCO2) and consequently,
given our fixed minute ventilation, an increased PaCO2 with a successive depression of pH. Moreover,
it is known that combined consumption of caffeine and glucose causes a state of hyperinsulinemia and
hyperlipidemia [35].

Beside the actions of caffeine and glucose, taurine needs to be considered when interpreting our
results. Hypotensive effects were demonstrated in several studies using different hypertensive animal
models (for reviews see [36,37]). Nearly 40 years ago, Bousquet et al. showed a drop in heart rate and
blood pressure after taurine injection directly into a ventricle of the brain in cats [38]. Data in man
showed a modulation in myocardial myofibrillar proteins with an inotropic effect in the failing heart
secondary to cardiomyopathy in seventeen patients [39]. Recently, the first randomized, double-blind,
placebo-controlled clinical trial showed a blood pressure drop after a twelve-week lasting oral taurine
supplementation in prehypertensive adults. In regards to exercise performance, taurine has been
shown to increase left atrial contractility after exercise in endurance-trained subjects [11]. This was
demonstrated in comparison of Red Bull and a drink containing only caffeine. Those aforementioned
beneficial effects of taurine may counterbalance the cardiovascular effects of the remaining ingredients
of Red Bull. We can only hypothesize that taurine attenuated a possible caffeine induced blood
pressure rise.
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Limits

A few limits have to be taken into account in interpretation of our results. First, the small sample
size is clearly a limitation. However, we sought to reduce the number of animals needed as far
as possible without curtailing statistical power. Clearly, using a murine model would allow for a
greater sample size and deeper statistical analyses. Here we used this porcine model to obtain values
resembling those in men (e.g., pulmonary blood pressures) and for giving us the possibility to perform
the MIGET method. Second, this data recorded in piglets has to be transferred cautiously into any
recommendations regarding humane consumption of caffeinated energy drinks. Third, we did not
obtain blood glucose levels, which hampers interpretation of a possible glucose effect in Red Bull.

Lastly, further research, even in a murine or a humane setting, needs to differentiate between
effects of caffeine and taurine alone, respectively, either at sea level or at high altitude.

5. Conclusions

In summary, high dose Red Bull consumption raised heart rate at near sea level in piglets.
During acute exposure to short-term hypoxia, it did not worsen tachycardia. In regards to pulmonary
blood flow, we demonstrated an increased pulmonary shunt fraction with unchanged distribution
of pulmonary blood flow. We conclude that Red Bull did not alter gas exchange at high altitude in a
porcine model of acute short-term hypoxia.
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Abbreviations

CO cardiac output
CO2 carbon dioxide
CVD central venous pressure
DBP diastolic blood pressure
HPV hypoxic pulmonary vasoconstriction
MAP mean arterial blood pressure
LogSDQ logarithmic deviation of standard of the mean of the distribution of perfusion
Mean of Q mean of the distribution of perfusion
MIGET multiple inert gas elimination technique
MPAP mean pulmonary arterial blood pressure
MR magnetic resonance
O2 oxygen
PaO2 arterial partial pressure of oxygen
PaCO2 arterial partial pressure of carbon dioxide
PCWP pulmonary capillary wedge pressure
PEEP positive end-expiratory pressure
pH arterial pH
PvO2 mixed venous partial pressure of oxygen
PvCO2 mixed venous partial pressure of carbon dioxide
RSS remaining sum of squares
SBP systolic blood pressure
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TV Tidal volumes
VA/Q Ventilation/perfusion
VO2max maximal oxygen consumption
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Abstract: Caffeine–a methylxanthine analogue of the purine bases adenine and guanine–is by far
the most consumed neuro-stimulant, being the active principle of widely consumed beverages
such as coffee, tea, hot chocolate, and cola. While the best-known action of caffeine is to prevent
sleepiness by blocking the adenosine receptors, caffeine exerts a pleiotropic effect on cells, which
lead to the activation or inhibition of various cell integrity pathways. The aim of this review is to
present the main studies set to investigate the effects of caffeine on cells using the model eukaryotic
microorganism Saccharomyces cerevisiae, highlighting the caffeine synergy with external cell stressors,
such as irradiation or exposure to various chemical hazards, including cigarette smoke or chemical
carcinogens. The review also focuses on the importance of caffeine-related yeast phenotypes used
to resolve molecular mechanisms involved in cell signaling through conserved pathways, such as
target of rapamycin (TOR) signaling, Pkc1-Mpk1 mitogen activated protein kinase (MAPK) cascade,
or Ras/cAMP protein kinase A (PKA) pathway.

Keywords: caffeine; Saccharomyces cerevisiae; irradiation; DNA damage; TOR; signaling; lifespan

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is the best-known chemical constituent of coffee and one of
the most widely consumed and socially accepted natural stimulants. As an important constituent
of coffee, but also of other largely-consumed beverages such as tea, chocolate, and cola-like drinks,
caffeine is by far the most ingested methylxanthine, along with the less representative theophylline
(1,3-dimethylxanthine, encountered in tea) and theobromine (1,7-dimethylxanthine, mostly found in
cocoa). Caffeine is also widely used as an important ingredient of various medicine and non-prescription
drugs (used against headaches, common cold, or as appetite suppressants), sports and energy drinks,
nutritional supplements, and cosmetics. The scientific literature dealing with the biological effects of
caffeine is vast, revealing a large amount of evidence on both the beneficial and deleterious effects,
on indications and contraindications, on adverse effects and toxicity, etc. The action of caffeine at the
cellular level has been intensively investigated, and there are three fundamental mechanisms which
are universally recognized: intracellular mobilization of calcium, inhibition of phosphodiesterases,
and antagonism at the level of adenosine receptors [1].

Caffeine belongs to the purine alkaloid family closely linked with the bases adenine and guanine
(Figure 1), which are fundamental components of nucleosides, nucleotides, and the nucleic acids [2].
Caffeine is a low-affinity adenosine and ATP analogue which interacts with a number of cellular
processes, including cell growth, DNA metabolism, and cell cycle progression [3].

Nutrients 2020, 12, 2440; doi:10.3390/nu12082440 www.mdpi.com/journal/nutrients
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Figure 1. Chemical structures of some purines chemically related to caffeine.

In this review, we present some of the studies set to unravel the caffeine mechanisms of action using
Saccharomyces cerevisiae as a model for the eukaryotic cell. A model organism is used in scientific research
for various reasons: simplification of the biological context, overcoming ethical and experimental
constraints, elimination of redundancies, the establishment of a framework for development and
optimization of analytical methods, etc. Importantly, a model organism has to be representative of a
larger class of living beings [4]. S. cerevisiae, a relatively simple unicellular eukaryote, has emerged as a
versatile and robust model organism to study the fundamental factors that determine eukaryotic cell
biology [5]. S. cerevisiae is most utilized by the research community due to its amenability to genetic
studies, comprehensive genome annotation [6], and a high degree of homology of essential cellular
organization and metabolism with higher eukaryotes [7]. Additionally, S. cerevisiae is an invaluable
tool in genomic studies, resistance profiling, metabolome studies, and metabolic engineering [8–12].
S. cerevisiae offers insights into the complex mechanisms underlying the sensing and response to the
external conditions, including exposure to a plethora of synthetic and natural chemical compounds,
such as caffeine. S. cerevisiae is generally responsive to caffeine, as it was uncovered that this substance
affects yeast cell growth and morphology, DNA repair mechanisms, intracellular calcium homeostasis,
and cell cycle progression [13].

This paper provides an overview on the studies that used S. cerevisiae to unravel some potential
effects of caffeine on the eukaryotic cells, with a focus on caffeine transport in yeast cells, caffeine
influence on cells exposed to irradiation, caffeine interaction with target of rapamycin (TOR) and cell
wall integrity pathways, and caffeine influence on the lifespan of the cells.

2. Caffeine: Transport and Toxicity in S. cerevisiae

The effects of caffeine on cells are pleiotropic, causing delays to cell cycle progression; changes in cell
morphology; and in high doses, cytotoxicity. Due to structural similarity to nucleotides (Figure 1), it has
been considered that caffeine taken up by the cells could affect DNA replication and/or transcription [13].
Caffeine uptake by S. cerevisiae cells has not been investigated in detail. Being non-essential, it is
expected that caffeine would be carried into the cell by a non-specific transporter, such as purine
permease. In S. cerevisiae, FCY2 encodes for a purine-cytosine permease, which mediates purine
(adenine, guanine, and hypoxanthine) and cytosine accumulation [14]. Fcy2 may also translocate
caffeine into the yeast cell, as it was shown that fcy2Δ knock-out strain cannot accumulate caffeine
from the medium [15]. In the yeast genome, two more purine-cytosine permease encoding genes are
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annotated, FCY21 and FCY22, which belong to the same family as FCY2. Nevertheless, despite of the
nucleotide sequence similarity, neither FCY21 nor FCY22 can complement FCY2 absence [16], and the
role of Fcy21 or Fcy22 in the eventual caffeine accumulation has not been specifically investigated.

Caffeine efflux into the extracellular space is better understood, and it is ensured by two
ATP-binding cassette (ABC)-transporters responsible for the multidrug resistance in yeast, i.e., Snq2
and Pdr5. In fact, Snq2 was firstly described as the transporter responsible for caffeine detoxification,
when SNQ2 was identified as a caffeine-resistance gene by screening a genomic library of S. cerevisiae
in a multicopy vector. Multicopy of PDR5 also conferred resistance to caffeine but to a lower extent
compared to SNQ2 [17]. Pdr5 is also a plasma membrane ABC transporter and a functional homolog of
Snq2. Investigation of the functional roles of Snq2 and Pdr5 demonstrated that Snq2 and Pdr5 mediate
caffeine efflux (and subsequently caffeine resistance) in S. cerevisiae cells [17]. Using evolutionary
engineering and molecular characterization of a caffeine-resistant S. cerevisiae strain, it was found that
caffeine resistance could be gained generally by overexpression of pleiotropic drug resistance genes.
The study identified a mutation in PDR5 but also in PRD1, which encodes the transcription factor
which regulates PDR5 and SNQ2 expression, indicating that resistance to caffeine can be correlated
with an efficient and active system of extrusion from the cell [18]. An ABC-transporter gene BFR1 from
Schizosaccharomyces pombe was expressed into S. cerevisiae, resulting in enhanced caffeine resistance,
suggesting that ABC-transporters can be an efficient way to reduce caffeine toxicity in heterologous
systems [19]. In mammals, caffeine detoxification is mediated by P450 enzyme [20] and while no
specific transporter has been associated with caffeine cellular export, multidrug resistance transporters
cannot be excluded. In this line of evidence, caffeine was often used as a pharmacological substrate
when studying ABC drug transport characteristics of mammalian cell lines, especially in cocktail
approaches [21–24].

Caffeine resistance was also acquired in S. cerevisiae by overexpression of HSE1 (encoding a
subunit of the endosomal Vps27p-Hse1p complex required for sorting of ubiquitinated membrane
proteins into intralumenal vesicles prior to vacuolar degradation, as well as for recycling of Golgi
proteins and formation of lumenal membranes [25]), RTS3 (encoding a putative component of the
protein phosphatase type 2A complex, [26]), and SDS23 and SDS24 (both encoding proteins involved
in cell separation during budding [27,28]). None of these genes encodes a transporter, and the deletion
of any one of these genes resulted only in mild caffeine sensitivity; nevertheless, the combination of
multiple deletions strongly sensitized the yeast cells to caffeine, suggesting the multiple effects that
caffeine exerts on yeast cells [29].

The pleiotropic effect of caffeine on S. cerevisiae can be used to develop a model to study the
toxic effects of various substances [30]. It was found that caffeine toxicity is enhanced in yeast cells
following exposure to cigarette smoke and that yeast efflux transporters are targets of cigarette
smoke chemicals, suggesting once more that associating caffeine-rich products with smoking is not
recommended [31]. In line with habitual behavior studies and considering that most of the caffeine
beverages are consumed hot (tea, coffee, chocolate), it was revealed that associating caffeine exposure
with hyperthermia had an increased mutagenic effect on S. cerevisiae cells when pure caffeine was
used [32]. Caffeine was also shown to reduce the ozone-survival of the wild-type and the rad1 and
rad6 mutants of S. cerevisiae, whereas no effect was observed in the rad52 mutant [33]. The interaction
between caffeine and S. cerevisiae has been also used as a model system to explore the toxicity of the
antitumoral agent 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), when caffeine showed some effect
in enhancing BCNU toxicity by decreasing both the mutagenic and the recombinogenic potential
of the drug [34]. A similar system was used to explore the potency of the Topoisomerase II poison
N-[2-dimethylamino)ethyl]acridine-4-carboxamide (DACA), whose toxicity on yeast cells was slightly
decreased by caffeine [35].

An exogenous substance with biological activity is expected to exert some effect at the plasma
membrane level, and the ability of caffeine to block calcium entry into the yeast cell is one of such
effects [36]. Caffeine was found to act upon the yeast plasma membrane by effectively inhibiting the
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uptake of extracellular calcium induced by amiodarone but to be only moderately effective in inhibiting
the amiodarone-induced release of calcium from intracellular stores, indicating that caffeine effectively
blocks the uptake of extracellular calcium but does not completely eliminate the release of calcium
from intracellular stores [37].

3. Caffeine: Between Radio-Protector and Radio-Sensitizer

S. cerevisiae cells is a suitable organism to study the effect of radiation upon the eukaryotic cell
and also a convenient platform to identify chemicals that alter this interaction. Some early studies
suggested that caffeine potentiates the biological effects of radiation and chemical mutagens in a variety
of organisms, including S. cerevisiae [38].

3.1. UV Irradiation

S. cerevisiae cells treated with caffeine show a significant increase in radio-sensitivity to various
UV doses [39], and it was reported that caffeine had a synergic effect on sensitizing the UV irradiated
cells in both haploid and diploid strains [40]. These early studies incriminated caffeine as an inhibitor
of DNA repair mechanisms but without relating the caffeine sensitivity with the DNA repair pathways.
In subsequent studies, a pronounced inhibitory effect of caffeine on the Rad54-dependent repair of
UV-irradiation damage was reported, an inhibition that was strongly dependent on the concentration
of caffeine [41]. Later, other research groups confirmed the dose-dependent inhibitory effect of caffeine
on the Rad54-dependent repair of UV-irradiation damage [42,43].

Caffeine was also shown to inhibit some DNA repair mechanisms, reducing the generation
of cdc+ colonies under UV irradiation. In S. cerevisiae, the CDC8 gene encodes for a thymidylate
kinase involved in DNA replication, also required when UV irradiation induces gene conversion
and gene mutation events and induction of cdc+ colonies. Inhibition of DNA replication by caffeine
diminishes the formation of cdc+ colonies, indicating that the latter arises as a result of errors in DNA
replication [44].

3.2. γ-Irradiation

The effect of caffeine on irradiated S. cerevisiae cells was also studied for γ-irradiation. A slight
caffeine-sensitizing effect was found for the rad5l and rad54 mutants, which show defects in the repair
of X-ray induced damage [45]. The results suggested that caffeine enhanced radiation-induced cell
killing and that the caffeine-sensitive process involved in the repair of γ-ray-induced lesions interfered
with a recombinational repair mechanism occurring in cells in S or G2 phase [41].

The DNA damage induced by γ-irradiation of S. cerevisiae cells was also analyzed by a single-cell
gel electrophoresis of spheroplasts. By monitoring the γ-radiation-induced DNA damage, repair,
and radioprotection, this study indicated a radioprotective effect of caffeine in a dose-dependent
manner [46].

The S. cerevisiae cells have two different physiological states, aerobic and anaerobic.
Cells anaerobically grown do not have functionally active mitochondria, and the energy is generated
only through glycolysis. It was shown that caffeine acted like a radioprotector against γ-radiation only
in the case of yeast cells grown aerobically, in the presence of oxygen. The radioprotection offered to
aerobically-grown cells did not influence the recovery process through biosynthetic reparatory ways,
as caffeine did not influence the DNA repair process directly. Rather, the caffeine radioprotective
phenotype observed involved scavenging of the reactive oxygen species produced by irradiation [47].
In contrast, caffeine acted as a radio-sensitizer for anaerobically grown cells [47].

The effect of caffeine was also monitored in relation with the mutagenic action of 60Co-generated
γ-radiation or of 4-nitroquinoline 1-oxide (4-NQO) exposure. The results indicated that caffeine
decreased γ-radiation-induced gene conversion frequencies. In contrast, caffeine was found to increase
the induced gene conversion frequency in cells treated with 4-NQO, suggesting that the repair processes
following γ-irradiation or 4-NQO treatment involve different pathways [48].
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4. Caffeine and Cell Response to DNA Damage

Irradiation is often linked to DNA damage events; therefore, it was natural to investigate the effect
of caffeine on cell response to DNA damage. In yeast cells, caffeine was shown to inhibit some checkpoint
kinases involved in DNA double-strand breaks (DSB) repair. DSB are highly deleterious events that
may lead to chromosomal abnormalities, cell death, and cancer, and repair of chromosome breaks
occurs by several highly conserved pathways [49]. In S. cerevisiae, the response to DSB is controlled by
DNA damage checkpoint signal-transduction pathways, which include the redundant protein kinases
Mec1 and Tel1, members of the family of phosphatidyl inositol 3 (PI3) kinases [50–52], which are targets
of caffeine-induced inhibition. To cope with DNA damage, Mec1/Tel1 and their downstream target
kinase Rad53 regulate various cell cycle events (Figure 2). These responses allow enough time for DSB
repair and ultimately for mitosis prevention in the presence of a broken chromosome.

Figure 2. Activation of effector kinases by DNA damage in Saccharomyces cerevisiae cells. The central
components are two redundant kinases: Mec1 (Mitosis entry checkpoint 1; ATR in mammals) and Tel1.
(Telomere maintenance 1; ATM in mammals). Mec1 is hyperactivated in response to different DNA
injuries and is essential for cell viability; Tel1 is activated primarily by double-strand breaks (DSBs),
and its loss is not lethal in yeast. Mec1/Tel1 activate the effector kinase Rad53. In G2 phase, Rad53
activation is mediated by Rad9, in response to DNA damage. Crosstalk between Mec1 and Tel1 can
occur if stalled replication forks collapse since they can generate DSBs. Rad53 inhibits G1/S, Sphase
and G2/M cell cycle transitions. Adapted after [51,52].

Interaction between yeast cells and caffeine was used to demonstrate that Mec1/Tel1-dependent
intra-S-phase checkpoint activation inhibits Rad52 foci formation, which occurs as a response to
replication forks collapsing [53]. Induction of the intra-S-phase checkpoint by hydroxyurea (HU)
inhibits Rad52 focus formation in response to ionizing radiation. This inhibition is dependent upon
Mec1/Tel1 kinase activity, as HU-treated cells form Rad52 foci in the presence of the PI3 kinase inhibitor
caffeine [54].

Upon activation, Mec1 and Tel1 also act directly on chromatin by phosphorylating histone
H2A on seryl-129 residue to yield H2A-S129 [55]. When caffeine was used to inhibit Mec1 and Tel1
after DSB induction, it was observed that prolonged phosphorylation of H2A-S129 did not require
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continuous Mec1 and Tel1 activity and that caffeine treatment could affect homologous recombination
also independently of Mec1 and Tel1 inhibition, by interfering with the 5′ to 3′ end resection of the
DSB [56]. As similar effects of caffeine treatment were observed on irradiated HeLa cells, the potential
of caffeine as a DNA damage-sensitizing agent in cancer cells is considered high, because the caffeine
treatment targets one of the earliest steps in homologous recombination, independently of ATM/ATR
inhibition (the PI3 kinase in mammalian cells corresponding to Mec1 and Tel1 kinases from the budding
yeast) [57].

In eukaryotes, DNA damage triggers the DNA damage checkpoint, causing cells to become
blocked in cell cycle progression (Figure 2). In S. cerevisiae, even the presence of a single DSB produces
G2/M arrest, before anaphase [56]. Sometimes cells with irreparable DNA damage can escape arrest,
by adaptation after a long checkpoint-mediated delay; this adaptation depends on the extent of DNA
damage [57]. Srs2 is a DNA helicase and a DNA-dependent ATPase with a role in DNA repair and
checkpoint recovery, and it was reported that caffeine can reverse the permanent pre-anaphase arrest
of srs2Δ cells, supporting the idea that caffeine has the ability to override DNA damage checkpoints.
Even though the cells lacking Srs2p helicase apparently completed DNA repair after caffeine treatment,
the cells failed to recover, proving that Srs2p is required to turn off the DNA damage checkpoint. It was
observed that inactivation of the checkpoint restores the viability of most srs2Δ cells, indicating that the
cause of lethality of these mutant cells is the incapacity to turn off the checkpoint after the completion
of DNA repair [58].

Another kinase targeted by caffeine in yeast is Kin3 kinase. In S. cerevisiae, KIN3 was identified as
a gene that encodes for a structural homolog of NIMA serine-threonine kinase required in Aspergillus
nidulans for DNA damage response and in the regulation of G2/M phase progression [59,60]. S. cerevisiae
cells that were either deleted for KIN3 or were overexpressing it had no detectable growth phenotypes,
but it was noticed that caffeine abolished KIN3 expression induced by genotoxic agents, such as methyl
methanesulfonate (MMS), cisplatin and doxorubicin, indicating that Kin3-activating signal is mediated
by the caffeine-sensitive pathways. As caffeine can inhibit the DNA damage checkpoint transducers
Mec1 and Tel1 [54,61], it was concluded that Kin3 can play a role in Tel1/Mec1-dependent pathway
activation induced after the genotoxic stress [62].

Topoisomerases are highly conserved proteins, required for many aspects of DNA metabolism.
In yeast, DNA Topoisomerase III is encoded by gene TOP3, whose deletion in S. cerevisiae causes
hyperrecombination, meiotic defects, sensitivity to genotoxic agents, and poor growth due to
accumulation of S/G2 DNA [63]. In a comparative analysis over the effects of caffeine on a cell
culture overexpressing TOP3 after exposure to mutagen MMS, it was observed that caffeine-treated
cells successfully traverse S phase, while caffeine non-treated cells failed to show any significant
recovery and remained with a mid-S DNA content, suggesting that a persistent checkpoint-mediated
cell cycle delay leads to the impaired S-phase progression that can be overridden by the addition of
caffeine [64].

Interaction of caffeine with S. cerevisiae cells was also used for studies on Ribonucleases H [65].
Ribonucleases H are capable of recognizing RNA-DNA duplexes, degrading only the RNA strand,
being of high importance in maintaining the genome stability in the eukaryotic cell. RNases H are
classified into type 1 and type 2, encoded in yeast by the RNH1 and RNH2 genes, respectively [66].
The effects of caffeine were studied in yeast strains carrying deletions of RNH1, RNH2, or both, and it
was noticed that the absence of RNase H1 in a strain that has an active RNase H2 diminishes the
deleterious effects of caffeine and that in caffeine-treated cells, the un-degraded RNA-DNA hybrids
influence DNA synthesis by damaging or perturbing the cell cycle [67].

5. The Target-of-Rapamycin (TOR) Pathway is also the Target-of-Caffeine

Evolutionarily conserved target of rapamycin (TOR) kinase is a major regulator of cell growth
and metabolism in response to a broad set of environmental signals and stress conditions. Because its
defects were noted to be involved in disorders such as cancer, neurological, metabolic, inflammatory,
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and autoimmune diseases, as well as in ageing [45,68,69], TOR kinase became a target for many clinical
research studies, and investigation of TOR signaling regulators is particularly important for developing
effective therapeutic strategies [70–72]. The TOR kinase is a member of the phosphatidylinositol 3
(PI3) kinase family, and therefore, it is susceptible to caffeine. In yeast and in higher eukaryotes, the
TOR kinase is part of two protein complexes, named TOR Complex 1 (TORC1) and TOR Complex 2
(TORC2) [73].

