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ABSTRACT

Hops (Humulus lupulus L.) is by far the greatest contributors to the bitter property of beer. Over the past
years, a large body of evidence demonstrated the presence of taste receptors in different locations of the
oral cavity. In addition to the taste buds of the tongue, cells expressing these receptors have been
identified in olfactory bulbs, respiratory and gastrointestinal tract. In the gut, the attention was mainly
directed to sweet Taste Receptor (T1R) and bitter Taste Receptor (T2R) receptors. In particular, T2R has
shown to modulate secretion of different gut hormones, mainly Glucagon-like Peptide 1 (GLP-1), which
are involved in the regulation of glucose homeostasis and the control of gut motility, thereby increasing
the sense of satiety. Scientific interest in the activity of bitter taste receptors emerges because of their
wide distribution in the human species and the large range of natural substances that interact with them.
Beer, whose alcohol content is lower than in other common alcoholic beverages, contains a considerable
amount of bitter compounds and current scientific evidence shows a direct effect of beer compounds on
glucose homeostasis. The purpose of this paper is to review the available literature data in order to
substantiate the novel hypothesis of a possible direct effect of hop-derived bitter compounds on secretion
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of GLP-1, through the activation of T2R, with consequent improvement of glucose homeostasis.

Abbreviations: AMPK: AMP-Activated Protein Kinase; DPP IV: Dipeptidyl Peptidase IV; Gl: Glycemic Index; GLP-1:
Glucagon-like Peptide 1; HbA1c: Hemoglobin A1c; HPLC-DAD: High-Performance Liquid Chromatography with
Diode-Array Detection; IBU: International Bittering Units; IL-6: Interleukin 6; LDL: Low Density Lipoprotein; MCP-1:
Monocyte Chemoattractant Protein-1; MUFA: Monounsaturated Fatty Acids; PPAR: Peroxisome Proliferator-Acti-
vated Receptor; PUFA: Polyunsaturated Fatty Acid; SNPs: Single Nucleotide Polymorphisms; T1R: Taste Receptor 1;
T2R: Taste Receptor 2; T2DM: Type 2 Diabetes Mellitus; USDA: U.S. Department of Agriculture

Introduction

Hops (Humulus lupulus L.), a widely used agent in the brew-
ing industry, is the main contributor to the bitter property of
beer (Liu et al. 2015). Therefore, beer is the most important
dietary source of a number of hop-derived substances. The
effects of beer on glucose homeostasis seem to be still contro-
versial (Huang, Wang, and Zhang 2017; Sluik et al. 2017).
Since numerous years, Scientific Community agrees to state
that a moderate alcohol consumption of wine and beer shows
the strongest positive effects on health, contributing to reduce,
in particular, cardiovascular risk (de Gaetano et al. 2016). In
this context, the known “French Paradox” demonstrated how
abstemious and high-alcohol consumers have a cardiovascular
risk higher than moderate alcohol consumers (Renaud et al.
1992). This association, defined “U relation” and confirmed
by other studies, underlines the beneficial effects of low
alcohol doses on insulin resistance and, at the same time, the
cardioprotective effect of non-alcoholic compounds in drinks,
in particular, polyphenols (Chiva-Blanch et al. 2013).

However, for many years, the interest was focused on wine,
specifically due to its content in polyphenolic compounds.
Recently, scientific research is moving towards the focus also
on the effects of a moderate consumption of beer, which
contains sufficient amounts of polyphenols as well, such as fla-
vonoids and phenolic acids (Arranz et al. 2012). This consid-
eration could explain the mechanism of action that makes
beer comparable to wine about the effects on health. Some
clinical trials demonstrated the role of beer consumption in
improving glucose metabolism (Imhof et al. 2009; Shai et al.
2007; Beulens et al. 2008), and suggested that a further mecha-
nism by which moderate alcohol consumption associated with
beer consumption protects against cardio-vascular disease
could be mediated by the effects of beer-derived polyphenols
on glucose homeostasis (Arranz et al. 2012; Chiva-Blanch
et al. 2013). In a very recent meta-analysis, beer consumption
of 20-30 g/day was associated with a significant reduction of
the risk of Type 2 Diabetes Mellitus (T2DM) (Huang, Wang,
and Zhang 2017).
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However, the presence in the beer of considerable amounts
of hop-derived bitter compounds (Kao and Wu 2013) might
provide an alternative explanation for the favourable effects of
moderate beer consumption on glucose metabolism. Indeed,
many studies in literature pointed out the co-localization of bit-
ter taste receptors with endocrine cells of gastrointestinal
secreting gut hormones linked with glucose metabolism (Avau
et al. 2015; Andreozzi et al. 2015). Therefore, our attention has
focused on the possible influence of bittering acids contained in
the beer on the release of the gut hormones involved in the con-
trol of glucose homeostasis. The purpose of this paper is to
summarize the available literature and to provide a scientific
plausibility to the novel hypothesis that effects of beer on glu-
cose homeostasis regulation could be also derived from the
interaction between hop-derived bitter compounds and bitter
receptors in gastrointestinal tract.