The TOR pathways regulate the cellular growth under normal conditions, by stimulating ribosome
biogenesis and by controlling the precursors for amino acids and other nitrogenous molecules’ synthesis
(Figure 3a). Under harsh environment conditions, such as starvation or excess, the cell metabolic
reprogramming is induced via signal transduction pathways involving Tor1 and Tor2, two homologous
TOR kinases found in TORC1 and TORC2 [74]. Either Tor1 or Tor2 can function in TORC1, whereas
only Tor2 supports TORC2 function (Figure 3b). S. cerevisiae has been very useful as model organism
for understanding the role of TOR signaling in the regulation of cell growth and aging [75,76], and for
this purpose, yeast cells are usually grown under nitrogen starvation or in the presence of inhibitors
such as rapamycin [77]. Rapamycin has many natural analogs termed “rapalogs”; one such rapalog is
caffeine [78].

 
(a) 

 
(b) 

Figure 3. Schematic representation of target of rapamycin (TOR) complexes. (a) The main elements up-
and downstream of TOR complexes. The TOR complexes are activated by nutrient status or by various
stresses. Activated TORCs then initiate phosphorylation cascades involved in regulating fundamental
aspects of life such as cell growth, cell birth, and cell death. Adapted after [73,79,80]. (b) Caffeine and
the TORC in Saccharomyces cerevisiae cells. The TOR pathways involve two multiprotein complexes
termed TOR complex 1 (TORC1) and TOR complex 2 (TORC2), which are structurally similar but not
functionally identical. TORC1 is concentrated at the cell membrane or at the vacuolar membrane and
contains Tco89, Lst8, and either Tor1 or Tor2 caffeine-sensitive kinases that act as scaffold to couple
TOR and its effectors. The TORC1 is sensitive to rapamicyn. TORC2 is rapamycin insensitive, and it
contains Tor2 (but not Tor1) Avo1, Avo2, Avo3, Bit61 (and/or its paralog Bit2), Lst8. TORC2 is found in
multiple cellular locations, including the plasma membrane. A plasma membrane location is consistent
with the role of TORC2 in controlling the actin cytoskeleton and endocytosis. Adapted after [73,79,80].
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The macrolide drug rapamycin is a macrocyclic lactone used as immunosuppressive and
anti-proliferative antibiotic which inhibits TORC1 [81]. In the presence of rapamycin, the downstream
processes regulated by TORC1 (e.g., stress responses, control of gene expression, protein and ribosome
synthesis, amino acid biosynthesis, nitrogen assimilation pathways, protein trafficking and stability,
starvation and quiescence, autophagy) are consequently inhibited [82]. While TORC1 is involved
in activities related to cell growth, TORC2 is required for polarized cell growth and cytoskeleton
organization [73,79]. Rapamycin does not interact with TORC2, nor does it inhibit downstream
processes, and therefore, its applications are limited in studying TORC2-related processes [58,64].

In yeast, TORC1 contains kinases Tor1 or Tor2, as well as several additional proteins, including
Kog1, Lst8, and Tco89; TORC2 contains Tor2 as well as Lst8, Avo1-Avo3, and Bit61 [79] (Figure 3b).
In mammalian cells, TORC1 consists of Tor (mTor), mLST8/GβL (the ortholog of Lst8), and Raptor
(the ortholog of Kog1), whereas TORC2 consists of mTor, mLST8/GβL, and mAVO3/Rictor (the ortholog
of Avo3p) [81]. Caffeine affects TOR signaling by directly inhibiting TORC1 in many organisms,
including yeast, plants, and mammals [83]. It is possible that caffeine also inhibits TORC2 but indirectly,
at higher concentrations or upon prolonged treatment [77].

Reinke et al. 2006 [81] were among the first researchers that presented evidence that TORC1 is
indeed a significant target for caffeine in yeast by identifying mutations within the FRB (rapamycin
binding) and kinase domains of Tor1 that revealed important levels of caffeine resistance that were
correlated to highly conserved amino acids within TOR proteins from across the phylogenetic
spectrum [81]. Especially in mammals, caffeine was shown to affect cells by direct interaction with
components of the TOR pathway [84]. On laboratory animals, rapamycin inhibition of TORC1 leads to
delays in ageing, increasing healthy longevity. In human beings, rapamycin is used for preventing
organ transplant rejection and to treat some forms of cancer, albeit clinical use is associated with
important side effects; this is why the scientific community is in continuous search for TORC1 inhibitors
with fewer side effects [85]. Although rapamycin and caffeine induce similar profiles of global gene
expression [81,83], it was shown that rapamycin is a partial inhibitor of TORC1 [86], while caffeine is a
selective inhibitor of TORC1, acting by a different mechanism from rapamycin [81,87]. Rapamycin
binds to the FK506 binding protein FKPB12, and the FKBP12-rapamycin complex inhibits the activity
of mTORC1 by destroying the physical interaction between the TOR protein and a second TORC1
component, raptor (Kog1 in yeast) [88,89].

The yeast cells treated with caffeine or rapamycin have a transcriptional profiling that proves the
inhibition effect of TOR signaling on a broad array of genes associated with a wide range of cellular
growth-related functions and also with stress and autophagy-related genes [83,90]. Notably, similar
effects that rapamycin and caffeine display on global gene expression prompted the hypothesis that
TOR signaling is mediated through common upstream and downstream regulators, that is, a common
intracellular signal transduction pathway, in response to rapamycin and caffeine [83]. The direct target
of caffeine in yeast cells is Tor1 kinase, whose inhibition triggers the activation of the Pkc1p-Mpk1p
cascade; nevertheless, this activation is not essential for cell survival in the presence of caffeine [13].
In order to investigate if caffeine interferes with the TOR pathway, the transcriptomic responses induced
by caffeine and rapamycin were compared [91,92], and it was observed that both compounds trigger
down-regulation of the genes involved in transcription, protein synthesis, and ribosome assembly,
at the same time activating gene expression in the Krebs cycle, the Gln3p/Gat1p-controlled nitrogen
catabolite repression (NCR), and the Rtg1/3p-controlled retrograde pathway [13,91,92]. Gln3 is a major
transcription activator that regulates transcription of nitrogen catabolite repression (NCR)-sensitive
genes, having high similarity to the DNA binding domain of mammalian GATA factors which induce
transcription of target genes [93]. S. cerevisiae uses a broad spectrum of compounds as nitrogen sources,
and NCR is a physiological response when cells are grown under normal conditions, and preferred
nitrogen sources are used (e.g., glutamine) [93]. In cells grown on preferred nitrogen sources, Gln3 is
phosphorylated in a TOR-dependent manner, and the transcription of NCR-sensitive genes is repressed.
If the cells are grown in the presence of non-preferred nitrogen medium (e.g., proline) or treated
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with caffeine, Gln3 is dephosphorylated and translocated from the cytoplasm to the nucleus, thereby
activating the transcription of NCR-sensitive genes [94]. In this regard, both the intracellular localization
and activity of Gln3 are regulated by TORC1 kinase, and caffeine treatment leads to the induction of
transcription of NCR-sensitive genes in a similar manner as rapamycin treatment [95].

Rho-family GTPases are key regulators involved in many eukaryotic cell functions (organelle
development, cytoskeleton dynamics, cell movement, etc.) and represent a core component of the
TORC1 pathway [96–101]. In S. cerevisiae, the Rho family has six members, Rho1 to Rho5 and Cdc42.
Mutants with RHO5 gene deleted (rho5Δ) had a higher resistance to caffeine, in contrast to the
Slt2 mitogen activated pathway kinase (MAPK) mutants, which were highly sensitive to caffeine,
indicating a role for RHO5 in the down regulation of the Slt2-MAPK pathway. This special behavior
was explained by the fact that Rho5 acts as an off-switch for the MAPK cascade, which differentiates
between MAPK-dependent and independent functions of Pkc1, a prototypic member of the protein
kinase C superfamily and the main effector of Rho1 [102]. Rho1 is activated by Rom2, its guanine
nucleotide exchange factor (GEF), and several integrin-like cell surface proteins, such as Wsc1 and
Mid2 [103]. In stress conditions for the cell wall, these cell surface proteins act as stress sensors and
activate Rom2 [99,104]. Upon activation, Rho1 binds directly to Kog1, a component of TORC1, leading
to a decrease of activity of TORC1. Consequently, the binding also induced dephosphorylation of
Gln3 triggering the release and activation of the Tap42-2A phosphatase (Figure 4), a major effector of
TORC1 [100,105]. It was demonstrated that caffeine, just like rapamycin, calcofluor white (a cell wall
damage agent), nitrogen starvation, and heat, induces Rho1 activation and directly inhibits TORC1,
acting both upstream and downstream of Rho1 GTPase [100].

Figure 4. Upstream and downstream components of TORC1 regulation. EGO complex (localized on
the vacuolar membrane), which consist in four proteins, Ego1 (a palmitoylated/myristolated protein);
Ego3 (a transmembrane protein); and two Ras-family GTPases, Gtr1 and Gtr2, is a major regulator of
TORC1 activity, via Tco89. The best characterized substrate of TORC1 is Sch9, a member of AGC family
of kinases. When cells are stressed by caffeine, TORC1 is inhibited directly, and the Sch9 phosphorylation
is reduced dramatically. TORC1 also regulates the 2A (Pph21, Pph22, and Pph3—generically PP2Ac)
and 2A-related phosphatases, including the Tap42-PP2A effector. Inactivation of TORC1 by caffeine
results in Tap42 dephosphorylation and TORC1 directly phosphorylate other substrates including Gln3.
Adapted from [13,80,81,106].

The Ras-family-GTPase and its homologs [107] mediate the growth factor-dependent or
stress-induced signal transduction. In yeasts, the Ras-GTPase is a group of enzymes that comprise Ras1,
Ypt1, Cdc42, Gtr2, Arf1, Gtr1, and Gsp1; Gtr1 can form a heterodimer with Gtr2 [108]. These proteins
switch between an active GTP-bound form and an inactive GDP-bound form and act as molecular
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switches for various signaling pathways [109]. In yeast, the Gtr1 and Gtr2 (Figure 4) are proteins
involved in response to heat shock and in the pathways that are activated during nitrogen starvation and
caffeine treatment, suggesting that they have roles in the TOR kinase pathway [110]. It was shown that
Δgtr1 and Δgtr2 have the similar caffeine-sensitive phenotype [110], in concordance with the previous
findings of the inhibitory activity of caffeine on the TOR kinase activity [81,91]. Moreover, Gtr1 and Gtr2
were shown to be involved in the response to oxidative stress and caffeine treatment, acting at Ego1 and
Ego3 levels (Figure 4), which genetically interact with components of the TOR signaling pathway [111],
the EGO complex being a non-essential activator of TORC1 [80,112]. The guanine nucleotide region
of Gtr1p situated at the N-terminus is required for Gtr1p–Gtr2p heterodimer formation but not for
complex formation with Ego1p, a vacuolar membrane protein. Upon caffeine treatment, the amount of
free Gtr1p increases, while it decreases in the protein complexes. Likewise, free Gtr2p is increased
by caffeine but the amount form bound in the high molecular weight complexes remains unaffected,
indicating that Gtr1p and Gtr2p are necessary for caffeine resistance and that caffeine treatment released
Gtr1p from the Gtr1p–Gtr2p complex [110].

In a study over the sensitivity of TORC1 during the rapamycin treatment, it was revealed that the
cells recovered efficiently from treatment with saturating concentration of rapamycin alone, as well as
with the caffeine alone, and that caffeine is a selective inhibitor of rapamycin-insensitive proliferation;
at the same time, the rapamycin-caffeine co-treatment followed by recovery in the presence of caffeine,
induced a strong recovery defect [86]. These observations suggested that rapamycin-insensitive TORC1
activity is sensitive to caffeine and is required for residual proliferation rate in the presence of rapamycin
and for recovery from the drug [86].

Some new components of TOR signaling were recently identified following direct and specific
inhibition of TOR signaling by caffeine and rapamycin using a network-based multi-omics integrative
analysis that employed data from transcriptomics, interactomics, and regulomics sources in
yeast [80,111–113]. The analysis identified seven previously unannotated proteins, Atg14, Rim20,
Ret2, Spt21, Ylr257W, Ymr295c, and Ygr017w, as potential components of TOR-mediated rapamycin
and caffeine signaling in S. cerevisiae. Study of Ylr257w would be particularly informative since it was
the only protein whose removal from the constructed network blocked the signal transduction to the
TORC1 effector kinase Npr1 [80,111].

A functional link between Ptc1 and the TOR pathway was established due to the rapamycin
and caffeine sensitivity of yeast ptc1 mutants. Ptc1 is a 2C phosphatase isoform, member of the
2C phosphatase family; a connection with TOR pathways is not shared by most members of the
family. Ptc1 is required for normal Gln3 and Msn2-mediated transcriptional responses and nuclear
localization [91]. In yeast ptc1 mutants exposed to rapamycin and caffeine, the translocation of Gln3 and
Msn2 to the nucleus is prevented and also the dephosphorylation of the Npr1 kinase. At the same time,
the overexpression of other isoforms (such as PTC2 or PTC3) did not confer tolerance to rapamycin,
and ptc1 ptc6 double mutant were more sensitive to both rapamycin and caffeine, suggesting the role
of both phosphatases in the signaling of TOR pathway [114].

At the level of the general amino acid control (GAAC) and TOR pathways, the cellular stress
response is regulated by the amino acylation status of the cellular tRNA pool, which directs the
transcriptional regulation of gene expression in response to nutritional stresses [115]. Under normal
nutrient conditions, the TOR pathway regulates the cellular growth in a positive manner, by stimulating
ribosome biogenesis and utilization of precursors for the synthesis of amino acids and other nitrogenous
macromolecules. Under starvation conditions, yeast cells start metabolic reprogramming via signal
transduction pathways involving the two homologous protein kinases, Tor1 and Tor2. The cells
with a deficient quality control were more tolerant to caffeine than the wild type cells, due to altered
interactions between caffeine and the TOR and GAAC pathways components; the increased caffeine
tolerance was correlated with a decreased activity of Gln3 [76].

In yeast, twelve lysine methyltransferases that modify translational elongation factors and
ribosomal proteins were identified. Among them, five (Efm1, Efm4, Efm5, Efm6, and Efm7) are specific
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to elongation factor 1A (EF1A), the protein responsible for bringing aminoacyl-tRNAs to the ribosome.
It was demonstrated that loss of EF1A methylation is not essential to cell viability but leads to a
decrease in growth rates under caffeine and rapamycin treatment. These findings suggested that EF1A
interacts with the TORC1 pathway and that Efm methyltransferases are devoted to the modification of
EF1A, finding no evidence for the methylation of other substrates in the yeast cell [116].

The mammalian lysosome has an analogue in yeast, the vacuole, a membrane-bounded organelle.
The yeast vacuole contains an acidic environment due to vacuolar hydrolases that degrade structural
debris macromolecules and waste products [117]. In a genomic screen of 4828 yeasts haploid deletion
strains for growth hypersensitivity to hygromycin B (hhy mutants), all the hhy mutants revealed severe
sensitivities to caffeine and rapamycin, suggesting an interaction between the identified genes in TOR
kinase pathway [118,119].

6. Caffeine and the Yeast Cell Wall Integrity Pathway

Investigations regarding the interaction between caffeine and yeast cells demonstrated the existence
of additional caffeine targets, including components of cell wall integrity (CWI) pathways [120]. The cell
wall of S. cerevisiae confers cell shape and protection against harsh environments [121]. It is formed
by different types of molecules, including mannoproteins, glucans, and chitin, closely interconnected.
For defense against external insults or for adaptation to cell wall defects, cells use a complex CWI
signaling pathways. Inhibition of the synthesis of any structural compounds leads to cell death, making
the yeast cell wall an attractive target for antifungal therapy against invasive fungi such as Candida
spp., Cryptococcus neoformans, Aspergillus spp., Pneumocystis carinii, or Histoplasma capsulatum [122].
The CWI involves the MAPK cascade downstream of PKC (protein kinase C) signal transduction
pathway [123]. Rho1p GTPase controls the CWI, functions in actin polarization [124], and activates the
MAPK pathway [123]. A plethora of studies and biochemical evidence suggested links between TOR
and CWI pathways, and caffeine was often used as a phenotypic criterion to evaluate the function of
the Mpk1-mediated CWI pathway [123]. In S. cerevisiae, it was observed that sensitivity to caffeine can
be correlated with defects in the CWI pathway and that caffeine activates CWI signaling, when the
stability of the cell wall can be monitored in terms of response to osmotic or thermal stress [123]. It was
shown that caffeine is not a typical activator of CWI signaling, because it induces phosphorylation of the
Mpk1 C-terminus at Ser423 and Ser428 residues independently of the standard dual phosphorylation
associated with MAPK activation; nevertheless, these phosphorylations are dependent on the DNA
damage checkpoint kinases, Mec1/Tel1 and Rad53 [124]. Other studies also confirmed that yeast
strains with altered CWI are caffeine sensitive, including strains lacking one or more of the five PRS
(phospho ribosylpyrophosphate synthetase) genes, in particular those lacking the Prs1/Prs3 minimal
functional unit [125]. In altered versions of PRS1, there is a correlation between caffeine sensitivity and
increased basal expression of Rlm1, the transcription factor which is an important component of the
PKC-mediated MAPK pathway involved in the maintenance of CWI [126].

The loss of function of other proteins involved in CWI can also be related to caffeine sensitive
phenotypes. For example, there are six proteins that have the tetratricopeptide repeat (TPR) domain
(mediates protein–protein interaction), which are encoded by six essential genes in the S. cerevisiae
genome. Among these, YNL313c, renamed EMW1 (essential for the maintenance of the cell wall),
proved to be essential for the maintenance of CWI, and the mutants lacking EMW1 showed sensitivity
to diverse stressor compounds, including caffeine [127]. Moreover, the newly described mutant rim21Δ
(ynl294c) showed a moderate hypersensitivity to caffeine owed to a low compensatory response of the
cell wall, indicated by the almost complete absence of Slt2 phosphorylation and the modest increase in
chitin synthesis after calcofluor treatment [128].

Cell signaling, gene expression and mitosis but also CWI are cellular processes regulated
by phosphorylation/dephosphorylation [129]. Based on sequence analysis of S. cerevisiae genes
(approximately 6000 genes), the yeast has 117 protein kinase (PKase) and 32 protein phosphatases
(PPase) genes [130]. As defects in MAPK pathway are often associated with sensitivity to caffeine,
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a systematic analysis of caffeine-related phenotype in relation with phosphorylation/dephosphorylation
and CWI is still a desiderate [106,130,131].

Caffeine, as a CWI pathway activator, was used to show that Puf5 has a role in response to
DNA replication stress and does not involve Pop2. Puf5 is a prototypical PUF protein, a family of
RNA binding proteins conserved in eukaryotes, with roles in cell growth, division, differentiation,
and development [132]. In S. cerevisiae cells treated with caffeine, PUF5 and POP2 have the same genetic
pathway, leading to the conclusion that the CWI functions are mediated by Puf5 or Pop2-mediated
gene repression mechanisms [133].

7. Other Pathways Susceptible to Caffeine

Inositol hexakisphosphate (IP6) is the most abundant inositol polyphosphate present in eukaryotes.
IP6 is phosphorylated by IP6 kinases (IP6K-s) yielding inositol pyrophosphates, which are important
signaling molecules in the eukaryotic cell [134]. Yeast lacking the IP6K known as Kcs1 display defective
vesicular endocytosis, showing a decrease in cell growth [134], sensitivity to environmental stresses [135],
and abnormal ribosomal functions [136]. Inositol pyrophosphates are involved in signaling cascades
that mediate cell death and telomere length, and they physiologically inhibit signaling by Tel1 and
possibly Mec1. Caffeine inhibits the PI3K-related protein kinases Tel1 and Mec1, and therefore, it is
expected that kcs1Δ mutants are resistant to its lethal effects. Indeed, the lethal action of caffeine is
suppressed in mutants that cannot synthesize inositol pyrophosphates because they physiologically
antagonize the actions of Tel1 and Mec1 kinases [137].

Other examples of using the pleiotropic action of caffeine on S. cerevisiae to understand different
molecular mechanism highly conserved in superior eukaryotes and to elucidate the way of action of
compounds with potential as human drugs are presented below.

The major component of Lewis Bodies (protein aggregates present in the cytoplasm of neuronal
cells in PD (Parkinson Disease)) is the natively disordered protein, α-synuclein [138]. A S. cerevisiae
proteotoxicity model of PD was employed to evaluate the role of caffeine in the aggregation of
α-synuclein. On caffeine treatment, the toxicity of aggregates decreased, the intracellular oxidative
stress was diminished, and the survival of the cell increased. It is supposed that caffeine alters the
aggregation pathway of α-synuclein by introducing species with reduced proteotoxicity, leading to a
decrease of the lag time and an increase in the apparent rate of fibrillation of α-synuclein. α-Synuclein
has the ability to assume alternate aggregation pathways more than any other protein that apparently
is misfolded in neurodegenerative disorders, because of its natively disordered structure. This effect
apparently is heightened by the presence of caffeine, supporting the epidemiological studies that
showed that coffee consumption is inversely related to the risk of onset of PD [139,140].

Early studies also introduced caffeine as an activator of the cAMP-dependent protein kinase
pathway, based on the in vitro potency of this compound to inhibit the mammalian cAMP
phosphodiesterase [141]. In yeast, this hypothesis is still controversial, as some researchers reported an
increase of cAMP levels [142], others mentioned no effect on levels of cAMP [143] while other authors
showed that caffeine antagonizes the glucose-induced cAMP synthesis [91,144]. Caffeine modifies
the metabolic effects produced in the S. cerevisiae cell by exposure to glucose, acting on a crossover
point at the level of the phosphofructokinase/fructose-bisphosphatase cycle, increasing the ATP levels.
Following glucose entry into the cell, caffeine reduces the concentration of intracellular cAMP in a
dose-dependent manner, an effect that can be explained by the interference with catabolic inactivation
of enzymes [144].

Mitochondria play a fundamental role in eukaryotic cell physiology by integrating numerous
death signals, being involved in the control of apoptosis. Mitochondrial genome integrity is essential for
the viability of most species. Two mutants of S. cerevisiae defective in genes involved in the biosynthesis
of mitochondrial phosphatidylglycerol and cardiolipin, pell and crd1, were analyzed in the presence of
different cell wall perturbing agents. The mutants containing dysfunctional mitochondria revealed a
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modified sensitivity to metabolic inhibitors. The S. cerevisiae pell mutant showed increased sensitivity
to the cell-wall perturbing agents such as caffeine, caspofungin, and hygromycin [145].

8. Caffeine and Lifespan

The ageing biology is a new field that emerged since researchers have been attempting to extent the
organisms’ lifespan (LS), and caloric restriction is a critical method used to understand the mechanism
of LS. Because caloric restriction is usually accompanied by a reduction in food consumption over a
long period of time, chemical food substitutes called caloric restriction mimetics have been the topic
of intense research, and they can be used as starting materials in developing drugs that prevent or
ameliorate the ageing-associated illnesses. Such compounds have shown their ability to extend the LS
in different model organisms, e.g., rapamycin in mice [146] and yeasts [147]. S. cerevisiae is an excellent
model to study LS as it has conserved ageing pathways, and the study of new molecules’ effect on LS
is greatly facilitated by yeast studies which yield significant information before proceeding to animal
studies [148].

Physical exercise, caloric restriction, and consumption of moderate amounts of substances such as
selenium, zinc, omega 3 unsaturated fatty acids, vitamins E and C, antioxidants, caffeine, or alcohol
were proposed as factors essential to extend the human LS or to reduce age-associated diseases.
Often, these studies show only correlative (not causative) effects between a compound and longevity.
The conservation of most ageing pathways in yeast and their facile genetic manipulation represents a
premise to distinguish between the correlative and causative effects of nutrition on ageing [149].

The extent of the LS was studied on S. cerevisiae for identifying conserved genetic and
pharmacological interventions [150]. The TOR pathway, for example, was first described as genetically
involved in aging using experiments made on yeast [151]. Among the many nutraceuticals tested,
caffeine was the only compound that induced growth kinetics consistent with a TOR inhibitory
effect, increasing doubling time specifically in the tor1Δ mutant cells. Studies correlating caffeine,
TOR pathway, and LS have since been done on budding yeast [81,87] and fission yeast [83], invertebrate
models [152,153] and humans [85,154].

Caffeine treatment of yeast cells releases Rim15 from TORC1-Sch9-mediated inhibition and as a
result, it increases LS. Therefore, it is highly probable that an analogous mTORC1/S6K/LATS kinase
cascade also has influence on longevity in higher eukaryotes, including humans [155,156]. It was shown
that low doses of caffeine significantly extended chronological LS, and partial loss of TORC1 activity
increased chronological LS via TORC1–Sch9–Rim15 kinase cascade. Moreover, it was shown that
moderate coffee consumption is expected to cause a 4–8% inhibition of mTORC1 activity, suggesting
causality explanations for correlation between coffee consumption and longevity [87].

The effect of a polyphenol-rich extract from cocoa on the chronological LS of S. cerevisiae was
studied under two settings: in the stationary phase reached after glucose depletion and under severe
caloric restriction. It was observed that cocoa polyphenol-rich extracts increased the chronological LS of
S. cerevisiae during the stationary phase in a dose-dependent manner and also extended yeast LS under
severe caloric restriction conditions. The cocoa extracts increased the lifespan of wild type cells and also
of the sod2Δ cells, proving that the mechanism is Mn-SOD2-independent. Nevertheless, this effect was
detected only for the polyphenol-rich cocoa extract and not for its individual components, including
caffeine [148].

Caffeine (along with curcumin, dapsone, metformin, rapamycin, resveratrol, and spermidine) was
evaluated as a LS extender in S. cerevisiae under conditions of caloric restriction. In contrast with other
studies, caffeine has been claimed to increase the LS of yeast [87], while other groups showed that
caffeine, even at higher concentrations, had no effect on LS [157]. Haploid strains of yeast are sometimes
unstable in respect to respiratory competence and spontaneously produce the respiration-deficient
(RD) mutants with very high frequencies. It was shown that the addition of caffeine to the culture
media considerably reduced the production of RD mutants, albeit temporarily [158].
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Pathologic endogenous DNA double-strand breaks (EDSB) can occur spontaneously even without
exposure to radiation or DNA damaging agents [159]. EDSB can be detected in excess when non-dividing
cells have functional DSB repair defects produced independently of replication, a reason why they
were named pathologic replication-independent EDSBs (Path-RIND-EDSB) [160]. In chronological
aging yeast, reduction of physiologic replication-independent endogenous DNA double strand breaks
(Phy-RIND-EDSB) lead to an increase of pathologic RIND-EDSBs (Path-RIND-EDSB); the latter must
be repaired instantly as their accumulation can lead to senescence and death [161] or at least a decrease
in the cell’s viability [162]. In DSB repair-defective cells, the retention of Path-RIND-EDSBs can occur,
a phenomenon that is normally encountered in chronological aging yeast. In caffeine-treated cells,
significant accumulation of Path-RIND-EDSB was recorded as quantitatively similar to aging cells
with defects in DSB repair, making caffeine an invaluable tool in mimicking chronological aging
in vitro [159].

9. Concluding Remarks

Caffeine, one of the most consumed and widely accepted neurostimulants, is also a powerful
agent used in life science research. Due to its pleiotropic effects [163], caffeine is an active modulator of
different enzymes and their regulatory pathways, which include important molecular players such as
TOR kinases or DNA damage checkpoint kinases. Many of the studies reviewed here, which made use
of the interaction between caffeine and S. cerevisiae, contributed to elucidating molecular mechanisms
involved in biologic processes of general concern, such as DNA repair mechanisms, cancer, or aging.
Using various approaches and setting multiple targets, the studies on caffeine–S. cerevisiae interaction
generated outputs which could be extrapolated to higher organisms. In spite of the pleiotropic effects
of caffeine, there is one mechanism universally accepted, i.e., the inhibitory effect on PI3 kinases,
including the core kinases from the TOR complexes. However, since many of the puzzle pieces are still
missing, it is no doubt that the duo caffeine–S. cerevisiae has not yet reached its full potential in opening
doors to new knowledge.
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Abstract: The association of habitual coffee consumption with a lower risk of diseases, like type 2
diabetes mellitus, chronic liver disease, certain cancer types, or with reduced all-cause mortality,
has been confirmed in prospective cohort studies in many regions of the world. The molecular
mechanism is still unresolved. The radical-scavenging and anti-inflammatory activity of coffee
constituents is too weak to account for such effects. We argue here that coffee as a plant food has
similar beneficial properties to many vegetables and fruits. Recent studies have identified a health
promoting mechanism common to coffee, vegetables and fruits, i.e., the activation of an adaptive
cellular response characterized by the upregulation of proteins involved in cell protection, notably
antioxidant, detoxifying and repair enzymes. Key to this response is the activation of the Nrf2
(Nuclear factor erythroid 2-related factor-2) system by phenolic phytochemicals, which induces
the expression of cell defense genes. Coffee plays a dominant role in that regard because it is the major
dietary source of phenolic acids and polyphenols in the developed world. A possible supportive
action may be the modulation of the gut microbiota by non-digested prebiotic constituents of coffee,
but the available data are still scarce. We conclude that coffee employs similar pathways of promoting
health as assumed for other vegetables and fruits. Coffee beans may be viewed as healthy vegetable
food and a main supplier of dietary phenolic phytochemicals.

Keywords: coffee; phytochemicals; caffeine; diabetes; DNA damage; antioxidant; Nrf2; microbiota

1. Introduction

In recent years, numerous meta-analyses have come up with positive health outcomes associated
with habitual coffee consumption in the general population, and this has changed the perception of
coffee from that of a luxury stimulant drink to that of a health promoting beverage, if consumed within
usual levels of intake. Positive health outcomes include lower incidences of type 2 diabetes mellitus,
kidney stones, Parkinson’s disease, gout, liver fibrosis, non-alcoholic fatty liver disease, liver cirrhosis,
liver cancer and of chronic liver disease. This is the conclusion of an umbrella review of meta-analyses
of multiple health outcomes, even after extensive correction for a large number of possible confounding
factors [1], and also the result of the EPIC (European Prospective Investigation into Cancer and Nutrition
Study) trial analyzing coffee consumption versus mortality [2]. Consumption of decaffeinated coffee
was associated with similar beneficial outcomes, but only if data of large cohorts were available [3–5].
The molecular mechanism responsible for these putative health effects is still unresolved.

Epidemiological studies cannot prove causality, but it is remarkable that assumed health effects
such as a lower risk of type 2 diabetes are seen at a global level, in different regions with different
cultures and lifestyle. Moreover, a dose-response relationship between number of cups of coffee
consumed per day and diabetes risk was observed, which is difficult to explain by an overlooked
lifestyle factor [6].
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However, it should not be ignored that heavy consumption of coffee may have a genetic basis,
and that the latter accounts for better health outcomes. Drinking several cups of coffee per day would
only be a marker of a favorable genetic background. Genome-wide association studies have identified
an impact of several gene polymorphisms on caffeine or coffee intake [7–9]. Caffeine seems to be
relevant for most genes identified, notably the gene CYP1A2 (cytochrome P450 isozyme 1A2) which is
involved in the hepatic metabolism of caffeine. Carriers of the C variant at position 163 express less
CYP1A2 and therefore metabolize caffeine more slowly than persons homozygous for the A allele [10].
Faster breakdown of caffeine is associated with more caffeine or coffee consumption.

Mendelian randomization studies made use of the finding that some genotypes are associated with
increased coffee consumption. Nonetheless, there were no consistent associations of the genotype for
faster caffeine metabolism (and more caffeine/coffee consumption) with positive health outcomes [11].
In spite of this, these findings do not invalidate the association of coffee consumption with health
effects for several reasons. The difference between the high and low caffeine consumption genotypes of
CYP1A2 is about 40 mg of caffeine, i.e., less than half a cup of coffee [7]. Habitual coffee consumption
ranges from about 1 to more than 5 cups per day, which indicates that the daily dose is defined by
something other than genetic reasons. Epidemiological studies find significant associations for cohorts
that differ by consumption of 2 or more cups of coffee [1]. Among persons with the same CYP1A2
genotype, those drinking more coffee show better health outcomes, such as concerning Parkinson’s
disease or breast cancer [12,13]. Changes in coffee consumption were accompanied by a parallel change
of health risk, i.e., type 2 diabetes. This argues against a major influence of genetic characteristics
as well [14].

An epidemiological study of nearly 500,000 participants of the United Kingdom Biobank finds
associations between the number of cups of coffee consumed per day and decreased all-cause mortality,
regardless of genetic caffeine metabolism score, i.e., the circadian level of caffeine in circulation [15].
Caffeine also does not appear to account for the lower risk of type 2 diabetes with habitual coffee
consumption, since this is also seen in association with drinking decaffeinated coffee. Impairment of
glucose tolerance is observed after consumption of caffeinated, but not decaffeinated coffee, suggesting
that other phytochemicals in coffee outweigh possible detrimental effects of caffeine. It has been
suggested that polyphenols and other bioactives in decaffeinated coffee mediate these health effects [16].

We conclude that the possible mechanism of coffee-mediated health effects does not include a
major role of caffeine actions (Figure 1). An important health promoting role of vitamins and minerals
in the coffee brew seems improbable because, on average, there is no deficient intake in the developed
world. Health effects therefore appear to be associated with other prominent constituents of the coffee
brew. These include chlorogenic acids, trigonelline, N-methylpyridinium, the diterpenes kahweol
and cafestol, polysaccharides, peptides and melanoidins. For several of these components, radical
scavenging or anti-inflammatory activity has been postulated. We argue here that such hypotheses do
not fit with the available data. Rather, beneficial effects of coffee probably employ the same pathway
as recently suggested for “healthy” vegetables or fruits, i.e., the induction of a health promoting
adaptive response of cells in the body. Additionally, non-digestible components of coffee may modulate
the composition and function of the microbiota, as is known for other plant foods.
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Figure 1. Health outcomes of coffee consumption. Prospective epidemiological studies consistently
found a lower risk of several clinical outcomes and of all-cause mortality for habitual coffee
consumption [1,2]. Most of these associations cannot be accounted for by genetic polymorphisms
promoting coffee/caffeine consumption, by the caffeine content of coffee, or by its content of radical
scavenging or anti-inflammatory constituents. Health effects of decaffeinated coffee could only be
determined if sufficiently large cohorts were available for study. Otherwise, positive trends did not
reach statistical significance, such as for Parkinson’s disease.

2. Inefficient Radical Scavenging by Coffee Constituents

Several phenolic components of the coffee brew exhibit radical scavenging properties,
which increase in quantity during roasting [17,18]. Although radical scavenging by ingested coffee
components is still a quite common belief, there is ample evidence from animal and human studies
showing that the concentrations of coffee constituents reached in plasma are too low for efficient
radical scavenging. After consumption of coffee, peak plasma concentrations of phenolic metabolites
range between 0.01 and 6 μmol/L, and caffeine concentrations may reach 30 μmol/L [19]. These values
compare well with peak flavonoid concentrations seen in human plasma after consumption of 100 g of
fruits and vegetables, which range between 0.03 μmol/L for apples and 5.9 μmol/L for cocoa [20]. Such
concentrations are well below levels of endogenous antioxidant systems such as urate (160–450 μmol/L),
ascorbate (30–150 μmol/L), α-tocopherol (15–40 μmol/L), glutamine (~500 μmol/L) or glutathione
(>1 mmol/L in cells) [20–22]. In addition, the major coffee constituents caffeoylquinic acids, trigonelline
and caffeine are weak antioxidants (one-electron reduction potential) in comparison to vitamins C or E,
or glutathione (reviewed in Reference [23]), and thus cannot effectively reduce/regenerate oxidized
forms of antioxidant vitamins or glutathione. Thus, radical scavenging by coffee components in vivo
is limited and probably contributes little to the health effects of coffee (Figure 1). As discussed below,
there is an antioxidative effect of coffee consumption because of the induction of endogenous radical
scavenging enzymes.

3. Weak Anti-Inflammatory Action of Coffee

Cross-sectional studies of the level of circulating immune or inflammatory markers have reported
small and not consistent variations in relation to habitual coffee consumption [24,25]. Randomized
controlled trials of several weeks of coffee consumption in comparison to a water control were also
performed and small reductions of some immune/inflammatory mediator concentrations were found,
but the opposite was also reported [26–30]. Medium, but not dark roast coffee consumption increased
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the level of adiponectin [31]. A modulatory effect of habitual coffee consumption on the risk of
an inflammatory disease, rheumatoid arthritis, was not observed [1,32]. Taken together, there may
be a mild favorable anti-inflammatory response of the immune system to coffee consumption, but
possible effects do not appear to reach clinical significance (Figure 1).

4. Phenolic Phytochemicals in Coffee May Account for Health Effects

Besides caffeine, major constituents of coffee are of a phenolic nature. These include roasting-induced
degradation products of chlorogenic acids (caffeoylquinic acids), trigonelline and its roasting product,
N-methylpyridinium. Melanoidins are also major components, these are roasting-dependent Maillard
reaction products of carbohydrate residues with amino acids or protein side chains.

Coffee is entirely of plant origin. Thus, it is conceivable that its consumption causes similar health
promoting responses in the human organism as described for many other plant foods. Virtually all
plant-derived foods contain health promoting phytochemicals, and most of them are of a phenolic
nature [33,34]. At present, there is no reason to assume that phenolic compounds of coffee are less
“healthy” than comparable phytochemicals of tea, vegetables or fruits. However, coffee sticks out in one
important regard: in habitual coffee drinkers, coffee is the primary dietary source of phytochemicals
like phenolic acids and polyphenols, even in comparison to green tea in Japan [35–39]. At the level of
populations, coffee provides around 40% of polyphenols and around 70% of phenolic acids consumed,
followed by tea as the second major source.

We therefore propose that coffee employs similar molecular pathways for improving health as
described for other plant foods such as broccoli, beetroot, berries, pomegranate, curcuma, cocoa and
many others. Surprisingly, there seems to be one uniform response of cells when exposed to phenolic
phytochemicals or their metabolites at concentrations observed in vivo after a meal, despite major
differences in chemical structure of phenolic compounds. The cellular response is characterized by
an increased expression of a large number of genes involved in antioxidative, detoxifying or repair
mechanisms, this is also observed in vivo [40]. The molecular pathway involves the translocation of
nuclear factor erythroid 2–related factor 2 (Nrf2) from cytosol to the nucleus, formation of heterodimers
with small musculoaponeurotic fibrosarcoma (sMaf) proteins and binding to consensus DNA sequences,
referred to as antioxidant response elements (ARE), electrophile response elements and more recently as
cap’n’collar (CNC)-sMaf binding elements [41]. The response elements are present in the 5′-upstream
region of several hundred cytoprotective genes, and binding of Nrf2/sMaf gives rise to increased
gene expression of proteins involved in cell defense. These include antioxidant enzymes such as
superoxide dismutase, catalase, glutathione peroxidase, glutamate-cysteine ligase and xenobiotic
detoxifying enzymes, including nicotinamide adenine dinucleotide phosphate (NAD(P)H):quinone
oxidoreductase-1, uridine 5′-diphospho (UDP)-glucuronosyltransferases or heme oxygenase-1 [42].
Decreased gene expression is seen for pro-inflammatory mediators like tumor necrosis factor-α or
the NLRP3 (NOD-like receptor family, pyrin domain containing 3) inflammasome. Activation of Nrf2
is also required for the induction of mitochondrial biogenesis and antioxidant response. Furthermore,
there is a regulation of substrate supply to mitochondria by Nrf2 [43–45] (Figure 2).

Under steady physiological conditions, the majority of newly synthesized Nrf2 is captured by
the repressor protein Kelch-like ECH-associated protein 1 (Keap1) and channeled to proteasomal
degradation via ubiquitylation by Cullin 3-based E3 ubiquitin ligase (Cul3). Keap1 is the main cellular
sensor for stress molecules due to expression of 17 cysteine residues which are targets for modification
by radical oxygen species (ROS), ROS-modified fatty acids or cyclic nucleotides, nitric oxide (NO)
or other electrophiles [46]. Any modification suppresses the ability of Keap1 to transfer Nrf2 to
proteasomes, which prevents Keap1 from capturing new Nrf2 molecules so that newly synthesized
Nrf2 can translocate to the nucleus [47]. Phytochemicals may either directly target cysteines of Keap1,
such as sulforaphane, or modify cell functions, resulting in oxidative stress and subsequent inactivation
of Keap1. The interaction of different electrophiles with Keap1 leads to different patterns of modified
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cysteine residues, and to the activation of different patterns of cytoprotective genes, which may in part
explain the different responses of cells to different phytochemicals [46].

 

Figure 2. Phytochemicals activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway.
Exposure of cells to phenolics of vegetables or coffee leads to cell stress, including oxidative stress via
mostly unknown pathways, except for some involvement of the aryl hydrocarbon receptor (AHR). Major
sources of radical oxygen species (ROS) during oxidative stress are the mitochondrial respiratory chain
and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases of the NOX family. The nuclear
factor Nrf2 is usually bound to Keap1 and the Cullin 3-based E3 ubiquitin ligase (Cul3), which is
followed by transport to the proteasome for degradation. This process can be blocked by modification
of one or more cysteine residues of Kelch-like ECH-associated protein 1 (Keap1) by ROS, ROS-modified
fatty acids or cyclic nucleotides, by nitric oxide (NO), or by direct action of phytochemical electrophiles.
The protein p62 blocks binding of Nrf2 to Keap1 and channels Keap1 to autophagic destruction. Several
kinases, such as members of the Src family, can phosphorylate Nrf2 and may also interfere with routing
to proteasomes. All these mechanisms prevent newly formed Nrf2 from being captured by Keap1,
so that translocation to the nucleus is possible. In the nucleus, Nrf2 binds to small musculoaponeurotic
fibrosarcoma (sMaf) protein, and the heterodimer interacts with the antioxidant response element
(ARE) upstream of several hundred genes involved in cell defense mechanisms, resulting in enhanced
transcription. The following points are not depicted in the scheme: AHR forms a complex with several
other proteins including heat shock protein (hsp) 90. AHR activation by selective phytochemicals not
only increases intracellular oxidative stress but also leads to translocation of the factor to the nucleus
where it upregulates a set of genes involved in xenobiotic defense and immunoregulation. Some of
the intranuclear Nrf2 molecules are phosphorylated. Nrf2 gene expression can be modified by affecting
its transcription, such as by inhibitory microRNAs; additionally, Keap1 gene expression can also
be modified.

Enhancement of Nrf2 activity may also result from blocking its binding to Keap1 by the autophagy
adaptor protein p62, which channels Keap1 to degradation in autophagosomes. Proteasomal destruction
of Nrf2 can also be inhibited via phosphorylation by several protein kinases, such as members of the Src
family, by induction of transcription factors for the increased expression of Nrf2, or the downregulation
of inhibitory microRNAs or of Keap1 expression [40,47,48] (Figure 2).

In order to prove that the adaptive response to plant phytochemicals indeed requires activation of
the Nrf2 pathway, studies were performed with cells or animals with an inactivated or deleted Nrf2 gene.
In the absence of Nrf2, all phytochemicals studied lost their cell protective activity. Phytochemicals
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included quercetin, epigallocatechin gallate (EGCG), resveratrol, isothiocyanates, allicin, curcumin
and aspalathin [40,49–52]. The adaptive response to dietary phytochemicals often includes some
anti-inflammatory activity, via suppression of nuclear factor kB (NFkB), which is the master regulator
of inflammatory reactivity. This effect is either Nrf2-dependent or may be due to direct targeting of
transcription factors NFkB or activator protein 1 by phytochemicals [40].

A second chemical sensor, engaged by phytochemicals as ligands, is the aryl hydrocarbon
receptor (AHR), a transcription factor in the cytoplasm promoting the production of radical oxygen
species and counterregulatory Nrf2 activity (Figure 2). Upon ligand binding, AHR is released from
the complex with heat shock protein (hsp) 90 and is transported to the nucleus, where it dimerizes with
the aryl hydrocarbon receptor nuclear translocator, followed by binding to AHR response elements
upstream of a set of genes coding for detoxifying enzymes, such as the cytochrome P450 family 1 and
immunoregulatory mediators [53–55] (not depicted in Figure 2).

5. Phenolic Constituents of Coffee Activate the Nrf2 Pathway

Exposure of cells or animals to coffee extracts has been observed to lead to increased expression
of cytoprotective genes involved in the antioxidant defense, as well as in other chemoprotective or
repair activities [56–62]. Decreased gene expression is seen for pro-inflammatory mediators like tumor
necrosis factor-α or the NLRP3 inflammasome [60,63].

As seen for phytochemicals of other plants, these effects are mediated by the activation of the Nrf2
system and by inhibiting the pro-inflammatory NFkB pathway (Figure 2). The cytoprotective response
seen in mice after consumption of coffee was suppressed after inactivation of the Nrf2 gene [64].
Many constituents of coffee can activate the Nrf2 pathway, with melanoidins of dark roast coffee
contributing to these effects [56–58,60–62,65–68]. The diterpenes cafestol and kahweol present in
coffee are known to elevate plasma low-density lipoprotein (LDL) and triacylglycerol concentration,
while also exhibiting anti-inflammatory and antioxidant actions [69]. The latter cytoprotective action is
also mediated by the Nrf2 system and is absent in Nrf2 gene knockout mice [64]. Several of the animal
studies took care to apply doses of coffee extract comparable to the consumption of 2–5 cups of coffee
in human adults [57,59–61].

Roasting of green coffee increases the ability to activate the Nrf2 pathway. In addition to this,
dark roast coffee is more potent in that regard than light roast coffee, when analyzed in vivo [68,70,71].
The analysis of single coffee constituents has confirmed the differing activity of light versus dark roast
coffee. Whereas N-methylpyridinium appears to be an activator of Nrf2 as potent as caffeoylquinic
acids [56,66], trigonelline suppressed the activation of Nrf2. The lower content of trigonelline fits
with the stronger activation of Nrf2 by dark roast coffee [56]. These effects in vitro were observed at
physiologically relevant concentrations of 0.1 μmol/L [56]. Moreover, the studies of other constituents of
coffee, such as chlorogenic acids, caffeic acid or kahweol, observed activation of Nrf2 at concentrations
varying between 10 nmol/L and 3 μmol/L [56,62,65–67], which are in the range of peak concentrations
in human plasma after coffee consumption.

Taken together, a large number of trials has shown that coffee or several of its isolated constituents
are potent activators of antioxidant or cell-protective enzyme expression. Dark roast coffee appears to
be more potent in that regard than light roast coffee. The available evidence indicates that the activation
of Nrf2 pathways (to some extent via the aryl hydrocarbon receptor) is the major pathway involved.

Phenolic compounds are characterized in part by hydrophobic surface areas of the molecule.
These regions tend to bind to hydrophobic pockets of accessible proteins in tissues and may cause
their denaturation and aggregation, which can lead to cell stress, including oxidative stress, and
activation of the Nrf2 system as a protective response. High doses of phenolic compounds can be
cytotoxic [72–74], but these conditions are usually not reached after a meal of plant foods. For instance,
an upper safe limit for the ingestion of green tea catechins has been defined and set as 800 mg
epigallocatechin-3-gallate [75]. The phenomenon that tolerable doses of potential toxins induce
increased resistance to the same or other chemical insults has been initially observed in toxicological
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research and defined as hormesis [76] and has been extended to the action of polyphenols [77]. Hormetic
reaction schemes have been found or suggested to underlie many physiological processes [78–80].

Although the induction of a cytoprotective response in cells appears to be the dominant
physiological reaction to coffee consumption, evidence for a cause–effect relationship with health
outcomes is lacking, except for the beneficial effect of coffee intake on DNA integrity. Several
randomized-controlled trials have observed that after a run-in period and 4–8 weeks of coffee or water
consumption, values of spontaneous DNA strand breaks in blood lymphocytes were significantly
lower in the coffee group, as determined by comet assay [81–83]. In one center, the initial trial [81] was
repeated with a similar study protocol but the difference in favor of the coffee group was too small to
be significant [84]. The level of spontaneous DNA strand breaks in blood lymphocytes is a relevant
marker of general disease risk evaluated in epidemiological studies. A meta-analysis of 122 studies
described significantly less disease risks for an 11–58% lower level of spontaneous DNA strand breaks,
as determined by comet assay [85]. Coffee consumption (of a dark roast Arabica coffee blend shown
to activate Nrf2), in three trials described above, resulted in 16–35% less spontaneous DNA strand
breaks. These data indicate a cause–effect relationship between coffee consumption and a lower level
of spontaneous DNA strand breaks, and that the effect is of physiologically relevant magnitude.