Hop-derived bitter compounds in beer

Beer is a beverage obtained from the fermentation of a must of
water and cereal, to which hops are added. This complex pro-
duction process makes this drink a harmonious container of
nutrients and bioactive compounds. A traditional approach to
chemical composition would describe beer as a drink composed
almost exclusively of water and ethyl alcohol with a modest
amount of carbohydrates, poor in protein and no fat. Alcohol
content in beer is lower than in other common alcoholic bever-
ages (de Gaetano et al. 2016). It could represent an advantage,
because daily consumption of standard drink of beer (330 ml,
according to U.S. Department of Agriculture, USDA) can be
considerate as moderate alcoholic intake. This moderate con-
sumption has positive effects on health, in particular reducing
T2DM risk. Indeed, epidemiological studies showed how mod-
erate alcohol consumption decrease this risk in man (47000
subjects, 36% lower risk) and women (110000 subjects, 58%
lower risk) (Kondo 2004).

Beer nutritional composition has been widely described.
USDA provided a detailed description taking in account all
micro- and macronutrient (USDA 2017) (Table 1). For many
years, public opinion supported the hypothesis that beer was
more caloric than other alcoholic beverages; because of this rea-
son, it was thought to increase body weight. Several studies
showed that this idea was incorrect (Hatonen et al. 2012).
Cross-sectional and prospective studies, indeed, demonstrated
that beer consumption does not cause significant increase in
body mass index and/or waist-to-hip ratio (Kondo 2004).

The addition of hops enriches the beverage of compounds
such as bitter compounds, aldehydes, ketones, higher alcohols,
polyphenols that give all those typical organoleptic characteris-
tics and, above all, a potential bioactivity. Amount of bitter
compounds present in beer is reported in Table 2 and bitter
compounds have identified and quantified by an High-Perfor-
mance Liquid Chromatography with Diode-Array Detection
(HPLC-DAD) and Mass Spectrometry protocol (Kao and Wu
2013). It must be considered that, although mammals have an
adversity to bitter compounds due to the association of bitter
taste to toxins, beer bitter compounds are believed responsible
for imparting to beer the refreshing bitter taste well recognized
by the beer consumer in all well brewed brands of beer.
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Table 1. Nutritional composition of beer (data from USDA 2017).

Mean content

Per standard

Units Per 100 g drink, 333.3 ml
Nutrient
Water g 91.96 306.4
Energy keal 43 143.2
Protein g 0.46 1.53
Total lipid (fat) g 0 0
Carbohydrate, by difference g 3.55 11.8
Fiber, total dietary g 0 0
Sugars, total g 0 0
Minerals
Calcium, Ca mg 4 133
Iron, Fe mg 0.02 0.06
Magnesium, Mg mg 6 20
Phosphorus, P mg 14 46.6
Potassium, K mg 27 89.9
Sodium, Na mg 4 133
Zinc, Zn mg 0.01 0.03
Copper, Cu mg 0.005 0.016
Manganese, Mn mg 0.008 0.026
Selenium, Se ng 0.6 2
Fluoride, F ng 44.2 147.2
Vitamins
Vitamin C, total ascorbic acid mg 0 0
Thiamin mg 0.005 0.016
Riboflavin mg 0.025 0.08
Niacin mg 0.513 1.7
Pantothenic acid mg 0.041 0.14
Vitamin B-6 mg 0.046 0.14
Folate, DFE ng 0.6 2
Choline, total mg 10.1 336
Vitamin B-12 ng 0.02 0.06
Vitamin A, RAE ng 0 0
Vitamin E (alpha-tocopherol) mg 0 0
Vitamin D U 0 0
Vitamin K (phylloquinone) ng 0 0
Amino acids
Alanine g 0.012 0.04
Aspartic acid g 0.016 0.05
Glutamic acid g 0.047 0.15
Glycine g 0.013 0.04
Proline g 0.035 0.12
Other
Alcohol, ethyl g 39 13