6. Other Possible Pathways of Coffee-Mediated Health Effects

Additional health promoting effects of coffee may occur in the gut, not requiring uptake and
biochemical modification of coffee components. Indeed, a prebiotic effect of coffee consumption
has been observed in animals and humans, including an increase of Bifidobacteria in humans and
mice, and modulation of the Firmicutes to Bacteroidetes ratio in rats. In mice, feeding coffee led to
higher levels of acetate, propionate and butyrate [86–88]. Candidate prebiotic constituents of coffee
are soluble arabinogalactans and galactomannans, melanoidins and polyphenols [89–91]. However,
in male Tsumura Suzuki obese diabetes mice, a mouse model of metabolic syndrome, daily coffee
intake prevented nonalcoholic steatohepatitis but did not repair the altered levels of Gram-positive
and Gram-negative bacteria and the increased abundance of Firmicutes, nor was there improvement
of the disrupted short chain fatty acid profile [92]. Interestingly, feeding probiotic Lactobacilli caused
the upregulation of Nrf2 in the liver, with concomitant resistance to oxidative injury [93].

To mediate long-term health effects, changes of the microbiota induced by coffee consumption
needed to last for decades. A recent study observed that the initial substantial changes of the microbiota,
seen after 3 months of introducing a specific diet, regressed thereafter to the original baseline state,
which persisted despite continuation of the experimental diet for 12 months [94]. Similar trials of
long-term coffee consumption have not been performed, thus the role of the gut microbiota in mediating
health effects of coffee constituents remains unresolved.

7. Phytochemicals and Health—A Broader Perspective

One major function of phytochemicals, including those of coffea species, is to confer protection
from environmental challenges such as exposure to UV radiation or toxins, and to prevent being
eaten or damaged by pests or insects because of their noxious properties. At the relatively
small doses ingested and taken up by humans, edible parts of plants are not toxic but induce
a biological stress response [95]. Besides activation of the Nrf2 system, a number of other cellular
responses have been noted, such as the stimulation of the sirtuin-forkhead box O pathway, of
AMP-activated protein kinase, of mitogen-activated protein kinases, of the phosphatidylinositol-3-kinase
(PI3K)—serine/threonine-specific protein kinase B (AKT) pathway, or modulation of the nuclear factor kB
pathway [95–97]. Many outcomes of stress signaling are beneficial, such as the stimulation of antioxidant
activity, of anti-inflammatory activity, of mitochondrial function, of DNA repair, of autophagy, of various
metabolic parameters and of cell rejuvenation or apoptosis [98].

The many different signaling pathways involved in the cellular response to stress are interdependent
and are part of a regulated network. Several studies have suggested a central role for the Nrf2 system.
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For example, in the absence of Nrf2 gene activity, the mitochondria-dependent protection by broccoli
extract or sulforaphane from pulmonary injury is almost abolished [49], as is the PI3K-AKT-dependent
protection by Withania from liver injury [99], or the hemooxygenase-1-dependent protection by
curcumin or phenethyl isothiocyanate from inflammatory stress [50]. The extracellular-signal-regulated
kinase (ERK) forms a signaling pathway together with Nrf2 [100,101], as does AMPK with Nrf2 [102].
Sirtuin-1 and Nrf2 represent another joint pathway induced by phytochemicals [103].

It thus appears justified to consider the Nrf2 system as a central regulator of phytochemical-induced
stress defenses. The type of cellular response may depend on chemical properties of the phytochemical
studied, the cell type and developmental stage and further physiological factors.

8. Conclusions

Phytochemicals other than caffeine appear to account for most beneficial properties of coffee.
As in vegetables or fruits, polyphenols and phenolic acids represent a major portion of phytochemicals
in coffee beans. Phenolic phytochemicals of plant foods have one major pathway of health promoting
effects in common, the induction of cell stress, which leads to the activation of an adaptive cell
defense response, via activation of the Nrf2 system, translocation of Nrf2 to the nucleus and increased
expression of Nrf2-dependent antioxidant and other cytoprotective genes. Furthermore, there is
an improved biogenesis, antioxidant defense and substrate supply to mitochondria. Activation of
the Nrf2 system and the subsequent cell defense response is also observed in response to exposure
with coffee. Randomized controlled trials have found an improved preservation of DNA integrity after
several weeks of coffee consumption, this outcome is also assumed to be mediated by the Nrf2 system.
Polyphenols and other nondigestible constituents of coffee like polysaccharides and melanoidins
share the ability to modify the composition and metabolic function of gut microbiota with similar
components of other plant foods. Whether these effects contribute to the beneficial properties of coffee
remains to be studied. Taken together, coffee employs similar pathways of beneficial physiological
effects as were recently identified for vegetables or fruits. At the level of populations in the developed
world, coffee provides more dietary phenolic phytochemicals than vegetables and fruits (Box 1).

Box 1. Key messages.

1. Habitual coffee consumption is associated with a lower risk of many chronic diseases and all-cause mortality.
2. The contribution of oxygen radical scavenging by coffee constituents to health effects is apparently small.
3. Coffee is a plant food and the majority of dietary phenolics consumed in the developed world come

from coffee.
4. It is suggested that phenolic constituents of coffee exhibit similar health promoting effects as those from

vegetables or fruits.
5. The main pathway of health effects of phenolic phytochemicals from plant food, as well as from coffee,

is the activation of the Nrf2 system for an adaptive cytoprotective response.
6. Nrf2-dependent genes code for proteins with antioxidative, detoxifying, DNA repair or

anti-inflammatory functions.
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Abbreviations

AHR aryl hydrocarbon receptor
ARE antioxidant response elements
CNC cap’n’collar
Cul3 Cullin 3-based E3 ubiquitin ligase
CYP1A2 cytochrome P450 isozyme 1A2
DNA desoxyribonucleic acid
EGCG epigallocatechin gallate
EPIC European Prospective Investigation into Cancer and Nutrition Study
HSP heat shock protein
IRS insulin receptor substrate
Keap1 Kelch-like ECH-associated protein 1
LDL Low-density lipoprotein
NADPH nicotinamide adenine dinucleotide phosphate
NFkB nuclear factor kB
NLRP3 NOD-like receptor family, pyrin domain containing 3
NO nitric oxide
Nrf2 Nuclear factor erythroid 2-related factor 2
ROS radical oxygen species
sMaf small musculoaponeurotic fibrosarcoma
UDP uridine 5′-diphosphate

References

1. Poole, R.; Kennedy, O.J.; Roderick, P.; Fallowfield, J.A.; Hayes, P.C.; Parkes, J. Coffee consumption and health:
Umbrella review of meta-analyses of multiple health outcomes. BMJ 2017, 359, 5024. [CrossRef]

2. Gunter, M.J.; Murphy, N.; Cross, A.J.; Dossus, L.; Dartois, L.; Fagherazzi, G.; Kaaks, R.; Kuhn, T.; Boeing, H.;
Aleksandrova, K.; et al. Coffee drinking and mortality in 10 European countries: A multinational cohort
study. Ann. Intern. Med. 2017, 167, 236–247. [CrossRef] [PubMed]

3. Carlstrom, M.; Larsson, S.C. Coffee consumption and reduced risk of developing type 2 diabetes: A systematic
review with meta-analysis. Nutr. Rev. 2018, 76, 395–417. [CrossRef] [PubMed]

4. Je, Y.; Giovannucci, E. Coffee consumption and total mortality: A meta-analysis of twenty prospective cohort
studies. Br. J. Nutr. 2014, 111, 1162–1173. [CrossRef] [PubMed]

5. Li, Q.; Liu, Y.; Sun, X.; Yin, Z.; Li, H.; Cheng, C.; Liu, L.; Zhang, R.; Liu, F.; Zhou, Q.; et al. Caffeinated and
decaffeinated coffee consumption and risk of all-cause mortality: A dose-response meta-analysis of cohort
studies. J. Hum. Nutr. Diet 2019, 32, 279–287. [CrossRef] [PubMed]

6. Cornelis, M.C. Coffee and type 2 diabetes: Time to consider alternative mechanisms? Am. J. Clin. Nutr. 2020,
111, 248–249. [CrossRef]

7. Cornelis, M.C.; Monda, K.L.; Yu, K.; Paynter, N.; Azzato, E.M.; Bennett, S.N.; Berndt, S.I.; Boerwinkle, E.;
Chanock, S.; Chatterjee, N.; et al. Genome-wide meta-analysis identifies regions on 7p21 (AHR) and 15q24
(CYP1A2) as determinants of habitual caffeine consumption. PLoS Genet. 2011, 7, e1002033. [CrossRef]

8. Amin, N.; Byrne, E.; Johnson, J.; Chenevix-Trench, G.; Walter, S.; Nolte, I.M.; Vink, J.M.; Rawal, R.;
Mangino, M.; Teumer, A.; et al. Genome-wide association analysis of coffee drinking suggests association
with CYP1A1/CYP1A2 and NRCAM. Mol. Psychiatry 2012, 17, 1116–1129. [CrossRef]

9. Cornelis, M.C.; Byrne, E.M.; Esko, T.; Nalls, M.A.; Ganna, A.; Paynter, N.; Monda, K.L.; Amin, N.; Fischer, K.;
Renstrom, F.; et al. Genome-wide meta-analysis identifies six novel loci associated with habitual coffee
consumption. Mol. Psychiatry 2015, 20, 647–656. [CrossRef]

10. Nehlig, A. Interindividual differences in caffeine metabolism and factors driving caffeine consumption.
Pharmacol. Rev. 2018, 70, 384–411. [CrossRef]

11. Cornelis, M.C.; Munafo, M.R. Mendelian randomization studies of coffee and caffeine consumption. Nutrients
2018, 10, 1343. [CrossRef] [PubMed]

313



Nutrients 2020, 12, 1842

12. Popat, R.A.; Van Den Eeden, S.K.; Tanner, C.M.; Kamel, F.; Umbach, D.M.; Marder, K.; Mayeux, R.; Ritz, B.;
Ross, G.W.; Petrovitch, H.; et al. Coffee, ADORA2A, and CYP1A2: The caffeine connection in Parkinson’s
disease. Eur. J. Neurol. 2011, 18, 756–765. [CrossRef] [PubMed]

13. Kotsopoulos, J.; Ghadirian, P.; El Sohemy, A.; Lynch, H.T.; Snyder, C.; Daly, M.; Domchek, S.; Randall, S.;
Karlan, B.; Zhang, P.; et al. The CYP1A2 genotype modifies the association between coffee consumption and
breast cancer risk among BRCA1 mutation carriers. Cancer Epidemiol. Biomarkers Prev. 2007, 16, 912–916.
[CrossRef]

14. Bhupathiraju, S.N.; Pan, A.; Manson, J.E.; Willett, W.C.; Van Dam, R.M.; Hu, F.B. Changes in coffee intake
and subsequent risk of type 2 diabetes: Three large cohorts of US men and women. Diabetologia 2014, 57,
1346–1354. [CrossRef]

15. Loftfield, E.; Cornelis, M.C.; Caporaso, N.; Yu, K.; Sinha, R.; Freedman, N. Association of coffee drinking with
mortality by genetic variation in caffeine metabolism: Findings from the UK Biobank. JAMA Intern. Med.
2018, 178, 1086–1097. [CrossRef] [PubMed]

16. Palatini, P. Coffee consumption and risk of type 2 diabetes. Diabetologia 2015, 58, 199–200. [CrossRef]
17. Opitz, S.E.; Goodman, B.A.; Keller, M.; Smrke, S.; Wellinger, M.; Schenker, S.; Yeretzian, C. Understanding

the effects of roasting on antioxidant components of coffee brews by coupling on-line ABTS assay to high
performance size exclusion chromatography. Phytochem. Anal. 2017, 28, 106–114. [CrossRef]

18. Kamiyama, M.; Moon, J.K.; Jang, H.W.; Shibamoto, T. Role of degradation products of chlorogenic acid in the
antioxidant activity of roasted coffee. J. Agric. Food Chem. 2015, 63, 1996–2005. [CrossRef]

19. Lang, R.; Dieminger, N.; Beusch, A.; Lee, Y.M.; Dunkel, A.; Suess, B.; Skurk, T.; Wahl, A.;
Hauner, H.; Hofmann, T. Bioappearance and pharmacokinetics of bioactives upon coffee consumption.
Anal. Bioanal. Chem. 2013, 405, 8487–8503. [CrossRef]

20. Lotito, S.B.; Frei, B. Consumption of flavonoid-rich foods and increased plasma antioxidant capacity in
humans: Cause, consequence, or epiphenomenon? Free Radic. Biol. Med. 2006, 41, 1727–1746. [CrossRef]

21. Lee, Y.H. Coffee consumption and gout: A Mendelian randomisation study. Ann. Rheum. Dis. 2019, 78, e130.
[CrossRef] [PubMed]

22. Giustarini, D.; Colombo, G.; Garavaglia, M.L.; Astori, E.; Portinaro, N.M.; Reggiani, F.; Badalamenti, S.;
Aloisi, A.M.; Santucci, A.; Rossi, R.; et al. Assessment of glutathione/glutathione disulphide ratio and
S-glutathionylated proteins in human blood, solid tissues, and cultured cells. Free Radic. Biol. Med. 2017, 112,
360–375. [CrossRef] [PubMed]

23. Ludwig, I.A.; Clifford, M.N.; Lean, M.E.; Ashihara, H.; Crozier, A. Coffee: Biochemistry and potential impact
on health. Food Funct. 2014, 5, 1695–1717. [CrossRef]

24. Calder, P.C.; Ahluwalia, N.; Brouns, F.; Buetler, T.; Clement, K.; Cunningham, K.; Esposito, K.; Jonsson, L.S.;
Kolb, H.; Lansink, M.; et al. Dietary factors and low-grade inflammation in relation to overweight and
obesity. Br. J. Nutr. 2011, 106, S5–S78. [CrossRef]

25. Hang, D.; Kvaerner, A.S.; Ma, W.; Hu, Y.; Tabung, F.K.; Nan, H.; Hu, Z.; Shen, H.; Mucci, L.A.; Chan, A.T.;
et al. Coffee consumption and plasma biomarkers of metabolic and inflammatory pathways in US health
professionals. Am. J. Clin. Nutr. 2019, 109, 635–647. [CrossRef]

26. Kempf, K.; Herder, C.; Erlund, I.; Kolb, H.; Martin, S.; Carstensen, M.; Koenig, W.; Sundvall, J.; Bidel, S.;
Kuha, S.; et al. Effects of coffee consumption on subclinical inflammation and other risk factors for type 2
diabetes: A clinical trial. Am. J. Clin. Nutr. 2010, 91, 950–957. [CrossRef] [PubMed]

27. Loftfield, E.; Shiels, M.S.; Graubard, B.I.; Katki, H.A.; Chaturvedi, A.K.; Trabert, B.; Pinto, L.A.; Kemp, T.J.;
Shebl, F.M.; Mayne, S.T.; et al. Associations of coffee drinking with systemic immune and inflammatory
markers. Cancer Epidemiol. Biomark. Prev. 2015, 24, 1052–1060. [CrossRef]

28. Nieman, D.C.; Goodman, C.L.; Capps, C.R.; Shue, Z.L.; Arnot, R. Influence of 2-weeks ingestion of high
chlorogenic acid coffee on mood state, performance, and postexercise inflammation and oxidative stress:
A randomized, placebo-controlled trial. Int. J. Sport Nutr. Exerc. Metab. 2018, 28, 55–65. [CrossRef]

29. Martinez-Lopez, S.; Sarria, B.; Mateos, R.; Bravo-Clemente, L. Moderate consumption of a soluble
green/roasted coffee rich in caffeoylquinic acids reduces cardiovascular risk markers: Results from
a randomized, cross-over, controlled trial in healthy and hypercholesterolemic subjects. Eur. J. Nutr.
2019, 58, 865–878. [CrossRef]

314



Nutrients 2020, 12, 1842

30. Correa, T.A.; Rogero, M.M.; Mioto, B.M.; Tarasoutchi, D.; Tuda, V.L.; Cesar, L.A.; Torres, E.A. Paper-filtered
coffee increases cholesterol and inflammation biomarkers independent of roasting degree: A clinical trial.
Nutrition 2013, 29, 977–981. [CrossRef]

31. Kempf, K.; Kolb, H.; Gartner, B.; Bytof, G.; Stiebitz, H.; Lantz, I.; Lang, R.; Hofmann, T.; Martin, S.
Cardiometabolic effects of two coffee blends differing in content for major constituents in overweight adults:
A randomized controlled trial. Eur. J. Nutr. 2015, 54, 845–854. [CrossRef] [PubMed]

32. Lamichhane, D.; Collins, C.; Constantinescu, F.; Walitt, B.; Pettinger, M.; Parks, C.; Howard, B.V. Coffee and
tea consumption in relation to risk of rheumatoid arthritis in the women’s health initiative observational
cohort. J. Clin. Rheumatol. 2019, 25, 127–132. [CrossRef]

33. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics
in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases.
Antioxid. Redox. Signal. 2013, 18, 1818–1892. [CrossRef] [PubMed]

34. Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomas-Barberan, F.A. The effects of polyphenols and other bioactives
on human health. Food Funct. 2019, 10, 514–528. [CrossRef]

35. Burkholder-Cooley, N.; Rajaram, S.; Haddad, E.; Fraser, G.E.; Jaceldo-Siegl, K. Comparison of polyphenol
intakes according to distinct dietary patterns and food sources in the Adventist Health Study-2 cohort.
Br. J. Nutr. 2016, 115, 2162–2169. [CrossRef] [PubMed]

36. Grosso, G.; Stepaniak, U.; Topor-Madry, R.; Szafraniec, K.; Pajak, A. Estimated dietary intake and major food
sources of polyphenols in the Polish arm of the HAPIEE study. Nutrition 2014, 30, 1398–1403. [CrossRef]
[PubMed]

37. Taguchi, C.; Fukushima, Y.; Kishimoto, Y.; Suzuki-Sugihara, N.; Saita, E.; Takahashi, Y.; Kondo, K. estimated
dietary polyphenol intake and major food and beverage sources among elderly Japanese. Nutrients 2015,
7, 10269–10281. [CrossRef] [PubMed]

38. Zamora-Ros, R.; Rothwell, J.A.; Scalbert, A.; Knaze, V.; Romieu, I.; Slimani, N.; Fagherazzi, G.; Perquier, F.;
Touillaud, M.; Molina-Montes, E.; et al. Dietary intakes and food sources of phenolic acids in the European
Prospective Investigation into Cancer and Nutrition (EPIC) study. Br. J. Nutr. 2013, 110, 1500–1511. [CrossRef]

39. Zamora-Ros, R.; Knaze, V.; Rothwell, J.A.; Hemon, B.; Moskal, A.; Overvad, K.; Tjonneland, A.; Kyro, C.;
Fagherazzi, G.; Boutron-Ruault, M.C.; et al. Dietary polyphenol intake in Europe: The European Prospective
Investigation into Cancer and Nutrition (EPIC) study. Eur. J. Nutr. 2016, 55, 1359–1375. [CrossRef]

40. Qin, S.; Hou, D.X. Multiple regulations of Keap1/Nrf2 system by dietary phytochemicals. Mol. Nutr. Food Res.
2016, 60, 1731–1755. [CrossRef]

41. Otsuki, A.; Yamamoto, M. Cis-element architecture of Nrf2-sMaf heterodimer binding sites and its relation
to diseases. Arch. Pharm. Res. 2020, 43, 275–285. [CrossRef]

42. Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D.
Mechanisms of activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status
and the pathways through which it attenuates degenerative disease. Free Radic. Biol. Med. 2015, 88, 108–146.
[CrossRef] [PubMed]

43. Merry, T.L.; Ristow, M. Nuclear factor erythroid-derived 2-like 2 (NFE2L2, Nrf2) mediates exercise-induced
mitochondrial biogenesis and the anti-oxidant response in mice. J. Physiol. 2016, 594, 5195–5207. [CrossRef]
[PubMed]

44. Coleman, V.; Sa-Nguanmoo, P.; Koenig, J.; Schulz, T.J.; Grune, T.; Klaus, S.; Kipp, A.P.; Ost, M. Partial
involvement of Nrf2 in skeletal muscle mitohormesis as an adaptive response to mitochondrial uncoupling.
Sci. Rep. 2018, 8, 2446. [CrossRef] [PubMed]

45. Tsushima, M.; Liu, J.; Hirao, W.; Yamazaki, H.; Tomita, H.; Itoh, K. Emerging evidence for crosstalk between
Nrf2 and mitochondria in physiological homeostasis and in heart disease. Arch. Pharm. Res. 2020, 43, 286–296.
[CrossRef] [PubMed]

46. Unoki, T.; Akiyama, M.; Kumagai, Y. Nrf2 activation and its coordination with the protective defense systems
in response to electrophilic stress. Int. J. Mol. Sci. 2020, 21, 545. [CrossRef]

47. Baird, L.; Yamamoto, M. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol. Cell. Biol.
2020, 40, e00099-20. [CrossRef]

48. Shin, W.H.; Park, J.H.; Chung, K.C. The central regulator p62 between ubiquitin proteasome system and
autophagy and its role in the mitophagy and Parkinson’s disease. BMB Rep. 2020, 53, 56–63. [CrossRef]

315



Nutrients 2020, 12, 1842

49. Cho, H.Y.; Miller-DeGraff, L.; Blankenship-Paris, T.; Wang, X.; Bell, D.A.; Lih, F.; Deterding, L.; Panduri, V.;
Morgan, D.L.; Yamamoto, M.; et al. Sulforaphane enriched transcriptome of lung mitochondrial energy
metabolism and provided pulmonary injury protection via Nrf2 in mice. Toxicol. Appl. Pharmacol. 2019,
364, 29–44. [CrossRef]

50. Boyanapalli, S.S.; Paredes-Gonzalez, X.; Fuentes, F.; Zhang, C.; Guo, Y.; Pung, D.; Saw, C.L.; Kong, A.N.
Nrf2 knockout attenuates the anti-inflammatory effects of phenethyl isothiocyanate and curcumin.
Chem. Res. Toxicol. 2014, 27, 2036–2043. [CrossRef]

51. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; De Cabo, R.; Csiszar, A. Resveratrol
confers endothelial protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol. Heart
Circ. Physiol. 2010, 299, H18–H24. [CrossRef] [PubMed]

52. Dludla, P.V.; Muller, C.J.; Joubert, E.; Louw, J.; Essop, M.F.; Gabuza, K.B.; Ghoor, S.; Huisamen, B.; Johnson, R.
Aspalathin protects the heart against hyperglycemia-induced oxidative damage by up-regulating Nrf2
expression. Molecules 2017, 22, 129. [CrossRef] [PubMed]

53. Furue, M.; Uchi, H.; Mitoma, C.; Hashimoto-Hachiya, A.; Chiba, T.; Ito, T.; Nakahara, T.; Tsuji, G. Antioxidants
for healthy skin: The emerging role of aryl hydrocarbon receptors and nuclear factor-erythroid 2-related
factor-2. Nutrients 2017, 9, 223. [CrossRef] [PubMed]

54. Neavin, D.R.; Liu, D.; Ray, B.; Weinshilboum, R.M. The role of the Aryl Hydrocarbon Receptor (AHR) in
immune and inflammatory diseases. Int. J. Mol. Sci. 2018, 19, 3851. [CrossRef] [PubMed]

55. Rothhammer, V.; Quintana, F.J. The aryl hydrocarbon receptor: An environmental sensor integrating immune
responses in health and disease. Nat. Rev. Immunol. 2019, 19, 184–197. [CrossRef]

56. Boettler, U.; Sommerfeld, K.; Volz, N.; Pahlke, G.; Teller, N.; Somoza, V.; Lang, R.; Hofmann, T.; Marko, D.
Coffee constituents as modulators of Nrf2 nuclear translocation and ARE (EpRE)-dependent gene expression.
J. Nutr. Biochem. 2011, 22, 426–440. [CrossRef]