Individually, these nutrients and other compounds are also
present in other foods and beverages, but considering the com-
plex production technology, it could be hypothesized that beer
is not a mere mix of different ingredients but that all compo-
nents undergo changes during the production process and that
they expose their function to human in a synergistic manner.
Hops (Humulus lupulus L.), by far the greatest contributor to
the bitter property of beer, is a plant belonging to the Cannabi-
naceae botanic family. In most Countries, hops producers grow
non-fertilized female plants, because only female, conical, flow-
ers can be used in brewery. Each female flower has a powdered
and yellow substance at the base, called lupulin. The lupulin
contains bitter resins, essential oils, tannins and terpenes. The
brewing and commercial value of hops is due to its amaricating
and flavouring properties (Liu et al. 2015). Total resins repre-
sent the soluble fraction of hops both in methyl alcohol and in
diethyl ether. Based on their solubility in organic solvents, they
are distinguished by ‘soft resins’ and “hard resins”. Soft resins,
soluble in hexane and in paraffinic hydrocarbons, include «-
and B-acids; hard resins, which are non-soluble in paraffinic
hydrocarbons, include, instead, oxidation products of «- and
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Table 2. Bitter compounds present in beer (Kao and Wu 2013).

Bitter compound Mean content (11g/g)

Isoxanthohumol 36.2
Xanthohumol 29.6
8-prenylnaringenin 7.84
6-prenylnaringenin 19.2
Cohumulone 44.7
Humulone 123
Adhumulone 21.8
Colupulone 44.2
Lupulone 33.2
Adlupulone 5.76

B-acids. Different chemical structures have been identified for
both a- acids and B-acids: humulone, co-humulone, ad-humu-
lone, lupulon, co-lupulon, ad-lupulon with their isomers
(Zhang et al. 2004; Taniguchi et al. 2015).

The bitter characteristics of beer, both for the variety of sub-
stances and for their quantity, depend on the diversity, quantity
and hops adding time. Hops varieties are distinguished by aro-
matic and bittering, depending on the relation between aro-
matic and bitter substances. From the amount of resin added, it
will have beers of different International Bittering Units (IBU)
value. In addition, the a- and B-acids are also isomerized dur-
ing the baking of the must, so if the resin is added at the start of
cooking, the percentage of iso-acids increases. This is one of
the most important considerations to be taken into account in
our hypothesis that beer may be related to regulation of glucose
homeostasis.

Hops have characteristic secondary metabolites (unique
hops compounds: «-acids, B-acids and xanthohumol; highly
characteristic hops compounds: a-humulene, g-caryophyllene)
which are transformed during the brewing process into bitter-
ing and flavoring components (Steenackers, De Cooman, and
De Vos 2015). Among essential oils, monoterpene S-myrcene
and the sesquiterpenes o-humulene and B-caryophyllene are
the major compounds responsible for aroma, while only trace
levels of oxygenated and sulfur compounds are also found
(Almaguer et al. 2014). Mono- and sesquiterpenoid-related
alcohols, such as linalool, geraniol, nerolidol, nerol, and terpin-
eol contribute to the hop aroma. A complex mixture of phe-
nolics, such as flavonols (e.g. quercetin), flavan-3-ols (e.g.
catechin), phenolic acids (e.g. ferulic acid), and corresponding
glycosides and polymers, are also present in the beer (Cham-
pagne and Boutry 2017). Whilst « and B-acids are the main
responsible of the bitterness of the beer, essential oils from the
hops are responsible for the bulk of the aroma and flavour. Bit-
tering is applied by boiling hop «-acids, converting them to
iso-a acids, which are bitter. In particular, throughout the tra-
ditional wort-boiling process, the specialized metabolites are
converted into valuable compounds. Therefore, in the beer
there are bitter compounds that are not present in the hops
(Champagne and Boutry 2017). Isomerized a-acid can also be
added after fermentation. During fermentation, prenyl flavo-
noids are lost due to incomplete hop extraction in must (13-
25%), absorption of insoluble must (18-26%) and adsorption
of yeast cells. After brewing beer, xanthohumol are largely in
the form of isoxanthohumol (about 22-30% of hop xanthohu-
mol); about 10% of desmethylxanthohumol is completely