57. Cavin, C.; Marin-Kuan, M.; Langouet, S.; Bezencon, C.; Guignard, G.; Verguet, C.; Piguet, D.; Holzhauser, D.;
Cornaz, R.; Schilter, B. Induction of Nrf2-mediated cellular defenses and alteration of phase I activities
as mechanisms of chemoprotective effects of coffee in the liver. Food Chem. Toxicol. 2008, 46, 1239–1248.
[CrossRef]

58. Kalthoff, S.; Ehmer, U.; Freiberg, N.; Manns, M.P.; Strassburg, C.P. Coffee induces expression of
glucuronosyltransferases by the aryl hydrocarbon receptor and Nrf2 in liver and stomach. Gastroenterology
2010, 139, 1699–1710. [CrossRef]

59. Salomone, F.; Li, V.G.; Vitaglione, P.; Morisco, F.; Fogliano, V.; Zappala, A.; Palmigiano, A.; Garozzo, D.;
Caporaso, N.; D’Argenio, G.; et al. Coffee enhances the expression of chaperones and antioxidant proteins in
rats with nonalcoholic fatty liver disease. Transl. Res. 2014, 163, 593–602. [CrossRef]

60. Shi, A.; Shi, H.; Wang, Y.; Liu, X.; Cheng, Y.; Li, H.; Zhao, H.; Wang, S.; Dong, L. Activation of Nrf2 pathway
and inhibition of NLRP3 inflammasome activation contribute to the protective effect of chlorogenic acid on
acute liver injury. Int. Immunopharmacol. 2018, 54, 125–130. [CrossRef]

61. Vicente, S.J.; Ishimoto, E.Y.; Torres, E.A. Coffee modulates transcription factor Nrf2 and highly increases
the activity of antioxidant enzymes in rats. J. Agric. Food Chem. 2014, 62, 116–122. [CrossRef] [PubMed]

62. Volz, N.; Boettler, U.; Winkler, S.; Teller, N.; Schwarz, C.; Bakuradze, T.; Eisenbrand, G.; Haupt, L.;
Griffiths, L.R.; Stiebitz, H.; et al. Effect of coffee combining green coffee bean constituents with typical
roasting products on the Nrf2/ARE pathway in vitro and in vivo. J. Agric. Food Chem. 2012, 60, 9631–9641.
[CrossRef] [PubMed]

63. Jung, K.A.; Kwak, M.K. The Nrf2 system as a potential target for the development of indirect antioxidants.
Molecules 2010, 15, 7266–7291. [CrossRef] [PubMed]

64. Higgins, L.G.; Cavin, C.; Itoh, K.; Yamamoto, M.; Hayes, J.D. Induction of cancer chemopreventive enzymes
by coffee is mediated by transcription factor Nrf2. Evidence that the coffee-specific diterpenes cafestol and
kahweol confer protection against acrolein. Toxicol. Appl. Pharmacol. 2008, 226, 328–337. [CrossRef]

65. Balstad, T.R.; Carlsen, H.; Myhrstad, M.C.; Kolberg, M.; Reiersen, H.; Gilen, L.; Ebihara, K.; Paur, I.;
Blomhoff, R. Coffee, broccoli and spices are strong inducers of electrophile response element-dependent
transcription in vitro and in vivo—studies in electrophile response element transgenic mice. Mol. Nutr.
Food Res. 2011, 55, 185–197. [CrossRef] [PubMed]

316



Nutrients 2020, 12, 1842

66. Boettler, U.; Volz, N.; Pahlke, G.; Teller, N.; Kotyczka, C.; Somoza, V.; Stiebitz, H.; Bytof, G.; Lantz, I.; Lang, R.;
et al. Coffees rich in chlorogenic acid or N-methylpyridinium induce chemopreventive phase II-enzymes via
the Nrf2/ARE pathway in vitro and in vivo. Mol. Nutr. Food Res. 2011, 55, 798–802. [CrossRef]

67. Fratantonio, D.; Speciale, A.; Canali, R.; Natarelli, L.; Ferrari, D.; Saija, A.; Virgili, F.; Cimino, F. Low nanomolar
caffeic acid attenuates high glucose-induced endothelial dysfunction in primary human umbilical-vein
endothelial cells by affecting NF-kappaB and Nrf2 pathways. Biofactors 2017, 43, 54–62. [CrossRef]

68. Priftis, A.; Mitsiou, D.; Halabalaki, M.; Ntasi, G.; Stagos, D.; Skaltsounis, L.A.; Kouretas, D. Roasting has
a distinct effect on the antimutagenic activity of coffee varieties. Mutat. Res. Genet. Toxicol. Environ. Mutagen.
2018, 829–830, 33–42. [CrossRef]

69. Ren, Y.; Wang, C.; Xu, J.; Wang, S. Cafestol and Kahweol: A Review on their bioactivities and pharmacological
properties. Int. J. Mol. Sci. 2019, 20, 4238. [CrossRef]

70. Paur, I.; Balstad, T.R.; Blomhoff, R. Degree of roasting is the main determinant of the effects of coffee on
NF-kappaB and EpRE. Free Radic. Biol. Med. 2010, 48, 1218–1227. [CrossRef]

71. Sauer, T.; Raithel, M.; Kressel, J.; Munch, G.; Pischetsrieder, M. Activation of the transcription factor Nrf2 in
macrophages, Caco-2 cells and intact human gut tissue by Maillard reaction products and coffee. Amino Acids
2013, 44, 1427–1439. [CrossRef] [PubMed]

72. Murakami, A. Dose-dependent functionality and toxicity of green tea polyphenols in experimental rodents.
Arch. Biochem. Biophys. 2014, 557, 3–10. [CrossRef] [PubMed]

73. Karadas, O.; Mese, G.; Ozcivici, E. Cytotoxic tolerance of healthy and cancerous bone cells to anti-microbial
phenolic compounds depend on culture conditions. Appl. Biochem. Biotechnol. 2019, 188, 514–526. [CrossRef]
[PubMed]

74. Wu, H.; Chen, L.; Zhu, F.; Han, X.; Sun, L.; Chen, K. The cytotoxicity effect of resveratrol: Cell cycle arrest
and induced apoptosis of breast cancer 4T1 Cells. Toxins (Basel) 2019, 11, 731. [CrossRef]

75. EFSA ANS Panel. Scientific opinion on the safety of green tea catechins. EFSA J. 2018, 16, 5239.
76. Calabrese, E.J. Hormesis is central to toxicology, pharmacology and risk assessment. Hum. Exp. Toxicol. 2010,

29, 249–261. [CrossRef]
77. Leri, M.; Scuto, M.; Ontario, M.L.; Calabrese, V.; Calabrese, E.J.; Bucciantini, M.; Stefani, M. Healthy effects of

plant polyphenols: Molecular mechanisms. Int. J. Mol. Sci. 2020, 21, 1250. [CrossRef]
78. Miller, V.J.; Villamena, F.A.; Volek, J.S. Nutritional ketosis and mitohormesis: Potential implications for

mitochondrial function and human health. J. Nutr. Metab. 2018, 2018, 5157645. [CrossRef]
79. Kolb, H.; Eizirik, D.L. Resistance to type 2 diabetes mellitus: A matter of hormesis? Nat. Rev. Endocrinol.

2011, 8, 183–192. [CrossRef]
80. Calabrese, E.J.; Mattson, M.P. How does hormesis impact biology, toxicology, and medicine? NPJ Aging

Mech. Dis. 2017, 3, 13. [CrossRef]
81. Bakuradze, T.; Lang, R.; Hofmann, T.; Eisenbrand, G.; Schipp, D.; Galan, J.; Richling, E. Consumption of

a dark roast coffee decreases the level of spontaneous DNA strand breaks: A randomized controlled trial.
Eur. J. Nutr. 2015, 54, 149–156. [CrossRef] [PubMed]

82. Schipp, D.; Tulinska, J.; Sustrova, M.; Liskova, A.; Spustova, V.; Lehotska, M.M.; Krivosikova, Z.; Rausova, K.;
Collins, A.; Vebraite, V.; et al. Consumption of a dark roast coffee blend reduces DNA damage in humans:
Results from a 4-week randomised controlled study. Eur. J. Nutr. 2019, 58, 3199–3206. [CrossRef] [PubMed]

83. Pahlke, G.; Attapah, E.; Aichinger, G.; Ahlberg, K.; Hochkogler, C.; Schipp, D.; Somoza, V.; Marko, D. Dark
coffee consumption protects human blood cells from spontaneous DNA damage. J. Funct. Foods 2019,
55, 285–295. [CrossRef]

84. EFSA Panel on NDA. Scientifc opinion on Coffee C21 and protection of DNA from strand breaks. EFSA J.
2020, 18, 6055.

85. Valverde, M.; Rojas, E. Environmental and occupational biomonitoring using the Comet assay. Mutat. Res.
2009, 681, 93–109. [CrossRef] [PubMed]

86. Jaquet, M.; Rochat, I.; Moulin, J.; Cavin, C.; Bibiloni, R. Impact of coffee consumption on the gut microbiota:
A human volunteer study. Int. J. Food Microbiol. 2009, 130, 117–121. [CrossRef]

87. Cowan, T.E.; Palmnas, M.S.; Yang, J.; Bomhof, M.R.; Ardell, K.L.; Reimer, R.A.; Vogel, H.J.; Shearer, J. Chronic
coffee consumption in the diet-induced obese rat: Impact on gut microbiota and serum metabolomics.
J. Nutr. Biochem. 2014, 25, 489–495. [CrossRef]

317



Nutrients 2020, 12, 1842

88. Nakayama, T.; Oishi, K. Influence of coffee (Coffea arabica) and galacto-oligosaccharide consumption on
intestinal microbiota and the host responses. FEMS Microbiol. Lett. 2013, 343, 161–168. [CrossRef]

89. Gniechwitz, D.; Brueckel, B.; Reichardt, N.; Blaut, M.; Steinhart, H.; Bunzel, M. Coffee dietary fiber contents
and structural characteristics as influenced by coffee type and technological and brewing procedures. J. Agric.
Food Chem. 2007, 55, 11027–11034. [CrossRef]

90. Williamson, G. The role of polyphenols in modern nutrition. Nutr. Bull. 2017, 42, 226–235. [CrossRef]
91. Perez-Burillo, S.; Rajakaruna, S.; Pastoriza, S.; Paliy, O.; Rufian-Henares, J.A. Bioactivity of food melanoidins

is mediated by gut microbiota. Food Chem. 2020, 316, 126309. [CrossRef] [PubMed]
92. Nishitsuji, K.; Watanabe, S.; Xiao, J.; Nagatomo, R.; Ogawa, H.; Tsunematsu, T.; Umemoto, H.; Morimoto, Y.;

Akatsu, H.; Inoue, K.; et al. Effect of coffee or coffee components on gut microbiome and short-chain fatty
acids in a mouse model of metabolic syndrome. Sci. Rep. 2018, 8, 16173. [CrossRef] [PubMed]

93. Saeedi, B.J.; Liu, K.H.; Owens, J.A.; Hunter-Chang, S.; Camacho, M.C.; Eboka, R.U.; Chandrasekharan, B.;
Baker, N.F.; Darby, T.M.; Robinson, B.S.; et al. Gut-resident lactobacilli activate hepatic Nrf2 and protect
against oxidative liver injury. Cell Metab. 2020, 31, 956–968. [CrossRef] [PubMed]

94. Fragiadakis, G.K.; Wastyk, H.C.; Robinson, J.L.; Sonnenburg, E.D.; Sonnenburg, J.L.; Gardner, C.D. Long-term
dietary intervention reveals resilience of the gut microbiota despite changes in diet and weight. Am. J.
Clin. Nutr. 2020, 111, 1127–1136. [CrossRef]

95. Son, T.G.; Camandola, S.; Mattson, M.P. Hormetic dietary phytochemicals. Neuromolecular Med. 2008,
10, 236–246. [CrossRef]

96. Martel, J.; Ojcius, D.M.; Ko, Y.F.; Ke, P.Y.; Wu, C.Y.; Peng, H.H.; Young, J.D. Hormetic effects of phytochemicals
on health and longevity. Trends Endocrinol. Metab. 2019, 30, 335–346. [CrossRef]

97. Yahfoufi, N.; Alsadi, N.; Jambi, M.; Matar, C. The immunomodulatory and anti-inflammatory role of
polyphenols. Nutrients 2018, 10, 1618. [CrossRef]

98. Liu, K.; Luo, M.; Wei, S. The bioprotective effects of polyphenols on metabolic syndrome against oxidative
stress: Evidences and perspectives. Oxid. Med. Cell Longev. 2019, 2019, 6713194. [CrossRef]

99. Palliyaguru, D.L.; Chartoumpekis, D.V.; Wakabayashi, N.; Skoko, J.J.; Yagishita, Y.; Singh, S.V.; Kensler, T.W.
Withaferin A induces Nrf2-dependent protection against liver injury: Role of Keap1-independent mechanisms.
Free Radic. Biol. Med. 2016, 101, 116–128. [CrossRef]

100. Hao, Q.; Wang, M.; Sun, N.X.; Zhu, C.; Lin, Y.M.; Li, C.; Liu, F.; Zhu, W.W. Sulforaphane suppresses
carcinogenesis of colorectal cancer through the ERK/Nrf2UDP glucuronosyltransferase 1A metabolic axis
activation. Oncol. Rep. 2020, 43, 1067–1080.

101. Zhao, S.J.; Liu, H.; Chen, J.; Qian, D.F.; Kong, F.Q.; Jie, J.; Yin, G.Y.; Li, Q.Q.; Fan, J. Macrophage GIT1
contributes to bone regeneration by regulating inflammatory responses in an ERK/NRF2-dependent way.
J. Bone Miner. Res. 2020. [CrossRef] [PubMed]

102. Lei, L.; Chai, Y.; Lin, H.; Chen, C.; Zhao, M.; Xiong, W.; Zhuang, J.; Fan, X. Dihydroquercetin activates
AMPK/Nrf2/HO-1 signaling in macrophages and attenuates inflammation in LPS-induced endotoxemic
mice. Front. Pharmacol. 2020, 11, 662. [CrossRef] [PubMed]

103. Lu, J.; Huang, Q.; Zhang, D.; Lan, T.; Zhang, Y.; Tang, X.; Xu, P.; Zhao, D.; Cong, D.; Zhao, D.; et al.
The protective effect of DiDang Tang against AlCl3-Induced oxidative stress and apoptosis in PC12 cells
through the activation of SIRT1-mediated Akt/Nrf2/HO-1 pathway. Front. Pharmacol. 2020, 11, 466. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

318



nutrients

Review

Effects of Coffee and Its Components on the Gastrointestinal
Tract and the Brain–Gut Axis

Amaia Iriondo-DeHond 1, José Antonio Uranga 2, Maria Dolores del Castillo 1 and Raquel Abalo 2,3,*

Citation: Iriondo-DeHond, A.;

Uranga, J.A.; del Castillo, M.D.;

Abalo, R. Effects of Coffee and Its

Components on the Gastrointestinal

Tract and the Brain–Gut Axis.

Nutrients 2021, 13, 88. https://

doi.org/10.3390/nu13010088

Received: 9 December 2020

Accepted: 25 December 2020

Published: 29 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Food Bioscience Group, Department of Bioactivity and Food Analysis, Instituto de Investigación en Ciencias
de la Alimentación (CIAL) (CSIC-UAM), Calle Nicolás Cabrera, 9, 28049 Madrid, Spain;
amaia.iriondo@csic.es (A.I.-D.); mdolores.delcastillo@csic.es (M.D.d.C.)

2 High Performance Research Group in Physiopathology and Pharmacology of the Digestive System
NeuGut-URJC, Department of Basic Health Sciences, Faculty of Health Sciences, Campus de Alcorcón,
Universidad Rey Juan Carlos (URJC), Avda. de Atenas s/n, 28022 Madrid, Spain; jose.uranga@urjc.es

3 Associated Unit to Institute of Medicinal Chemistry (Unidad Asociada I+D+i del Instituto de Química
Médica, IQM), Spanish National Research Council (Consejo Superior de Investigaciones Científicas, CSIC),
28006 Madrid, Spain

* Correspondence: raquel.abalo@urjc.es; Tel.: +34-914-888854

Abstract: Coffee is one of the most popular beverages consumed worldwide. Roasted coffee is a
complex mixture of thousands of bioactive compounds, and some of them have numerous potential
health-promoting properties that have been extensively studied in the cardiovascular and central
nervous systems, with relatively much less attention given to other body systems, such as the
gastrointestinal tract and its particular connection with the brain, known as the brain–gut axis. This
narrative review provides an overview of the effect of coffee brew; its by-products; and its components
on the gastrointestinal mucosa (mainly involved in permeability, secretion, and proliferation), the
neural and non-neural components of the gut wall responsible for its motor function, and the brain–
gut axis. Despite in vitro, in vivo, and epidemiological studies having shown that coffee may exert
multiple effects on the digestive tract, including antioxidant, anti-inflammatory, and antiproliferative
effects on the mucosa, and pro-motility effects on the external muscle layers, much is still surprisingly
unknown. Further studies are needed to understand the mechanisms of action of certain health-
promoting properties of coffee on the gastrointestinal tract and to transfer this knowledge to the
industry to develop functional foods to improve the gastrointestinal and brain–gut axis health.

Keywords: brain–gut axis; caffeine; coffee; coffee by-products; dietary fiber; enteric; gastrointestinal;
melanoidins; mucosa; myenteric

1. Introduction

In the past years, coffee has gone from being the villain in the movie to the paradoxical
hero. In 1991, the International Agency for Research on Cancer (IARC), the specialized
cancer agency of the World Health Organization (WHO), classified coffee as “possibly
carcinogenic to humans” (Group 2B). This assessment was made on the basis of limited
evidence on the association of urinary bladder cancer and coffee consumption. In 2016,
after a re-evaluation based on more than 1000 observational and experimental studies,
23 scientists from 10 different countries concluded that the extensive scientific literature
does not show evidence of an association between coffee consumption and cancer [1].
Therefore, coffee was moved from Group 2B (“possibly carcinogenic to humans”) to Group
3 (“not classifiable as to carcinogenicity”). In addition, the IARC found that there is evidence
that coffee consumption may actually help reduce occurrence of certain cancers (colon,
prostate, endometrial, melanoma, and liver) [1,2].

The “coffee paradox” consists of the fact that caffeine raises blood pressure, but
drinking coffee is associated with a lower risk of hypertension [3]. In fact, daily coffee
consumption is associated with a decrease in the prevalence of heart attack, despite the
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tendency to smoke in coffee drinkers [4]. In addition, moderate consumption of 3–4 cups
of coffee a day is associated with greater longevity and lower risk of all-cause mortality [5].
Coffee consumption has also evidence-based beneficial associations with metabolic diseases
(type 2 diabetes, metabolic syndrome, renal stones, and different liver conditions) and
neurodegenerative diseases (Parkinson’s and Alzheimer’s disease) [2]. Therefore, coffee
consumption is recommended as part of a healthy diet [6,7], since it contains several
bioactive compounds with therapeutic properties [8].

Table 1 shows the chemical composition of green, roasted, and brewed coffee. The
composition of the green coffee bean is severely affected by the roasting process, during
which, among others, the Maillard reaction occurs. This reaction reduces the amount
of free chlorogenic acids (CGAs), but other antioxidant compounds are formed, such as
melanoidins that incorporate CGA to their backbone (Table 1) [9]. These compounds,
among others formed during processing, are responsible for the brown color of roasted
coffee beans and contribute to the antioxidant capacity of coffee [10]. On the other hand, the
Maillard reaction produces newly formed contaminants, such as acrylamide. The European
Commission indicates that levels of acrylamide in coffee can be lowered by the following
mitigation approaches: controlling roasting conditions or treating with asparaginase [11].
Roasted coffee is a complex mixture of thousands of bioactive compounds, and some of
them have potential health-promoting properties such as antioxidant, anti-inflammatory,
antifibrotic, or antiproliferative effects [5].

Table 1. Chemical composition of Arabica green, roasted, filtered, and cold brew coffee.

Constituent
Green Coffee Beans

(100 g)
Roasted Coffee Beans

(100 g)
Filtered Coffee Brew

(330 mL)
Cold Brew Coffee

(330 mL)

Carbohydrates 9–12.5 g 38 g 0 g 0.1 g
Fiber 46–53 g 31–38 g 1.2 g 0 g

Lipids 15–18 g 17 g 0.1 g 0 g
Proteins 8.5–12 g 7.5–10 g 0.1 g 0.1 g

Free amino acids 0.2–0.8 g ND NR NR
Tryptophan 0.14 g NR 0.028 g NR

GABA 0.11 g NR NR NR
Caffeine 0.8–1.4 g 1.3 g 0.244 g 0.412 g

Melatonin 0.7 mg 0.9 mg 0.026 mg NR
Serotonin 1.3 mg 0.9 mg 0.048 mg NR

Trigonelline 0.6–2.0 g 1 g 0.026 g NR
Chlorogenic acids 4.1–9.2 g 1.9–2.7 g 0.009 g 13.2 g

Melanoidins 0 g 23 g 0.6 g NR
Acrylamide 0 μg 24.4 μg 0.6–8.5 μg 1.4–1.8 μg

Ash 3–5.4 g 4.5 g 0.1 g 0 g
References [9,12–16] [9,12,14,17] [12,13,17–26] [19,21,27–29]

GABA, γ-aminobutyric acid; ND, not detected; NR, not reported.

The brewing procedure will also have an influence on the biochemical composition of
the final coffee cup (Table 1) [30]. Coffee brewing is a solid–liquid extraction that involves
water absorption by ground roasted coffee, solubilization of ground coffee in hot water,
and separation of the water extract from spent coffee grounds. Many variables will affect
the composition of the coffee cup, such as coffee particle size, time of extraction, pressure,
type of filter, and water temperature, among others [31]. In the last years, consumers have
shown great interest in “cold brew”, a coffee beverage prepared with cold water (room
temperature or refrigerated water) for up to 24 h [32]. Recent studies indicate that hot and
cold brew coffees have small but important differences, particularly in the total antioxidant
capacity of the resulting coffee [21]. Although melanoidins have not been characterized in
cold brew coffee (Table 1) [33], water extraction temperature causes differential solubility
of these molecules [34]. Therefore, further studies are needed to complete the chemical
characterization of this popular beverage.
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Whatever the brewing method, coffee and its components exert profound effects on
the body, and some have already been mentioned above. As for any other food or beverage,
the gastrointestinal tract is the first body system that gets in contact with coffee, and local
effects do occur. Of course, other gastrointestinal effects occur after absorption of the
different coffee components, with these also worth mentioning. Thus, the first part of this
review focuses on the effects that coffee, its by-products and its components have been
demonstrated to produce in the gastrointestinal tract. These may affect the function of
different components of the gut wall (namely, mucosa, muscle, and intrinsic innervation),
along the different organs of the gastrointestinal tract (Figure 1), and therefore their effects
related with gastrointestinal cancer, inflammation, and mucosa functions (permeability,
secretion) as well as in motor function will be discussed.

Figure 1. (A) Histological appearance of the wall of forestomach, corpus, jejunum-ileum (the longest part of the small
intestine), and colon. (B) Organs of the rat gastrointestinal tract visualized by radiographic methods at different time
points after intragastric barium administration in a conscious rat. Since rats do not vomit, barium can only progress
towards the anus: 1 h after contrast, the two parts of the rat stomach (forestomach and corpus) can be distinguished, as
well as the duodenum and the jejunum-ileum; 4 h after contrast, the stomach and small intestine can still be partially
seen but now the cecum is filled with contrast; 8 h after contrast, the stomach and small intestine are barely seen, but the
cecum is well filled with contrast and some fecal pellets are present within the colon. (C) Microscopic images showing
the appearance of the enteric nervous system: left, location of the submucous (SMP) and the myenteric plexuses (MP)
within the rat ileal wall in histological sections, stained with hematoxylin/eosin (H/E); middle and right, whole-mount or
“sheet-like” preparations (from guinea pig ileum), obtained after dissecting away mucosa, submucosa, and circular muscle,
leaving behind only the longitudinal muscle layer with the myenteric plexus attached; whole-mount preparations were
processed immunohistochemically to show all the neurons with the pan-neuronal marker HuC/D (middle), or the specific
subpopulation of neurons immunoreactive to neuronal nitric oxide synthase (nNOS), for which both somata and nerve
fibers, but not nuclei, can be distinguished (right).