transformed into prenyl naringenin; geranyl naringenin
behaves in a very similar way to the desmethylxanthohumol. In
addition, malt carbohydrates form soluble complexes with xan-
thohumol and isoxanthohumol (Stevens et al. 1999a). The iso-
xanthohumol is the most abundant flavonoid in beer, ranging
from 0.04 to 3.44 mg/l (Stevens, Taylor, and Deinzer 1999b).

Hop-derived bitter compounds and glucose
metabolism: Current evidence

Current scientific evidence shows a direct effect of beer com-
pounds on glucose homeostasis (Huang, Wang, and Zhang
2017). In particular, it was found that in healthy men the mod-
erate daily consumption of beer (330 mL; 16 g alcohol), even
over a short period of use (30 d), induced significant changes in
glucose homeostasis and lipid profile, thereby reducing insulin
resistance (Nogueira et al. 2017). An in vivo study on murine
model showed that in type 2 diabetic KK-A(y) mice, the admin-
istration of xanthohumol decreased plasma levels of glucose,
triglyceride and weight of white adipose tissue, while increasing
levels of adiponectin, with an interesting effect in attenuating
diabetes (Nozawa 2005). This effect of xanthohumol on reduc-
tion of plasma glucose levels and weight was confirmed in other
studies on rodent model of obesity, such as Zucker fa/fa rats
(Legette et al. 2013) or T2DM mice (Miranda et al. 2016), with
a clear dose-dependent effect. In addition, Miranda et al.
reported also a significant decrease in triglycerides, total choles-
terol, Low Density Lipoprotein (LDL)-cholesterol, Interleukin
(IL)-6, Monocyte Chemoattractant Protein (MCP)-1, insulin
and leptin levels induced by xanthohumol administration, with
improvement of markers of systemic inflammation and meta-
bolic syndrome (Miranda et al. 2016). More recently, the effects
of xanthohumol were analyzed in association of 8-prenylnarin-
genin, another beer-derived polyphenol, on liver and skeletal
muscle lipid and glycolytic metabolism in T2DM mice model
(Costa et al. 2017). The Authors found that these polyphenols
promoted hepatic and skeletal muscle AMP-Activated Protein
Kinase (AMPK) activation, and reduced the expression of tar-
get lipogenic enzymes (sterol regulatory element binding pro-
tein-1c and fatty acid synthase) and acetyl-coenzyme A
carboxylase activity, thus preventing body weight gain and
improving plasma lipid profile, insulin resistance and glucose
tolerance.

In vitro studies showed that these compounds are able to
activate Peroxisome Proliferator-Activated Receptors (PPAR)
a and PPARy, which modulate the transcription of genes
involved in regulation of glucose metabolism. PPARy agonists,
such as pioglitazone, indeed, are used to treat hyperglycemia or
T2DM. Several studies showed that isohumulones improved
glycemic and lipidemic metabolism, acting with a mechanism
similar to those of pioglitazone. Interestingly, unlike pioglita-
zone, isohumulone does not cause increased body weight. In
type 2 diabetic mice, isohumulones reduced blood levels of glu-
cose, triglyceride and free fatty acids. In subjects with mild
T2DM, isohumulones reduced not only plasma glucose and
Hemoglobin Alc (HbAlc), but also systolic blood pressure,
supporting its role as a natural agent for treatment of obesity,
diabetes and associated complications, such as hypertension
(Kondo 2004). A study in humans investigated the



hypoglycemic effect of isohumulones in subjects with prediabe-
tes. Isomerized hop extract, containing note amounts of isohu-
mulones, was tested using soft capsule by Obara et al. (Obara
et al. 2009) In their study, 95 subjects with prediabetes, were
randomly assigned to each of the four study group: A (placebo),
B (16 mg of isohumulones), C (32 mg of isohumulones) and D
(48 mg of isohumulones); each treatment was followed for
12 weeks. Results showed that 48 mg isohumulones for
12 weeks were effective in decreasing fasting blood glucose,
HbAlc, body weight and abdominal fat, suggesting a possible
role for isohumulones a novel natural treatment for the man-
agement of obesity and T2DM (Obara et al. 2009). In addition,
Costa et al. focused on the effects exerted by beer-derived poly-
phenols on diabetic wound healing, reporting that antioxidant
and anti-inflammatory effects of xanthohumol supplemented
in beer were effective in modulating oxidative stress, inflamma-
tion and angiogenesis, three intermingled processes implicated
in the pathogenesis of diabetes mellitus and diabetic vascular
complications (Costa et al. 2013).

The hop-derived bitter acids also contribute to the overall
microbial stability of beer via favoring the brewer’s yeast over
other microorganisms (Champagne and Boutry 2017). Recent
evidence suggests the anti-inflammatory potential of hops-
derived compounds, which are exerted via the inhibition of
plasma lipopolysaccharide (LPS)-stimulated prostaglandin E,
production, nitric oxide formation, cyclooxygenase 2 abun-
dance, and the proinflammatory transcription factors Nuclear
Factor kappa B (NF-kB) pathway in macrophages (Desai et al.
2009). In particular, tetrahydroisoalpha acids, a well-defined
hop extract (termed METAOQ60) derived from hops, has been
found to exert anti-inflammatory activity on LPS-stimulated
tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6)
production in isolated peripheral blood mononuclear cells
(Konda et al. 2010). Everard et al. (Everard et al. 2012) analyzed
the effect of META060 on body weight gain, fat mass develop-
ment, glucose homeostasis and gut barrier function markers in
diet-induced obese and type 2 diabetic mice treated with
METAO060 for 8 weeks. In this study, the Authors reported that
METAO060 was effective in reducing body weight gain, adipo-
genesis, glucose intolerance, and fasted hyperinsulinemia, and
normalizing insulin sensitivity markers. Of interest, these
effects were associated with the improvement of gut barrier
function, with consequent reduced metabolic endotoxemia and
inflammation.

Besides the effects of specific hop-flavored flavonoids of the
beer, only few studies directly investigated the effect of the beer
on glucose metabolism. As reported by Hitonen KA et al
(Hatonen et al. 2012) beer produced a high Glycemic Index
(GI) value, the numerical index that ranks carbohydrates
according to how they affect blood glucose levels (I0S 2010),
due to its content of complex maltooligosaccharides (Hatonen
et al. 2012). However, Hosaka et al (Hosaka et al. 2008) evalu-
ated the effect of alcohol on blood glucose levels in T2DM
patients treated by diet alone, within 2 h after the respective
intake of three different alcoholic beverage: beer, sake (a fer-
mented alcoholic beverage) and shochu (a distilled alcoholic
beverage). Beverage used in this study, indeed, had a different
nutritional composition, in particular, relative to alcohol (beer:
3.7%; sake: 12.3%; shochu: 20.5%) and glucose (beer: 3.1%;
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sake: 4.9%; shochu: 0%), while the amount of each beverage
was calculated to obtain an almost equal intake of ethanol. The
Authors found that, although a limited intake of alcoholic
drinks was required to improve blood glucose levels, beer con-
sumption caused the greatest increase in blood glucose levels
compared to other beverages due its higher carbohydrate con-
tents. Nevertheless, it should be considered that that the
amount of beer consumed in the study (800 ml) was higher
than the standard drink (330 ml), as described by USDA
(USDA 2017). Additionally, it has reported that the consump-
tion of non-alcoholic beer tended to lower the GI compared to
beer (Hatonen et al. 2012). Taking in account these considera-
tions, it is not possible to conclude that beer consumption per
se worsens glucose homeostasis, but only that glucose content
of this beverage could be involved in this negative metabolic
mechanism. Among further possible mechanisms that improve
glucose metabolism through beer consumption, bitter taste
receptors stimulation by beer bitter compounds could play a
fundamental role.