Furthermore, the gastrointestinal tract is functionally connected with the brain, through
the so-called brain–gut axis (or gut–brain axis) [35]. Whereas the effects of coffee and its
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components on the brain have been deeply studied, those on the brain–gut axis have
received comparatively little attention. However, a large amount of evidence has accu-
mulated on the association between psychological factors and gut sensory, motor, and
immune functioning [36]. Accordingly, it is now recognized that a healthy brain–gut axis is
key for emotional and affective stability, adequate responses to stress, and visceral pain
modulation [37]. In fact, the increased awareness about the importance of the brain–gut
interaction in gastrointestinal disorders has even given rise to the field of psychogas-
troenterology [38,39]. Thus, this review also briefly describes the effects that coffee, its
by-products and its components have on the brain–gut axis and their possible role in
this area.

2. Coffee and the Gastrointestinal Tract: Focus on the Mucosa

The effects of coffee on the gastrointestinal tract have been studied for years in order
to understand its hypothetical stimulating or inhibiting properties and its mechanisms
of action. This problem has been addressed through numerous epidemiological studies.
These works have been mainly focused on neoplastic diseases, with conflicting results,
although there is evidence suggesting that coffee may be associated with lower risk of
some cancers. Indeed, systematic reviews have found a protective effect of coffee on liver,
hepatocellular, and breast cancers. However, coffee seems to increase the risk for lung
cancer development, whereas the association of coffee with other cancers such as those of
the pancreas, bladder, ovaries, and prostate is controversial [40,41]. Regarding cancers of
the digestive tract, most meta-analyses have revealed a modest or dose–response-inverse
association between coffee and the risk of colorectal cancer (CRC) [42–48]. In particular,
coffee consumption has been found to be inversely associated with risk of CRC in a dose-
dependent manner in the northern regions of Israel [49] or among Japanese women [50].
Furthermore, a recent prospective observational study including 1171 patients, most of
them with metastatic CRC, showed an increase in survival up to 8 months for those who
consumed daily four or more cups of coffee [51]. Differences related with race or sex
seem to be important when assessing results that can sometimes be conflicting. Thus, a
meta-analysis by Micek et al. (2019) [52] did not find any evidence for the association
between coffee intake and CRC risk but, when using pooled groups, coffee consumption
was related with a decreased risk of colon cancer in never-smokers and in Asian countries,
and with an increased risk of rectal cancer in the general population, not considering
women, never-smokers, and European countries. Similarly, a systematic review and
meta-analysis of 24 prospective studies on CRC showed that coffee exerts a protective
effect in men and women combined and in men alone. Regarding ethnicity, a significant
protective association was noted in European men and in Asian women. Decaffeinated
coffee exhibited a protective effect in both men and women [53]. On the contrary, other
researchers have found no protective evidence for coffee. It is worth mentioning the
EPIC cohort study by Dik et al. (2014) [54] that involved more than 400,000 Europeans
and showed no association between coffee consumption and CRC. Park et al. (2018) [55]
also found no relationship between CRC and coffee consumption in a large prospective
multiethnic cohort study involving 4096 patients. Similarly, prospective studies among
Swedish women did not find any relationship between CRC and the intake of four or more
cups of coffee per day [56]. The same type of study among the British population also
found no relationship between coffee and stomach, small bowel, or colorectal cancers [57].
In this respect, the results of gastric cancer are difficult to evaluate. Some meta-analyses
affirm that coffee diminishes the risk of gastric cancer [58] but in other cases the results
are conflicting, depending directly on the sex of the patients [59,60] or on the part of the
stomach studied, with a direct relationship being found between coffee intake and gastric
cardia cancer but not other cancers affecting the stomach [61]. Similarly, the association
with esophageal cancer does not seem clear since there are systematic reviews that affirm
that the relationship between coffee consumption and the incidence of this cancer either
does not exist [61,62] or is attributable to the temperature of the beverage [63]. On the

322



Nutrients 2021, 13, 88

contrary, a meta-analysis comparing coffee and tea found a significant correlation between
coffee and esophageal cancer [64].

Results of epidemiologic studies on non-neoplastic pathologies are also controversial.
Some meta-analyses have shown that overall coffee did not seem to be a causal factor for
chronic gastroesophageal reflux disease (GERD) [65], whereas an Italian study found an
adverse effect of coffee among Barrett’s esophagus (BE) patients [66]. On the contrary, a
survey in the United States did not find any association between coffee intake and the risk
of BE [67].

The variability described above may be due to many causes, including sex, ethnicity,
lifestyles, and the numerous bioactive compounds present in coffee. In fact, it soon became
evident that caffeine, considered the main component of coffee, was not really the only
bioactive compound in coffee. In particular, the discovery during the second half of the last
century, that even decaffeinated coffee causes an increase in gastric acid secretion and a re-
duction in the competence of the lower esophageal sphincter [68,69], led to an investigation
of the physiological effect of the other coffee derived-compounds. As mentioned above,
coffee composition depends on many factors such as coffee origin, method of preparation
(water steam temperature, roasting, etc), resulting in variable effects on physiology and
microbiome [41,70–73].

Thus, studies conducted in vivo with animal models or volunteers, or in vitro with
isolated cells to separately evaluate the effects of the various compounds present in coffee,
are much less numerous than the epidemiological reports. The interspecific differences
in metabolism or the different doses tested have a great impact on the results obtained.
However, although still incomplete and somehow leading to contradictory results, the
efforts to investigate the mechanisms by which coffee manifests its effects and the specific
compounds responsible for them have already shed some light on the subject, as shown next.

2.1. In Vitro Studies
2.1.1. Coffee

Since the decade of 1980, several studies have investigated whether coffee or its deriva-
tives have carcinogenic effects. These studies identified potentially harmful compounds
such as hydrogen peroxide (H2O2) in various coffee preparations. However, these studies
were carried out in bacterial models that lacked the enzymes of peroxisomes, and thus this
supposed carcinogenic effect could not apply to humans. The compounds in coffee that
are responsible for the generation of these potential harmful effects were not identified
either [74,75].

Similarly, the anti-inflammatory properties have been investigated in coffee prepa-
rations such as coffee “charcoal”, a herbal preparation produced by roasting green dried
coffee and milling to powder. In this case, the intestinal cells increased their barrier func-
tion, and inflammatory mediators such as interleukin (IL) IL-6, IL-8, tumor necrosis factor
(TNF), methyl-accepting chemotaxis protein-1 (MCP-1), and prostaglandin (PG) E2 were
inhibited [76]. However, this preparation also preserves most of the compounds in coffee
and it is difficult to identify a specific molecule responsible for these effects.

In line, the incubation of CaCo2 cells (a human colorectal adenocarcinoma cell line),
with regular, filtered, decaffeinated, or instant coffee resulted in an induction of the tran-
scription of uridine diphosphate (UDP) glucuronosyltransferases (UGT1A), proteins with
indirect antioxidant properties. The responsible molecule for this upregulation remained
elusive also in this case [77].

2.1.2. Caffeine

The alkaloid caffeine is amongst the most studied coffee components [41]. Caffeine
has been considered to possess antioxidant properties, although very high doses were
needed to demonstrate them [78]. On the contrary, when physiological concentrations were
used, caffeine did not show any antioxidant activity measured by oxygen-radical absorbing
capacity. However, the antioxidant activity was significant when using 1-methylxanthine
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and 1-methyluric acid, the main metabolites of caffeine in humans. The antioxidant effects
of these compounds are equivalent to those produced by ascorbic acid and uric acid,
respectively [79]. This does not rule out, however, the involvement of other mechanisms.

Colonic cell lines have also been used to assess the anti-inflammatory activity of caffeine.
Co-cultures of human colorectal adenocarcinoma cell line CaCo2 and 3T3-L1 adipocytes
in the presence of caffeine have shown that caffeine inhibits the secretion of inflammatory
cytokines interleukin (IL) IL-8 and plasminogen activator inhibitor-1 (PAI-1) and decreases
lipid accumulation in adipocytes, whereas it has no effect on 3T3-L1 cells alone [80]. Related
to this, CaCo2, goblet, and macrophage cell lines have also been co-cultured to study the
effects on mechanisms relevant for inflammatory bowel disease (IBD).

In fact, more recent studies focused on caffeine tend to show the opposite. Moreover,
caffeine has also been shown to increase sensitivity to radiotherapy of RKO cells in the
transition from G1 to G2 phases in the cell cycle [81]. Caffeine may also act synergistically
with the suppressor gene phosphatase and tensin homolog (PTEN), suppressing cell growth
and inducing apoptosis in several human CRC cell lines but not in fibroblasts. This effect
was induced through downregulation of the serine/threonine kinase (AKT) kinase pathway,
and modulation of the p44/42MAPK pathway even in the absence of p53 [82]. Additionally,
caffeine inhibits hypoxia-inducible factor-1 (HIF-1) in HT29 CRC cells cultured in hypoxic
conditions. It also reduces vascular endothelial growth factor (VEGF) promoter activity
and IL-8 expression, essential factors involved in tumor angiogenesis. The inhibition of
kinases such as extracellular signal-regulated kinase (ERK1/2), p38, and AKT through
blockade of their phosphorylation might also be the mechanism elicited by caffeine in
this case. Additionally, it also inhibited cell migration stimulated by the adenosine A3
receptor [83]. These effects of caffeine may be different in cells of different origin or
when it is administered synergically with other molecules. Thus, caffeine cannot inhibit
ERK phosphorylation and the consequent epidermal growth factor (EGF)- and H-Ras-
induced neoplastic transformation in the JB6 P epithelial cell line [84]. Similarly, caffeine
activates the ERK signaling pathway in the Colo-205 CRC cell line, resulting in an increase
of the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1) and a higher resistance to
paclitaxel [85]. This effect was not observed with the HT-29 cell line, although in this
case incubation with caffeine lasted only 20 h [86]. These differences can be explained
considering particularities in cell lines, exposure time, and/or concentration of caffeine
assayed. It is also important to consider that in vitro research may not fully reflect the
complex relationships in multicellular organisms nor the dosage finally reaching the
different tissues in vivo. Regarding this, Guertin et al. (2015) [87] studied a large number
of serum metabolites present in coffee drinkers and found that some caffeine-related
metabolites were inversely associated with CRC. Experimental in vivo studies are needed
to understand the mechanisms underlying the exact caffeine–cancer association.

2.1.3. Polyphenols

Polyphenols are other important compounds present in coffee. They include different
concentrations of CGAs, composed of quinic acid with trans-cinnamic acids, with the
caffeoylquinic acids (CQAs), especially the 5-O-caffeoylquinic acid (5-CQA) and one of
the metabolites of CGA, caffeic acid (CA), as the most studied [70,73]. Polyphenols have
strong antioxidant properties both in decaffeinated and regular coffee and may also reduce
the activation of proinflammatory factors such as nuclear factor-kβ (NF-kβ) in cultured
myoblasts proportionally to CGA concentration, with regular coffee being twice as potent
as decaffeinated coffee [88]. Similarly, Zhao et al. (2008) [89] demonstrated that the secretion
of IL-8 induced by H2O2 or by tumor necrosis factor-receptor (TNF-R) activation may be
blocked by 5-CQA in a dose-dependent manner in human intestinal epithelial CaCo2
cells. These effects are interesting since over-expression of pro-inflammatory elements
and increased amounts of reactive oxygen species (ROS) are closely associated with DNA
damage and multiple cell-signaling pathways involved in pathogenesis of important
diseases such as cancer [41,90]. Moreover, 5-CQA and especially CA inhibit cell growth in
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the transition from G1 to G2/M phases of the cell cycle in the HT-29 CRC cell line [91]. In
relation to this, it has been demonstrated that CA affects cyclin D1 expression in the same
cell line. Cyclin D1 is required for G1/S transition in the cell cycle and over-expressed in
many cancers. The levels of this protein are downregulated through the over-expression of
the signal transducer and activator of transcription 5 (STAT5) protein and a decrease in
activating transcription factor 2 (ATF-2) protein expression [92]. Overexpression of STAT5
may result in increased apoptosis, and decreased ATF-2 expression may have an anticancer
action [73]. As with caffeine, a direct effect of CA has been shown on the inhibition of ERK
phosphorylation, with the result of the downregulation of the neoplastic transformation of
JB6 P1 cells [84]. CA also induces apoptosis and reduces invasiveness of other colorectal
cell lines such as the murine CT26 cell line and in cell lines from different origin such as
leukemia or endothelial cells [73]. On the contrary, Choi et al. (2015) [86] did not find any
antiproliferative effect of CA or CGA on the same HT-29 cell line. However, in this case,
shorter periods of incubation were assayed (20 h in [86] vs. 48–96 h in [91]).

Another important element that influences protein expression are epigenetic marks.
One key factor of such regulation is the addition of methyl groups to DNA. 5-CQA and CA
have resulted as strong inhibitors of DNA methylation in vitro. A DNA methyltransferase
inhibition of up to 80% of normal values was achieved when the higher concentration was
tested [93]. The meaning of this effect is yet to be determined.

Finally, polyphenols may also exhibit some effect on epithelial permeability. T84 CRC
cells mounted in Ussing-type chambers and incubated in the presence of physiological
concentrations of hydroxycinnamic acids and flavonoids showed that some of them, such
as ferulic and isoferulic acids, significantly increase the expression of proteins of the tight
junction complexes (zonulin 1 (ZO-1) and claudin-4) but reduce others such as occludin. In
contrast, CA had no effects on the transcription of either ZO-1 or occludin [94].

2.1.4. Diterpenes

Diterpenes are fatty acyl esters that have also attracted attention as coffee bioactive
compounds. They are present at variable quantities in coffee beans and unfiltered coffee
but in small amounts in filtered and soluble coffee [41,73]. The most studied is kahweol,
which has been shown to behave as a potent inhibitor of in vitro cell viability. HT-29 CRC
cells decrease their viability after exposure to kahweol at smaller concentrations than
those of caffeine, CA, or CGA. This effect is mediated by an increase in the pro-apoptotic
caspase-3 and a decrease in the expression of anti-apoptotic Bcl-2 and phosphorylated
AKT in a dose-dependent manner [86]. The apoptotic action of kahweol has also been
observed with other colorectal carcinoma cell lines (HCT116, SW480, and LoVo). In these
cell lines, in addition to the HT-29 line, kahweol stimulates the activating transcription
factor 3 (ATF-3), a factor known to act as a tumor suppressor in CRC that downregulates
cyclin D1 and enhances p53 protein. Inhibition of ERK1/2 and glycogen synthase kinase
3 beta (GSK3β) kinases blocked kahweol-mediated ATF-3 expression [95]. Accordingly,
the same authors found that kahweol decreases cyclin D1 concentration without affecting
its mRNA levels. Degradation in proteasomes might be the cause of this reduction since
proteasome inhibitors blocked the decrease of cyclin D1 protein levels. In accordance with
this, kahweol induces the activation of ERK1/2, c-Jun N-terminal kinase (JNK), and GSK3β
kinases, resulting in phosphorylation of cyclin D1, which leads to proteasomal degradation.
The antiproliferative action of kahweol was not observed in the normal colon cell line
CCD-18-Co [95]. In addition, kahweol may significantly attenuate the expression of the
heat shock protein 70 (HSP70), causing a cytotoxic effect that is increased when cells are
incubated with the chaperone inhibitor triptolide [86]. NF-kβ is another key regulatory
factor implicated in inflammation and immune response that is overexpressed in many
cancers [96]. Kahweol blocks NF-kβ activation through inhibiting the IkB kinase (IKK)
activity. Similarly, both kahweol and cafestol, another diterpene, significantly suppress
the pro-inflammatory cyclooxygenase-2 (COX-2) protein and its mRNA expression in a
dose-dependent manner [97]. Anti-oxidant properties of kahweol and cafestol have also
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been demonstrated in non-digestive cell types such as hepatocytes, neurons, or fibroblasts,
where they have been shown to be highly protective against H2O2-induced oxidative DNA
damage and the generation of superoxide radicals via different mechanisms, such as the
induction of cytoprotective enzymes such as the heme oxygenase-1 (HO-1) [98–100].

2.1.5. Maillard Reaction Products: Melanoidins

Finally, melanoidins formed during the roasting process present interesting health-
promoting properties. Indeed, several biological activities, such as antioxidant, antimicro-
bial, anticariogenic, anti-inflammatory, antihypertensive, and antiglycative activities, have
been attributed to coffee melanoidins [10]. It is considered that the amount of melanoidins
with antioxidant properties depend on the roasting conditions [15]. These antioxidant
properties may be higher than in other sources, as shown by their ability to inhibit lipid per-
oxidation in an in vitro model of simulated gastric digestion [101] or in other non-digestive
systems [41,102]. However, the exact mechanisms involved in such functions remain to be
studied in detail.

2.2. In Vivo Studies
2.2.1. Coffee

The potentially protective effect of coffee appeared to be supported by the first studies
carried out in animals. Indeed, it was demonstrated that the chronic feeding of rodents
with coffee did not increase but decreased in some cases (as in the stomach) the incidence of
spontaneous tumors [103,104]. Similarly, coffee protected rats against the effects of carcino-
gens such as 1,2-dimethylhydrazine in the colon, although not in the small intestine [105],
and it also elicited a 14-fold induction of the antioxidant and cytoprotective transferases
UGT1A in the stomach of transgenic mice [77]. However, its mechanisms of action have
not yet been fully elucidated. In this way, coffee consumption of over 1 cup of coffee daily
in colon cancer patients has been associated with a significant attenuation of ERK, a kinase
directly involved in the development of colon cancer [84]. On the other hand, differences
in coffee consumers and non-consumers have been found with regard to DNA methylation
levels of genes related with coffee-associated effects. The potential epigenetic action of
coffee may also be mediated by sex hormones and cell type since it was only observed in
women who never used hormone therapy and in mononuclear cells from blood but not
from saliva [106].

Coffee has also been related with a transient damage of gastric mucosa since it in-
creases permeability to sucrose in healthy volunteers [107].

Lastly, coffee consumption has been shown to have an impact on gut microbiota both
in experimental animals and humans, even with only 3 cups a day. Decreased amounts of
Escherichia coli, Enterococcus spp., Clostridium spp., and Bacteroides spp. have been reported,
together with an upregulation of Lactobacillus spp. and Bifidobacterium spp. populations. In
any case, the exact implications of these changes induced by coffee on the microbiota need
to be determined [108–110].

2.2.2. Caffeine

With regards to specific compounds such as caffeine, their concentration, as already
mentioned, changes strongly according to coffee brand and method of preparation, which
makes it very difficult to assess caffeine intake on a population basis [41].

Caffeine is rapidly absorbed in the stomach and small intestine and has been proposed
to reduce cancer risk by altering the metabolism of carcinogens such as 2-amino-1-methyl-6-
phenylimidazo (4,5-b) pyridine (PhIP), as shown in rats. PhIP is an amine to which humans
are strongly exposed from cooked meat and fish and, accordingly, it has been implicated
in CRC. Regarding this, coffee has been shown to increase the expression of enzymes
involved in the detoxification of PhIP, such as glutathione S-transferase (GST) [111]. As a
result, caffeine decreased the number of PhIP-induced colonic aberrant crypt foci (ACF)
preneoplastic lesions [112]. Interestingly, a study with human healthy volunteers showed

326



Nutrients 2021, 13, 88

that unfiltered coffee elicited an increase in the detoxification capability and anti-mutagenic
properties of the colorectal mucosa through an increase in glutathione concentration [113].
However, it is important to note that when the carcinogenic effect of PhIP was combined
with a fatty diet, cell proliferation increased without caffeine being able to prevent it, which
is a factor to be considered when interpreting epidemiological studies [114]. Likewise, in
a rat CRC model induced by N-methyl-N-nitro-N-nitrosoguanidine (MNNG), coffee de-
creased the development of dysplastic crypts in a caffeine-independent way, although both
decaffeinated coffee and caffeine decreased inflammatory stress and DNA damage [115].
On the contrary, previous studies with a model of stomach carcinogenesis induced in rats
by MNNG and NaCl showed that lipid peroxidation in the glandular stomach mucosa
was inhibited by caffeine treatment, resulting in less gastric tumors [116]. Differences in
caffeine dosage and administration and method of tumor induction might explain these
contradictory results.

2.2.3. Polyphenols

Regarding polyphenols, studying ileostomy subjects, Olthof et al. (2001) [117] de-
termined that about one-third of CGA is absorbed in the small intestine. The rest of the
polyphenols reach the colon, where simpler molecules are produced by breakdown due
to microbial activity and, thus, very few of the absorbed molecules retain the structure of
the parent CQAs present in coffee. Therefore, microbial action is necessary for absorption
of phenols but also the individual microbiome itself is modulated by them [70,72,118].
As a result, the CQA derivatives that are ultimately absorbed are very varied. It is not
clear then whether they prevent or induce cell damage, and their overall effect in the
body is far from being understood since the number of studies regarding CGA effects
in vivo is very limited [41,73]. In any case, CA might be implicated in the decrease of
cancer metabolism. Kang et al. (2011) [84] showed that lung metastasis induced in mice
by infusion of CT-26 colon cancer cells are inhibited after CA administration. CA strongly
suppresses the activity of mitogen-activated MAPK/ERK kinase (MEK1), a protein kinase
whose constitutive activation results in cell transformation, and TOPK, a serine/threonine
kinase expressed in high levels in CRC and an activator of ERKs. CA binds directly to
either MEK1 or lymphokine-activated killer t-cell-originated protein kinase-like protein
(TOPK) in an ATP-noncompetitive manner.

2.2.4. Diterpenes

A third group of bioactive compounds assayed in vivo are the diterpenes cafestol
and kahweol. These compounds act in rats as chemoprotectants against PhIP. In this case,
PhIP–DNA adduct formation in the colon was reduced up to 54% compared to controls.
Similarly, these diterpenes reduced buccal carcinogenesis in hamster after dimethylbenz (a)
anthracene (DMBA) treatment [119]. The effects of kahweol and cafestol seem dependent
on the continuous presence of these compounds in the diet since they are reversible
following their removal. These detoxicant effects might be mediated by the ability of
kahweol and cafestol to induce GST and other metabolic enzymes such as UGT1A. In this
way, it has been shown that diterpene ingestion results in 2.5-fold induction of GST and a
dose-dependent increase in UGT1A in rats [99,120]. In mice, kahweol seems to be a more
potent inductor of GST than cafestol [121]. A chemoprotective role of kahweol and cafestol
by the direct prevention of carcinogen–DNA binding should also not be discarded [99].

The studies on the effects of these diterpenes in humans are scarce but an increase
in total cholesterol in serum has been reported [122]. However, the variability in the
concentration of cafestol and kahweol in commercial coffee makes it difficult to answer
the question as to whether the beneficial effects observed in animals may occur in humans
consuming moderate amounts of coffee without inducing hypercholesterolemia. This
question remains open, although considering the difference between the dose needed for
hypercholesterolemia and for enzyme induction in model animals, beneficial effects in
humans might also be expected without an increase in blood cholesterol [99].
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2.2.5. Maillard Reaction Products: Melanoidins and Acrylamide

Maillard reaction is a main chemical event taking place during coffee roasting.
Melanoidins are produced during coffee roasting due to the Maillard reaction. As men-
tioned above, melanoidins display a wide range of beneficial properties. In a mouse model
of IBD induced by dextran sodium sulfate (DSS), a correlation between the exposure to
melanoidins and the attenuation of inflammation has been shown, although the precise
mechanisms involved remain to be elucidated [123]. It would be interesting to investigate
if their antioxidant and metal chelating activity, antimicrobial activity, and the ability to
modulate colonic microflora, as well as antihypertensive activities described in vitro (see
above), are reproducible in model animals.

Finally, it is worth mentioning that melanoidins behave in vivo as dietary fiber, being
largely indigestible by humans and fermented in the gut [41,102]. Melanoidins might be
relevant contributors to colonic health since their intake may reach up to 20% of the recom-
mended daily intake of dietary fiber [15]. This will be more deeply discussed in the following
section, focused on the effects of coffee and its components on gastrointestinal motility.