Bitter taste receptors

Bitter taste is considered to be a toxicity detector, which pro-
vides a final analytical detector just before ingestion, in a warn-
ing and defensive modality (Yan et al. 2001). Bitter is sensed by
25 subtypes of the Taste Receptor Type 2 (TAS2R or T2R) fam-
ily of with seven-transmembrane G protein-coupled receptors
expressed in the oral cavity (Lu et al. 2017). Recently, taste
receptors have been identified in extra-oral tissues, suggesting
additional functions for these receptors besides taste perception
(Chandrashekar et al. 2006). «-gustducin, a taste-specific G-
protein that detects sweetness, umami and bitterness, is a heter-
otrimeric protein composed of the products of the GNAT3
(a-subunit), GNBI1 (B-subunit) and GNGI13 (y-subunit)
(Wong, Gannon, and Margolskee 1996). After the binding of
bitter taste compounds to T2Rs on taste receptor-expressed
cells, T2R signal transduction starts with the dissociation of
a-gustducin into G and GBy subunits. The Ga subunit stimu-
lates Phosphodiesterase (PDE) and then a decrease of the intra-
cellular cAMP level, while GBy stimulates phospholipasef2
(PLCP2) for activation of the IP3/DAG pathway, thereby lead-
ing to the release of calcium ions into the cytosol due to the
activation of the inositol trisphosphate receptor (InsP3R) in the
endoplasmic reticulum. The activation of the IP3/DAG path-
way is followed by the Na™ influx through the membrane cat-
ion channel Transient Receptor Potential M5 (TRPM5), which
depolarizes the cells and causes the release of gut hormones
from vesicles gastrointestinal tract and neurotransmitter ATP
through gap junction hemichannels (Park et al. 2015; Avau
et al. 2015; Lu et al. 2017). The subsequent cell depolarization
and neurotransmitter release activate sensory nerves cranial
nerves VII, IX, and X that project to the nucleus of the solitary
tract in the medulla (Katz, Nicolelis, and Simon 2000). The dis-
covery of taste receptors and their downstream signaling path-
ways in the endocrine cells of gastrointestinal tract suggests
that they might sense nutrients, similarly to the taste receptor
cells on the tongue, thereby contributing to the regulation of
gut motility and gut hormones release, which modulate hunger
signalling (Avau et al. 2015; Depoortere 2015; Andreozzi et al.
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2015; Avau and Depoortere 2016). Therefore, although a com-
plex set of signaling cascades modulates the release of gut hor-
mones, a therapeutic potential in the treatment of obesity and
T2DM of bitter agonists might be currently suggested (Avau
etal. 2015).

Effect of bitter compounds on Glucagon-like peptide 1

Taste receptors expressed on endocrine cells of gastrointestinal
tract could be involved in the modulation of the secretion of
gut hormones, mainly Glucagon-like Peptide 1 (GLP-1)
(Rozengurt et al. 2006). The endocrine cells of the gastrointesti-
nal tract represent <1% of the intestinal epithelium, but, as a
whole, they constitute the largest endocrine organ of the body,
producing and releasing >20 identified hormones (Rehfeld
1998). GLP-1 is a peptide-derived hormone belonging to the
incretin family, which is primarily produced by the cleavage of
the proglucagon in endocrine intestinal L cells (Campbell and
Drucker 2013). During fasting, in humans, this hormone is
present in a range of 5 to 10 pmol/L, while reaching two to
three times higher levels after meals. Its half-life is very short,
about 2 minutes, due to degradation by Dipeptidyl Peptidase
(DPP)-4. GLP-1 exists in two biologically active form: GLP-1-
(7-37) and GLP-1-(7-36)NH, (Campbell and Drucker 2013).
This hormone is secreted in response to a variety of nutrients,
such as carbohydrates, fibers, proteins, amino acids, Monoun-
saturated Fatty Acids (MUFA), Polyunsaturated Fatty Acid
(PUFA) and non-nutritional sweeteners. GLP-1 increases the
glucose-dependent insulin release by pancreatic B-cells and
suppresses the glucagon secretion. Specifically, when plasma
glucose levels are normal, GLP-1 is not able to stimulate insulin
secretion; in this way it does not cause hypoglycemia (Pham
et al. 2016). GLP-1 also confers glucose sensitivity to glucose-
resistant 8 cells, stimulates 8 cell proliferation, and inhibits 8
cell apoptosis. Additionally, GLP-1 slows gastric emptying, pro-
motes satiety and suppresses energy intake (Steinert, Beglinger,
and Langhans 2016; Zanchi et al. 2017). As a representative
incretin, GLP-1 is currently one of the most important target
for the treatment of T2DM (Troke, Tan, and Bloom 2014).
Nevertheless, increasing endogenous GLP-1 secretion as a ther-
apeutic strategy has led to heightened interest in endocrine cells