Acrylamide is also produced during roasting of coffee due to the high temperatures
employed in this step of the food processing. After absorption, a significant fraction of acry-
lamide is converted metabolically to the chemically reactive and genotoxic glycidamide.
Acrylamide is a very soluble carcinogen that has been shown to cause tumors in exper-
imental animals at multiple organ sites, but not in digestive organs [124]. Interestingly,
epidemiological studies have failed thus far to provide evidence of an increased risk of
most types of cancer after exposure to acrylamide in humans [124,125].

However, acrylamide is not without effects on the gastrointestinal epithelium, as some
reports in experimental animals (rats) have shown vascular congestion, mucosal erosions,
and depletion of the protective surface mucus together with widespread inflammatory
infiltration in gastric samples after 4-week oral administration of acrylamide at 30 mg/kg,
due to severe oxidative stress manifested as a significant increase in lipid peroxidation and
depletion of antioxidant enzymes in gastric tissue, as well as, likely, high nitric oxide (NO)
production after inducible nitric oxide synthase (iNOS) induction [126].

3. Coffee and the Gastrointestinal Tract: Focus on Motor Function

Gastrointestinal motility is a complex process involving different elements. The el-
ement more directly responsible of motor function is the smooth muscle, of which two
layers are found in all gastrointestinal organs: the circular (inner and thicker) and the
longitudinal (outer and thinner) layers (their names refer to the orientation of their smooth
muscle cells, around or along the longitudinal axis of the gastrointestinal tract; the stomach
has an additional, oblique smooth muscle layer).

Between the inner and the outer muscle layers lie the myenteric plexus, the part of
the enteric nervous system (ENS, intrinsic innervation of the gastrointestinal tract) directly
responsible of gastrointestinal motor function [127]. In the myenteric plexus, different
subpopulations of myenteric neurons participate in the generation of the different motor
patterns, such as the peristaltic reflex, i.e., the basic motor pattern that allows the luminal
contents to progress distally thanks to the oral contraction and aboral relaxation of the
circular muscle, together with coordinated changes in the length of the longitudinal muscle.
The enteric glial cells (which were previously considered simply as supportive cells for
neurons, but now are recognized to exert important signaling functions) also collaborate to
coordinate motility [128]. In addition, the interstitial cells of Cajal (ICC), located at different
levels within the muscle layers and myenteric plexus, play a pacemaker role and generate
stereotyped activity patterns (i.e., slow waves [129]).

Moreover, extrinsic innervation from the autonomic nervous system (vagal and pelvic
nerves belonging to its parasympathetic branch, and splanchnic nerves belonging to the
sympathetic branch) as well as hormones secreted within the gut wall (from enterochro-
maffin cells (ECs), L cells, etc.) or reaching the gut wall via the blood stream from different
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extrinsic endocrine glands, are classically recognized as important modulators of gastroin-
testinal tract motor function.

Finally, immune cells (mast cells in particular [127,130]) and microbiota may produce
and release mediators and metabolites, respectively, that may remarkably alter motility and
either contribute to maintain a healthy gut or facilitate the development of gut disorders.

The effects of coffee and its components on gastrointestinal tract motor function in
general and the specific mechanisms involved have been relatively scarcely evaluated.

3.1. Effects of Coffee Brew on Gastrointestinal Motility

Despite the popular use of coffee around the world, the effects of this beverage on
gastrointestinal motor function have surprisingly been evaluated only scarcely, especially
when compared with those on other systems such as the cardiovascular and the central
nervous systems. It was soon demonstrated that coffee reduces lower esophageal sphincter
pressure [131] and stimulates secretion from the stomach [69]. Both effects may cause or
aggravate heartburn, the most frequent effect attributed to coffee. This might be caused by
direct irritation of the esophageal mucosa or by promoting GERD [132], which may favor
the development of Barrett’s esophagus (BE) (see above).

Using a barostat, coffee was found to prolong the adaptive relaxation of the proxi-
mal stomach, compared with an isotonic control solution, suggesting that it might slow
gastric emptying [132]. However, other studies, using scintigraphy or applied potential
tomography, indicate a lack of effect in stomach motor function, or even accelerated gas-
tric emptying, in a portion of individuals [132–135]. These conflicting results may have
been due to methodological differences, including the selection of participants (healthy or
dyspeptic) or the type of coffee drink used for the studies [132]. Despite early associations
of coffee drinking and functional dyspepsia [136], these were later attributed to study
bias related with characteristics of patients (higher adiposity [137], more attentive to their
symptoms [138]). Indeed, despite the relaxing effects of the proximal stomach, coffee did
not modify gastric wall compliance, wall tension, or sensory function [139]. No association
has been confirmed to occur either with peptic ulcer disease [132].

Caffeine-containing beverages (75–300 mg) were shown to induce a dose-related se-
cretion from the small intestine [140], although coffee by itself had no significant effect on
sodium and water transport, maybe due to compensatory effects by other coffee compo-
nents [141]. Despite the common believe that coffee favors diarrhea, the effects on jejunal
and ileal fluid secretion were not associated with changes in small bowel transit [140].
Orocecal transit studies did not find any significant effect of coffee compared with control
solutions either [135]. However, these results could be due to the use of lactulose as a
substrate for assessing transit, since this compound by itself accelerates transit and may
have masked the possible effects of coffee [132,142].

In an early study, using radiographic techniques, it was shown that coffee, drunk
together with a low-fat breakfast, induced a contraction of the gallbladder that was similar
for regular and caffeinated coffee [143]. Years after, this was also demonstrated for regular
coffee using ultrasonography, although no control drink was used as a comparator [144].
Further research, using a better controlled experimental design, confirmed that caffeinated
and decaffeinated coffee induces cholecystokinin release and gallbladder contraction [145],
which may explain why patients with symptomatic gallstones often avoid drinking coffee.

Regarding colonic motility, it was soon found that coffee, either caffeinated or not,
promotes the desire to defecate at least in one-third of the population, predominantly
women, and that this was associated with an increase in rectosigmoid motor activity. Fur-
thermore, it was found that this increase occurred as soon as 4 min after drinking the coffee,
caffeinated or not, but not after drinking hot water. Since (unsweetened) coffee contains
no calories, and its effects on the gastrointestinal tract cannot be justified by its volume
load, acidity, or osmolality, it was soon recognized that it must have pharmacological
effects [132]. Thus, these findings were interpreted as mediated indirectly by a component
of coffee other than caffeine, which, by acting on epithelial receptors in the stomach or
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small bowel, would trigger a gastrocolonic response, speculated at that time to be due to
the release of cholecystokinin or another hormone [146].

Interestingly, these results were further supported using ambulatory colonic manom-
etry [147]. In a study with 12 healthy volunteers, a probe was placed up to the mid-
transverse colon and the following day the effects of four different drinks were evaluated:
unsweetened black coffee, unsweetened decaffeinated coffee, a 1000 kcal meal, and water.
Caffeinated coffee significantly increased colonic motor activity, including both propagated
and simultaneous contractions, which were 60% and 23% greater than those of water and
decaffeinated coffee, respectively, and similar to the effect of the meal. Both the caffeinated
coffee and the meal (but not the decaffeinated coffee) produced a strong gastrocolonic
response, but no significant effect of gender was detected in this case. Compared to water,
coffee increased propagating contractions by 50%, suggesting that this drink may induce
propulsive motor activity, and this was accompanied by a higher incidence of abdominal
cramps, flatulence, and urination, leading to confirmation of the popular belief that coffee
stimulates colonic motor activity. The effect of caffeinated coffee was similar to that of
the meal during the first 30 min, although it was of shorter duration (1–1.5 h vs. 2–2.5 h).
Decaffeinated coffee seemed to also enhance colonic motor activity but was less potent
than caffeinated coffee and seemed to exert this effect only at the more proximal colonic
sites recorded. The short latency of the effect of coffee (of either kind) after its ingestion
was again interpreted as due to the involvement of an indirect mechanism, probably a
neurohumoral response mediated by the small bowel, since gastric emptying of coffee
occurs as soon as 15–20 min [148]. The authors acknowledged that the specific molecule
involved was not yet known but mentioned different possibilities, such as cholecystokinin,
exorphins (opioid-like molecules present in coffee), gastrin, or motilin, as well as the fact
that other active ingredients contained in coffee could add their own direct effects on gut
smooth muscle. Importantly, the authors suggested that the effect demonstrated for coffee
could be beneficial for patients with colonic disorders such as slow transit constipation but
might be detrimental to patients with diarrhea or fecal incontinence [147].

In these regards, Gkegkes et al. recently published a systematic review and meta-
analysis in which they evaluated the evidence suggesting a potential role of coffee to
prevent postoperative ileus [149]. Postoperative ileus is a significant complication of
surgery, and management is not yet optimal. The underlying cause of this clinically
relevant problem is multiple, including surgical manipulation itself, opioid analgesics,
inflammation, electrolyte fluctuations, and imbalances in the autonomic function and
gastrointestinal hormonal system [150,151]. Although frequently self-resolving, postop-
erative ileus represents an important clinical and economic burden, particularly hospital
expenses, due to delayed discharge [152]. In addition to other measures, prokinetic agents
(alvimopam, ghrelin agonists, neostigmine and serotonin receptor antagonists), chewing
gum, gastrograffin, and coffee are used for management. The authors focused on coffee
and found four randomized controlled trials as eligible for their study, with three of them
referring to colorectal procedures [153–155] and only one to gynecological surgery [150],
with a total of 341 patients (the sample size in each study was 58–114 patients). Coffee was
administered postoperatively to 156 patients. The most remarkable results were (1) coffee
did not significantly increase complications compared with the control group; (2) coffee
significantly decreased the time period until the first bowel movement, as well as the
time to tolerance of solid food, the first flatus, and the first defecation; (3) no significant
effects were found regarding the length of hospital stay. Decaffeinated coffee was proved to
reduce time to initiation of bowel movement [155], suggesting that caffeine is not necessary
for coffee effect, and it was suggested that maybe CGAs and melanoidins could have a
role [15]. Both display antioxidant effects, whereas melanoidins may contribute a fiber
effect to coffee anti-ileus properties (see below). Moreover, the authors proposed that other
chemically active agents might be formed during decaffeination [149]. Other mechanisms
that may contribute to the positive effects of coffee are related with the anti-inflammatory
effects of some of its compounds. In these regards, C-reactive protein (CRP) levels, used as
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a marker of postoperative complications, were found to be significantly lower in patients
given coffee after removal of the nasogastric tube on the first postoperative day compared
with the group of patients that were not given coffee. Furthermore, in that study, lower
CRP levels were associated with reduced time to initiation of bowel movements, as well as
reduced rates of postsurgical complications and hospitalization time, particularly in pa-
tients with a right colon tumor [155]. Another important conclusion of this meta-analysis is
that, compared with alvimopam (a peripheral opioid antagonist), which also showed good
results to reduce the constipating impact of opioid use associated with surgery [156,157],
coffee may be a much cheaper therapeutic strategy to achieve comparable results [149].
As in other studies using coffee, the limitations highlighted by the authors include the
differences in quality and quantity of administered coffee, together with low number of
participants and heterogeneity of patients and operations.

In general, it can be said that studies performed thus far evaluating the effects of coffee
in humans are relatively scarce, with relatively low numbers of participants and mainly
healthy (other than those participating in the studies related with postoperative ileus),
with high heterogeneity in the kind of coffee used and not too high methodological quality.
In addition, no animal study could be found using coffee itself to test motility-related
parameters, in contrast with studies of the effects of particular coffee components, as will
be discussed next.

3.2. Caffeine

In vitro studies have mainly tested the effects of caffeine, whose pharmacology is
quite complex. Thus, caffeine is a non-selective adenosinergic antagonist. In addition, in
many cell types, caffeine releases calcium (Ca2+) from internal stores through ryanodine
receptors (RyR) and also increases the content of cyclic adenosine monophosphate (cAMP)
by inhibiting the activity of phosphodiesterases [158].

Interestingly, caffeine has been used as a tool to investigate the contractile and/or
electrical properties of the different components of the gut wall involved in motor function
along the gastrointestinal tract [159], including the myenteric plexus (both neurons and
glial cells), the smooth muscle cells, and ICCs, as well as their dependency on intracellular
calcium dynamics.

The effects exerted in vitro by caffeine in the gastrointestinal smooth muscle have
been tested using different techniques, including the recording of contractile activity of
smooth muscle strips (which contain also myenteric plexus and ICCs) in organ baths,
and the electrophysiological recording of cultured single smooth muscle cells. In these
experiments, the effects of caffeine were shown to be dose-dependent, with low doses
(0.1–0.3 mM) relaxing and high doses (>0.3 mM) producing a transient contraction followed
by relaxation [160].

Moreover, caffeine at relatively high doses (1–10 mM) inhibits slow waves (generated
by ICCs) in different gastrointestinal tissues from different species [161], including the
human jejunum [162]. In addition, despite early reports of no effects of caffeine on glial
cells [163], more recent studies have shown that caffeine at 0.01 mM produced an immediate
and sustained Ca2+ response in all myenteric glial cells from mouse colon, confirming that
they have ryanodine-sensitive Ca2+ stores [164]. Thus, caffeine might modulate glial cell
function at relatively low doses, and this, in turn, may have an impact on gastrointestinal
motor activity through coordinated responses with the myenteric neurons.

The effect of caffeine on the myenteric neurons has been studied using cultured iso-
lated neurons/ganglia or whole-mount preparations (see Figures 1 and 2). In cultured
myenteric neurons, caffeine was shown to concentration-dependently stimulate Ca2+ re-
lease, in a quantal and saturable manner, from intracellular Ca2+ stores that are refilled
via depolarization-induced Ca2+ increases. This effect was shown to be sensitive to the
RyR antagonists ryanodine, dantrolene, and procaine, but did not involve the participation
of cAMP phosphodiesterase inhibition [163]. However, caffeine-releasable ryanodine-
sensitive calcium stores are not the only subset of cytosolic Ca2+ storage and the calcium
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ionophore ionomycin applied after maximal caffeine effect in Fura-2-loaded myenteric
neurons achieved further increases in intracellular free Ca2+ ([Ca2+]i) [163]. An important
drawback of these studies in cultured myenteric neurons/ganglia is that it is difficult to
identify the functional subpopulations of myenteric neurons, although heterogeneity of
the responses to caffeine (as well as to other drugs) is clearly observed, suggesting that it
might affect different neuronal subtypes [163].

Figure 2. Intracellular recording from myenteric neurons. A fixed whole-mount preparation, processed immunohisto-
chemically to show calretinin positive neurons, is used to illustrate how electrical activity of myenteric neurons would be
recorded using current clamp electrophysiological modality. Calretinin immunoreactivity in guinea pig ileum whole-mount
preparations allows one to distinguish the different components of the myenteric plexus: the primary component, which
includes the myenteric ganglia and the internodal strands; the secondary branches that run circumferentially; and the tertiary
plexus, a web of fine nerves that correspond to axons derived from excitatory longitudinal muscle motor neurons [165].
The intracellular recording electrode is represented in green (right)—this electrode allows for the recording of neuronal
electrical activity, as well as direct intracellular stimulation of the cell with depolarizing or hyperpolarizing continuous or
pulsed current, and marker injection to allow the impaled neuron to be visualized after immunohistochemical processing.
The electrode for focal, extracellular stimulation is represented in red (left); this is placed on top of a circumferential
internodal nerve strand. If the strand carries an axon (represented as a dotted line) that synapses on the impaled neuron,
then focal stimuli (represented as a red blast symbol) will cause neurotransmitter release from the axon terminal and a
postsynaptic potential on the impaled neuron (see Figure 3 for morphological and electrophysiological classifications of
myenteric neurons).

In order to evaluate the effects of drugs on specific subpopulations of myenteric
neurons, the use of whole-mount preparations is a better option. Whole-mount prepara-
tions are “sheets” of longitudinal muscle with the myenteric plexus attached. The other
gut wall layers, i.e., mucosa, submucosa, and circular muscle, are dissected away to fa-
cilitate intracellular recording of myenteric neuron electrical activity. In addition, these
experiments allow for the definition of the morphology of the impaled neuron through
intracellular injection of a marker during recording, as well as its chemical code, by use of
immunohistochemistry after fixation (Figure 2).

In these experiments, ryanodin-sensitive calcium stores were demonstrated to play
a particularly important role in a specific subpopulation of myenteric neurons whose
electrophysiological features (in whole-mount preparations) highly depend on [Ca2+]i, the
so-called AH/type II neurons (Figure 3), which are identified as intrinsic primary afferent
neurons [166]. Morphologically, these are multipolar neurons with a smooth soma and pro-
jections to the mucosa and other myenteric neurons. Electrophysiologically, these neurons
are characterized by relatively broad action potentials (APs) (i.e., the falling phase of their
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APs display a “hump”), followed by two afterhyperpolarizations (AHPs); an early, short
(ms) AHP; and a late, long-lasting (4–20 s) AHP [166]. Similar to cardiomyocytes, the broad
AP is due to the influx of both sodium and calcium through voltage-gated channels. Impor-
tantly, Ca2+ entry during the AP is associated with a transient increase in [Ca2+]i, released
from RyR-sensitive stores, which amplifies calcium influx. This calcium-induced calcium
release (CICR), in turn, leads to potassium efflux through calcium-operated potassium
channels, which underlies the characteristic slow AHP of these neurons. Thus, activity-
dependent CICR has been suggested to be a mechanism to grade the output of AH neurons
according to the intensity of sensory input. Furthermore, AH neurons display relatively
high resting levels of [Ca2+]i, which, through the same indirect mechanism involving
potassium efflux, maintain low their resting potential and reduce their excitability [167].

Figure 3. Morphological and electrophysiologic features of myenteric neurons and effect of caffeine on AH/II neurons. By
use of intracellular recording methods illustrated in Figure 2, two main classes of myenteric neurons can be distinguished.
According to morphology (left), neurons are classified as Dogiel type I (top) or Dogiel type II (bottom). These neurons
broadly correspond to electrophysiological types S and AH, respectively. S neurons display short sodium-dependent
APs, whereas APs of AH neurons are wider and depend on the entry of both Na+ and Ca2+, displaying a “hump” during
the falling phase of the AP, due to Ca2+ entry. S neurons respond to single focal electrical stimuli with fast excitatory
postsynaptic potentials (f-EPSPs), which are not seen in AH neurons, although both classes may respond to trains of focal
stimulation with slow excitatory postsynaptic potentials (s-EPSPs). Finally, AH neurons display a s-AHP, due to K+ efflux
dependent on the increase in intracellular free Ca2+ ([Ca2+]i) released from ryanodine-dependent stores. This s-AHP is
increased and prolonged by caffeine, making these neurons, which are intrinsic peripheral nerve afferents, less excitable.
Abbreviations: AP, action potential; f-EPSP, fast excitatory postsynaptic potential; RP, resting potential; s-AHP, slow after
hyperpolarization; s-EPSP, slow excitatory postsynaptic potentials. Light grey blocks with dotted border, artifact of the
stimulus; red blast symbol, focal stimulus.

Interestingly, activation of AH myenteric neurons by caffeine turns into a reduction of
their excitability due to the increase in [Ca2+]i released from ryanodine-dependent stores
and the consequent potassium-mediated hyperpolarization [167,168]. How this translates
into in vivo effects is not clear, but it is important to remember that AH/type II myenteric
neurons extend projections to the mucosa where caffeine might activate them directly,
leading to the indirect inhibitory effect suggested by these in vitro studies.
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3.3. Polyphenols

Wood and collaborators used intracellular recording of enteric neurons and CA as
a tool to understand the mechanisms underlying pathophysiology of secretory diarrhea
associated with food allergies [169]. Antigen-evoked mast cell degranulation in the small
and large intestine starts an immediate (type I) hypersensitivity reaction characterized by
mucosal hypersecretion [170] and strong contractions of the musculature [171], which are
sensitive to tetrodotoxin and atropine, meaning that these reactions implicate the partic-
ipation of the ENS. Exposure to an antigen, then, triggers a coordinated immunoneural
defense program response aimed at getting rid of the antigenic threat, which translates
into watery diarrhea, fecal urgency, and abdominal pain [172]. In the study by Wood
et al., CA, which is a 5-lipoxygenase inhibitor [173], was able to partially suppress the
hyperexcitability of submucous neurons induced by β-lactoglobulin in the small intestine
of guinea pigs, which was used as a model of anaphylactic responses associated with
food allergies [169]. Thus, this study demonstrated the involvement of leukotrienes in the
secretory response of submucous neurons to food antigens. However, to our knowledge,
the in vitro effects of CA on the myenteric neurons in the context of food allergy has not
been tested thus far.

Of note, CA and CGA may exert an important neuroprotective role in the context of
Parkinson’s disease (PD), including on the ENS, which is discussed in Section 4. However,
to our knowledge, the potential impact of these polyphenols on gastrointestinal motility
altered in preclinical models of PD or in patients, has not been specifically evaluated.

3.4. Dietary Fiber

Dietary fiber is also present in coffee. Our group evaluated the effect of two coffee-
derived by-products proposed as natural sources of dietary fiber on in vivo rat gastroin-
testinal motility using radiographic methods after intragastric administration of barium
as contrast (Figure 1B illustrates this procedure). In one of them, different experiments
were performed to evaluate the properties of instant spent coffee grounds (SCGs) [174].
The gastrointestinal motility study was performed after the 1st, 14th, and 28th intragastric
administration of SCGs. The product accelerated transit in both the small intestine (since
the cecum of the rats was reached significantly more quickly than that of control rats),
and the colon (since formation of fecal pellets occurred also much more quickly in SCGs-
exposed than in vehicle-treated animals). However, this effect was restricted to the first
radiographic session, after the first SCG dose, whereas it was not apparent after the 14th
or the 28th doses. Thus, the dietary fiber effect acutely produced by SCG administration
seemed to be followed by tolerance development, although no sign of impaired motility
was found in any animal. The acute pro-motility effects of SCG demonstrated in that study
could be influenced by short chain fatty acids (SCFAs), which have been shown to be
released during SCGs fermentation by colon microbiota from medium and dark roasted
coffee beans at concentrations higher than 10 mM [175], and SCFAs (10–200 mM) stimulate
colonic motility [176]. Interestingly, an aqueous extract of coffee silverskin, another coffee
by-product, may also display dietary fiber effect since total SCFAs derived from coffee
silverskin extract fermentation were higher in feces of rats treated with the extract for
28 days [177]. Although its precise in vivo effects on gastrointestinal motility still needs to
be determined, it might be related with the presence of melanoidins in it (see Section 3.5).

3.5. Maillard Reaction Products: Melanoidins and Acrylamide

The other radiographic study of gastrointestinal motility performed by our group
evaluated the effect of melanoidins from the previously mentioned aqueous extract of
coffee silverskin [178]. Coffee silverskin is the tegument of the outer layer of the coffee bean,
representing approximately 4.2% (w/w) of the coffee cherry and is the only by-product
produced during coffee roasting [179]. Coffee silverskin has been proposed as a sustainable
natural source of prebiotics, antioxidants, and dietary fiber [180]. The antioxidant properties
of coffee silverskin extract are due to the presence of CGA [181], but also to the melanoidins

334



Nutrients 2021, 13, 88

generated during the roasting process [182]. Melanoidins are high molecular weight brown
polymeric compounds generated during the last stage of the Maillard reaction [183], and
those derived from coffee are described as “Maillardized dietary fiber” [184]. Thus, the
fiber effect was studied in vivo, in healthy male Wistar rats, at a dose of 1 g/kg in drinking
water. After 4 weeks, the rats received barium sulphate by gavage and radiographs were
taken 0–8 h afterwards. In addition, the colonic bead expulsion test was performed to
specifically determine the possible effects on colonic propulsion. In line with the previous
study with SCGs, melanoidins accelerated transit in small intestine (since the caecum was
reached significantly more quickly in melanoidin-exposed rats than in control animals)
and tended to accelerate fecal pellet formation, although this effect was not significant.
Interestingly, fecal pellets from the melanoidin group tended to be slightly larger, which
might have been a result of the higher fiber intake in this group, making the fecal pellets
slightly more effective to mechanically stimulate the colon. Moreover, melanoidins did
not significantly alter the latency of expulsion of a bead inserted 3 cm into the colorectum,
suggesting that the motor agents (intrinsic and extrinsic innervation, smooth muscle, and
ICCs) involved in the colonic propulsion at this level were not altered by dietary exposure
to coffee silverskin-derived melanoidins and that these may have potential to be used
as a functional food ingredient [178]. Interestingly, Argirova et al. (2010) [185] showed
that melanoidins act upon muscle tone and might facilitate Ca2+ influx into the cells of
isolated gastric muscle layers. Thus, these compounds might exert their pro-motility action
not only through a fiber effect, but also through the direct activation of gastrointestinal
smooth muscle cells, which needs to be confirmed to occur also using isolated intestinal
muscle tissue.

As mentioned above, acrylamide is formed as a result of Maillard reaction between
amino acids and sugars during heating [186], which occurs also during coffee roasting.
Although the dietary intake of acrylamide in humans is difficult to assess, the estimated
dietary exposure for the general population ranges from 0.3 to 0.8 μg/kg of body weight
per day [187]. This is due to the exposure, not only to coffee, but also to other foods
(chips, cereals) and industrial products (those related with polymer, glues and paper, water
treatment, and cosmetic industries [126]) that may also contain acrylamide in relevant
concentrations to impact human health. Despite the fact that the digestive tract is one of
the main routes of acrylamide absorption, and the fact that intake of acrylamide-containing
foods, including coffee, is still growing, its effect on the ENS neurons has scarcely been
assessed, yet this is important because acrylamide is a peripheral nervous system toxin.

Acrylamide effects were studied in a coculture model of intestinal myenteric neurons,
smooth muscle cells, and glia [188]. In this study, acrylamide was added to the cocultures
in doses ranging from 0.01 mM to 12 mM, followed by incubation for 24, 96, or 144 h.
In contrast with botulinum toxin A, which was also tested in the same system and only
altered neuronal function, acrylamide damaged enteric neuron structure when used at
0.5–2 mM. At these doses, the damage was selective for the axonal structures, without
affecting survival, whereas at higher doses, neuronal survival was significantly reduced.
Axonal loss was accompanied by reduced acetylcholine release, which was negligible at
4 mM. The mechanism involved synaptic vesicle synthesis and function, but not choline
uptake. Neuronal loss at high doses involved mainly a necrotic mechanism, although a low
frequency of noncaspase-3-mediated apoptotic death was also demonstrated. Interestingly,
it was also shown that after low-dose acrylamide challenge, axon regeneration was possible.
In fact, axon growth occurred more rapidly than in control cultures over the 24–96 h period
after low-dose challenge, suggesting the involvement of compensatory mechanisms after
the initial damaging insult. However, neurotransmitter release was found to lag behind
axonal regrowth by at least several days. Interestingly, all the changes described were
selective to neurons (irrespective of the underlying phenotype), with enteric glial cells
apparently not being affected [188].

Acrylamide has also been shown to produce neurotoxic effects on the ENS after oral
administration to experimental animals. Early studies showed changes in the ENS in
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acrylamide-treated rats resembling those of streptozotocin-induced diabetic animals, with
alterations of the catecholaminergic content, a decrease in the amount of calcitonin gene-
related peptide (CGRP), and a corresponding increase in the levels of vasoactive intestinal
peptide (VIP) [189]. However, those studies did not evaluate whether these changes were
associated with neuronal loss, axonal degeneration, or altered function. More recently, the
effects of acrylamide administration have been studied in pig models. The results suggest
that even low doses of acrylamide affect the structure and function of the gastrointestinal
tract and cause a significant response of ENS neurons. For example, the expression of
cocaine- and amphetamine-regulated transcript (CART), which exerts a crucial role in
neuronal response to stress stimuli and neuroprotection, was increased, particularly in the
myenteric plexus of the small intestine in immature female pigs receiving a low or a high
dose of acrylamide by the oral route for 28 days, which was interpreted to occur as part of
the neuronal protection/recovery processes within the gastrointestinal tract in response to
this pathological stimulus [190]. Galanin is another peptide with neuroprotective proper-
ties that mediates survival or regeneration after neural injury and exerts anti-inflammatory
activities [191,192]. Thus, in the same porcine model, the population of galanin-like im-
munoreactive neurons was found to be increased in both the submucous and myenteric
plexuses of the stomach, even at low doses. Moreover, the submucous and myenteric
neuronal populations of cells immunoreactive to galanin and simultaneously immunore-
active to VIP, nNOS, or CART were increased. These findings were, again, interpreted by
the authors as a neurotrophic/neuroprotective role of galanin (in possible co-operation
with VIP, nNOS, and CART) in the recovery processes in the gastric ENS after acrylamide
intoxication [193]. One more paper of this series was published in the year 2019 and found
similar results in the pig duodenum. As before, acrylamide was used at a low (0.5 μg/kg)
daily dose considered tolerable, or at a 10-fold dose (5 μg/kg), by the oral route for 4 weeks.
Both treatments led to significant increases in the percentage of neurons immunoreactive to
substance P (SP), CGRP, galanin, nNOS, and vesicular acetylcholine transporter (VACHT),
although the high dose exerted more intense changes. In this case too, the interpretation
given by the authors is that all these changes may be compensatory plastic effects in an
attempt to protect neurons from damage and restore enteric neuronal homeostasis [194].
Of note, although acrylamide activates microglial cells both in vivo and in vitro, leading
to the release of proinflammatory cytokines, and consequently contributing to neuronal
damage [195], the involvement of enteric glial cells in enteric neuronal alterations induced
by acrylamide has not been specifically evaluated yet, except for the above-mentioned
study that used cocultures of intestinal myenteric neurons, smooth muscle cells, and glia,
and did not show any acrylamide-induced alterations in this last cell type [188].

4. Coffee and the Brain–Gut Axis

As already mentioned, coffee is a natural source of compounds (Figure 4) able to exert
crucial effects in the brain–gut axis [196].

Interestingly, when “brain–gut axis” and “coffee” are combined as keywords in
Pubmed, only three papers are retrieved (as of 29th November 2020), and two of them lead
with the relationship of coffee with PD (see below) [197,198]. The other one is a recent study
by Papakonstantinou et al. [199], who performed a randomized, double blind, crossover
clinical trial (ClinicalTrials.gov ID: NCT02253628) with 40 healthy young (20–55 years of
age) individuals of both sexes to study the effect of 200 mL coffee beverages containing
160 mg caffeine (hot and cold instant coffee, cold espresso, hot filtered coffee) on (1) self-
reported gastrointestinal symptoms, (2) salivary gastrin, (3) stress indices (salivary cortisol
and α-amylase) and psychometric measures, and (4) blood pressure. Importantly, the
participants were daily coffee consumers, and the study was performed in non-stressful
conditions. There was no effect of coffee on self-reported anxiety levels. Furthermore,
the participants reported a very low score (1 out of 10) for all the questions pertaining
to negative gastrointestinal symptoms (i.e., abdominal discomfort, bloating, dyspepsia,
and heartburn), chronic stress, and negative feelings, whereas the score was high (9 out of
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10) for all the questions pertaining to positive feelings. Coffee consumption significantly
increased salivary α-amylase activity, with significant differences only between cold instant
and filtered coffee at 15 and 30 min after intake. Irrespective of coffee type, salivary gastrin
was temporarily increased, whereas salivary cortisol or self-reported anxiety levels were
not affected. However, at the end of the experimental periods, blood pressure was sig-
nificantly increased (but within the healthy physiological levels), independently of coffee
type/temperature. Although many studies have addressed the cardiovascular and central
effects of coffee and caffeine, the report by Papakonstantinou et al. seems to be the only
study specifically evaluating their effects on the brain–gut axis as a whole, in the same
individuals and under the same conditions. Thus, it was demonstrated that acute coffee
consumption in non-stressful conditions was not associated with gastrointestinal symp-
toms but activated the sympathetic nervous system, associated with increases in salivary
α-amylase and blood pressure but not salivary cortisol, which was interpreted as due to a
possible anti-stress effect of coffee [199], possibly contributed by a coffee compound other
than caffeine. Thus, it is important to study the effects not only of coffee, but also of its
components, on the brain–gut axis.

 
Figure 4. Effect of coffee compounds on the brain–gut axis. Abbreviations: CGAs, chlorogenic acids; GABA, γ-amino
butyric acid.

4.1. Caffeine

Caffeine is the main psychoactive compound found in coffee (Table 1). It is consumed
from the diet and absorbed into the blood, stimulates the sympathetic nervous system
activity, and easily crosses the blood–brain barrier (BBB) with stimulatory effects also on the
central nervous system (CNS) [196,200]. Caffeine has an effect on the CNS by modulating
different neuronal pathways.

Thus, both in animal and human studies, changes in dopaminergic systems have been
observed after caffeine exposure [201]. Different studies suggest that caffeine increases
extracellular dopamine concentrations [202], as well as the expression of dopaminergic
receptors [203] and transporters, which leads to an improvement of cognitive dysfunction
and attention [204]. In addition, it has been reported that caffeine is able to combat the
loss of dopaminergic neurons, inducing neuroprotection and attenuating neurological
diseases in animal models [205], which may be particularly useful in the context of PD
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(see below). However, dopaminergic activity is increased in schizophrenia and addictions.
Therefore, the effects of coffee and caffeine must be considered also in these patients.
Importantly, people with schizophrenia have relatively high intakes of coffee and caffeine,
due to different reasons, including the willingness to relieve boredom and apathy or the
side effects of antipsychotic medication, such as sedation or dry mouth [206]. In general, it
is recommended that these patients reduce coffee consumption [207].

On the other hand, it has been reported that there is a possible interaction between
caffeine and glutamatergic signaling. Chronic caffeine consumption can attenuate blast-
induced memory deficit in adult male C57BL/6 mice, which is correlated with neuropro-
tective effects against glutamate excitotoxicity, inflammation, astrogliosis, and neuronal
loss at different stages of injury [208]. Moreover, caffeine consumption could also reduce
the loss of glutamatergic nerve terminals in the hippocampus, restoring diabetes-induced
memory dysfunction in mice [209].

Additionally, caffeine has been found to decrease the activity of the γ-aminobutyric
acid (GABA) ergic system and modulate GABA receptors, leading to neurobehavioral
effects [201]. Chronic caffeine intake may be related to long-term decrease in GABA [210].

Finally, a recent review by Jee et al. (2020) has indicated that caffeine consumption has
different neurological and psychiatric effects in men and women [211], highlighting the
importance of evaluating the influence of gender on the effects of coffee and its components
on the brain–gut axis. Specifically, the authors showed that caffeine consumption reduces
the risk of stroke, dementia, and depression in women and of PD in men. However, caffeine
has a negative effect of increasing sleep disorders and anxiety in both male and female
adolescents [211].

4.2. Polyphenols

Coffee is also a source of CGA (Table 1), a hydroxycinnamic acid with health-promoting
properties such as antioxidant, antibacterial, and anti-inflammatory activities, among
others [212]. The majority of ingested CGA is hydrolyzed to CA and quinic acid, and
further metabolized by gut microbiota into various aromatic acid metabolites [213]. There
is controversial information regarding the ability of CGA and its metabolites to cross
the BBB [214,215]. However, neuroprotective effects due to its antioxidant and anti-
inflammatory properties have been previously described [215].

As mentioned for caffeine, CA and CGA are coffee components with antioxidant
properties and neuroprotective effects against dopaminergic neurotoxicity [216,217] that
have been suggested to underlie the decrease in PD risk associated with coffee consump-
tion [218,219]. Interestingly, one of the cardinal symptoms of PD is constipation, and this
seems to occur already 10–20 years prior to the presentation of PD motor symptoms [220],
with lower bowel movement frequencies predicting the future PD crisis [221]. Moreover,
neurodegeneration occurs in PD patients and animal models, and robust evidence sug-
gests that PD could start in the ENS and spread from there to the CNS via the vagal
nerve [222,223]. In a recent report, CA or CGA were tested in a rotenone-induced PD
mouse model [224]. In this model, mice were subcutaneously implanted an osmotic mini
pump, allowing the administration of rotenone at 2.5 mg/kg/day (corresponding to envi-
ronmental exposure levels of rotenone via pesticides) for 4 weeks. CA (30 mg/kg/day) or
CGA (50 g/kg/day) were administered 5 days a week, starting 1 week before rotenone ex-
posure, up to its end. The effects of treatments on central dopaminergic and enteric neurons
were evaluated after sacrifice and performed 1 day after rotenone treatment ended. In addi-
tion, cultures of rat enteric neurons and glial cells were exposed to rotenone (1–5 nM) with
or without exposure to CA (10 or 25 μM) or CGA (25 μM). Remarkably, besides beneficial
effects on central structures and cells relevant to PD (namely, nigral dopaminergic neurons
and astrocytes), it was demonstrated that administration of CA or CGA at least partially
prevented the changes induced by rotenone, which affected both neurons and enteric glial
cells in the intestinal myenteric plexus of treated mice. Importantly, all these effects were
reproduced in vitro. The precise mechanism was not clarified but it was proposed that CA
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or CGA pretreatment may enhance the reactivity of glial cells to produce antioxidative
molecules in response to rotenone exposure. Although the CA and CGA doses used were
probably 2–5 times higher than those consumed daily by coffee drinkers, the results are
clearly promising. In fact, the authors suggested that it may be possible to use a food-based
promising therapeutic strategy of neuroprotection to improve not only motor but also
non-motor symptoms of PD, such as constipation, although the effects of CA and CGA on
gastrointestinal motility were not specifically evaluated in this report [224].

During the last stage of preparation of this manuscript, a report by the group of
Rogulja [225] was published showing that there is a key connection between beneficial
effects of sleep and gut health. They demonstrated that severe sleep loss causes accumula-
tion of ROS in the gut (but not the brain) of both flies and mice, which was associated with
death of the flies (the short cycle of sleep restriction did not allow for it to be demonstrated
also in mice). Importantly, all these effects could be prevented by oral administration
of antioxidant compounds or through gut-targeted transgenic expression of antioxidant
enzymes. Many people use caffeinated coffee to keep awake, and while caffeine may
favor insomnia [211], the antioxidant components of coffee (like melatonin, one of the
antioxidant compounds used in the mentioned study by Rogulja and collaborators, [225])
may prevent accumulation of ROS in the gut and avoid the deleterious effect of voluntary
sleep restriction.

4.3. Aminoacids and Their Derived Hormones

One of the compounds found naturally in coffee is tryptophan (Trp), an essential amino
acid that must be supplied in the diet. Tryptophan is absorbed using the sodium-dependent
neutral amino acid transporter, sodium-dependent neutral amino acid transporter (B0AT-1),
which needs to be stabilized through interaction with the angiotensin-converting enzyme 2
(ACE2) [226]. Tryptophan absorption results in the secretion of α-defensins, cysteine-rich
cationic peptides with antibiotic activity against a wide range of bacteria and other mi-
crobes, making dietary Trp essential for gut microbiota homeostasis [227,228]. Importantly,
the aberrant absorption of Trp (which may occur due to cell surface downregulation of
ACE2 during chronic stress, [229], or infection by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [230]) leads to manifestations of colitis, such as diarrhea [231].
This amino acid is also essential for vitamin B3 (niacin) synthesis, and the deficit of this
vitamin causes pellagra, a disease characterized by diarrhea, inflammation, and protein
malnutrition, with skin and CNS manifestations [232]. Importantly, recent studies also
revealed that niacin deficiency might be associated with Alzheimer’s, Parkinson’s, and
Huntington’s diseases; cognitive impairment; or schizophrenia [232].

Once Trp is consumed and absorbed from the gut, it is made available in the circulation
(the majority bound to albumin) and crosses the BBB to be involved in serotonin synthesis
in the CNS [233,234]. Serotonin is a neurotransmitter that regulates different physiological
aspects, such as behavior, learning, appetite, and glucose homeostasis [235]. Five percent
of total body serotonin is brain-derived [235], whereas the majority of serotonin (95%)
is produced from Trp in the ECs of the gastrointestinal tract [233]. ECs act as a sensory
transduction component in the gastrointestinal mucosa. Serotonin is released by ECs after
food intake, intraluminal distension, or efferent vagal stimulation, and its primary targets
are the mucosal projections of primary afferent neurons including the vagal nerve [236].
Dietary and peripheral serotonin do not cross the BBB, implying that peripheral serotonin
exerts different functions compared to brain-derived serotonin [235]. Peripheral serotonin
is involved in the regulation of glucose and lipid homeostasis by acting on pancreatic
β-cells, on hepatic cells, and on white adipocytes [235]. Serotonin is also involved in the
regulation of visceral pain, secretion, and initiation of the peristaltic reflex, and altered
levels of this hormone are also detected in many different psychiatric disorders. Symptoms
of some gastrointestinal functional disorders may be due to deregulation of CNS activity,
dysregulation at the peripheral level (intestine), or a combination of both (brain–gut axis) by
means of neuro-endocrine-immune stimuli. In addition, several studies have demonstrated
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the profibrogenic role of serotonin in the liver, showing that it works synergistically with
platelet-derived growth factor in stimulating hepatic stellate cell proliferation [237].

Another neurotransmitter synthesized from Trp in the brain is melatonin [238]. Mela-
tonin has a crucial role in the control of the circadian cycle and it is also a powerful free
radical scavenger and antioxidant [239]. Coffee is a source of melatonin, but the bioavailabil-
ity of this compound in humans is low (around 3%) [240] and caffeine reduces endogenous
nocturnal melatonin levels [238], with a significant impact on duration and quality of
sleep [211].

GABA is a major inhibitory neurotransmitter of the CNS and is normally present in
high concentrations in many brain regions. It is also found in green coffee beans (Table 1).
Although the ability of GABA to cross the BBB is still unclear [241], its analgesic, anti-
anxiety and hypotensive properties may be due to a local effect on gastrointestinal receptors,
to circulating GABA, or to certain amount of GABA that might cross the BBB [196,242].

4.4. Maillard Reaction Products: Melanoidins

Dietary fiber and melanoidins, the latter also known as Maillardized dietary fiber [184],
are likewise present in coffee (Table 1) and have health-promoting properties in the gut
and possibly in the brain. Dietary melanoidins, similarly to fiber, escape gastrointestinal
digestion, reach the colon, and become substrates for the gut microbiota [243]. In the gut,
dietary fiber increases fecal bulk, contributes to normal bowel function and to accelerated
intestinal transit [244]. Non-digestible carbohydrates are fermented by the microbiota into
SCFAs, and these metabolites have been attributed several health effects [196]. Curiously,
studies carried out in male Tsumura Suzuki obese diabetes (TSOD) mice, an accepted mouse
model of metabolic syndrome, showed that caffeine and CGA improved plasma SCFA
profile after 16 weeks of daily consumption of these compounds. However, in this study
coffee had no effects probably because dietary fiber content in coffee composition differs by
brand [245]. SCFAs influence gastrointestinal epithelial cell integrity, glucose homeostasis,
lipid metabolism, appetite regulation, and immune function and are able to cross the
BBB [246]. Interestingly, human studies have reported that dietary fiber can be isolated
from SCGs and have chronobiotic effects [247], in addition to promoting short-term appetite
and reducing energy consumption [248]. Moreover, a very recent randomized, crossover
study of 14 healthy subjects reported that coffee melanoidins consumed at breakfast reduce
daily energy intake and modulate postprandial glycemia and other biomarkers [249].

5. Conclusions

Coffee is a complex variable mixture of many compounds whose effects may vary
according to their origin, processing, bioavailability, and possible synergistic and/or
antagonistic effects.

Epidemiological studies have suggested that coffee brew may exert multiple effects on
the digestive tract, including antioxidant, anti-inflammatory, and antiproliferative effects on
the mucosa, and pro-motility effects on the muscle layers. However, in high contrast with
what is known for other body systems and functions (i.e., cardiovascular system, CNS), the
knowledge accumulated thus far regarding the effects of coffee and specific coffee-derived
compounds on the gastrointestinal tract as a whole or on their different organs, as well as
the specific mechanisms of action exerted on the different cell types present in the gut wall
along the whole system, is strikingly scarce, despite the fact that the gastrointestinal tract is
the first body system that comes in contact with ingested coffee. Furthermore, the impact
of coffee and its derivatives on brain–gut axis health (from emotions to neurodegeneration)
has only recently been addressed.

Coffee is recognized as one of the most popular beverages and largest traded produces
worldwide, with millions of people consuming it on a daily basis [250]. Furthermore, the
coffee plant Coffee sp. offers much more than the traditional beverage, and its by-products,
including coffee flowers, leaves, pulp, husk, parchment, green coffee, silver skin, and SCGs,
have become an attractive potential source of ingredients for new functional foods [251].
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Hopefully, the currently huge interest in coffee and coffee by-products will help obtain
robust scientific evidence clarifying their impact and mechanisms of action underlying
their health-promoting properties in the gastrointestinal tract. Moreover, it is possible
that targeted functional foods will soon be developed to specifically protect or improve
gastrointestinal and brain–gut axis health.
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[Ca2+]i intracellular free Ca2+

5-CQA 5-O-caffeoylquinic acid
ACF aberrant crypt foci
ACE2 angiotensin-converting enzyme 2
AHP afterhyperpolarization
AKT
AP

serine/threonine kinase Akt
action potential

PKB protein kinase B
ATF-2 activating transcription factor 2
ATF-3 activating transcription factor 3
B0AT-1
BBB

sodium-dependent neutral amino acid transporter
blood–brain-barrier

BE Barrett’s esophagus
CA caffeic acid
Ca2+

cAMP
calcium
cyclic adenosine monophosphate

CART cocaine- and amphetamine-regulated transcript
CGA chlorogenic acid
CGRP calcitonin gene-related peptide
CICR calcium-induced calcium release
CNS central nervous system
COX-2 cyclooxygenase-2
CQA caffeoylquinic acid
CRC colorectal cancer
CRP C-reactive protein
DMBA dimethylbenz(a)anthracene
DSS dextran sodium sulfate
EC enterochromaffin cell
EGF
ENS

epidermal growth factor
enteric nervous system
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ERK
f-EPSP

extracellular signal-regulated kinase
fast excitatory postsynaptic potential

GABA γ-aminobutyric acid
GERD gastroesophageal reflux disease
GSK3β
GST

glycogen synthase kinase 3 beta
glutathione S-transferase

HE hematoxylin/eosin
HIF-1 hypoxia-inducible factor-1
HO-1 heme oxygenase-1
HSP 70
IARC

heat shock protein 70
International Agency for Research on Cancer

IBD inflammatory bowel disease
ICC interstitial cells of Cajal
IKK IkB kinase
IL- interleukin-
iNOS inducible nitric oxide synthase
JNK
MAPK
Mcl-1
MCP-1

c-Jun N-terminal kinase
mitogen-activated protein kinase
myeloid cell leukemia 1
methyl-accepting chemotaxis protein-1

SAPK stress-activated protein kinase
MEK
MNNG

MAPK/ERK kinase
N-methyl-N-nitro-N-nitrosoguanidine

MP myenteric plexus
ND not detected
NF-kβ nuclear factor-kβ
nNOS nitric oxide synthase
NO nitric oxide
NR not reported
PAI-1 plasminogen activator inhibitor-1
PD Parkinsons’s disease
PTEN
PG

phosphatase and tensin homolog
prostaglandin

PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
ROS reactive oxygen species
RP resting potential
RyR ryanodine receptors
s-AHP slow afterhyperpolarization
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SCFA short chain fatty acid
SCG spent coffee grounds
s-EPSP slow excitatory postsynaptic potential
SMP submucous plexus
SP substance P
spp.
STAT5
TNF-R

species
signal transducer and activator of transcription 5
tumor necrosis factor-receptor

TNF tumor necrosis factor
TOPK
Trp

lymphokine-activated killer t-cell-originated protein kinase-like protein
tryptophan

UDP
UGT1A

uridine diphosphate
UDP glucuronosyltransferases

VACHT vesicular acetylcholine transporter
VEGF vascular endothelial growth factor
VIP vasoactive intestinal peptide
WHO World Health Organization
ZO-1 zonulin-1
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