of gastrointestinal tract and the gut-pancreatic axis (Ezcurra
et al. 2013). In particular, the activation of T2R has been stud-
ied as a potential therapeutic target of T2DM because of its
stimulation of GLP-1 resulting in hypoglycemic effect (Depoor-
tere 2014).

The effects of TIR on GLP-1 secretion have been previously
reported, and L cells of the gut are able to “taste” glucose
through the same mechanisms used by taste cells of the tongue
(Jang et al. 2007). Interestingly, it was also observed that T2R
haplotype is associated with impaired glucose homeostasis, as a
Single Nucleotide Polymorphisms (SNPs) in this haplotype
alter the normal T2R9 receptor response, resulting in an
impairment of glucose homeostasis (Dotson et al. 2008; Shin
et al. 2008). In the recent years, remarkable progress has been
made in demonstrating the expression of molecular transducers
in bitter taste signaling of cells in the gastrointestinal tract
involved in the secretion of gut hormones (Li et al. 2017). In
particular, induced increase in GLP-1 by bitter compounds has
been considered to have an important role in host defence
through reduction of toxic food intake (Kim, Egan, and Jang
2014). Several in vitro studies showed that the interaction of
various bitter compounds with T2R on human and murine
endocrine cells of gastrointestinal tract determines the secretion
of gut hormones. The scientific evidence is summarized in
Table 3. In details, Rozengurt et al. reported that the stimula-
tion of both human colon and intestinal endocrine cell lines
(HuTu-80 and NCI-H716 cells expressing GLP-1) with the bit-
ter-tasting compound phenylthiocarbamide, which binds
T2R38 induced a rapid increase in the intracellular Ca** con-
centration in these cells (Rozengurt et al. 2006). Additionally,
the administration of denatonium benzoate, a ligand of bitter
taste receptor cells, in diabetic mice (Lepr—/— (db/db) mice)
resulted in decreased blood glucose levels and increased GLP-1
levels compared with the control group (Kim, Egan, and Jang
2014). On the other hands, as previously mentioned, Avau
et al. demonstrated that the administration of denatonium ben-
zoate resulted in a reduced gastric emptying on mice and
increased satiation in humans (Avau et al. 2015). More
recently, Park ] et al. found that GLP-1 hormone is co-localized
with T2R5 in the human duodenum and ileum tissue and that
1,10-phenanthroline, which is known agonist of T2RS5, is able

Table 3. Main studies demonstrating effect of bitter substances on glucagon-like peptide-1 secretion.

Main experimental

Authors Type of study Bitter substance Cell line/experimental model Receptor method
Rozengurt et al. 2006 In vitro Phenylthiocarbamide HuTu80 NCIH716 T2R38 RT-PCR
Kim, Egan, and Jang Invitro and in vivo  Denatonium benzoate ~ NCIH716 Lepr—/— (db/db) mice T2R RT-PCR Small interfering
2014 (si)RNA preparation
Park et al. 2015 In vitro 1,10-phenanthroline Human L cells T2R5 RT-PCR
Yu et al. 2015 In vitro Berberine NCIH716 T2R38 Western blot
chemiluminescence
assay
Pham et al. 2016 In vitro and in vivo  Propylthiouracil Knockout HuTu-80 old T2R38 Small interfering (si)RNA
male BALB/c mice preparation IHC
Lietal. 2017 Invitro and invivo  Qing-Hua Granule db/db diabetic mice TS2R /TS2R5 RT-PCR, Western blot
a-gustducin PLCS2 IHC
TRPM5

T2R: Taste Receptor Type 2; GLP-1: Glucagon-like Peptide-1; RT-PCR: Real-time Polymerase Chain Reaction; T2R5: Taste Receptor Type 2 Member 5; T2R38: Taste Receptor
Type 2 Member 38; IHC: Immunohistochemistry; PLCB2: 1-phosphatidylinositol-4: 5-bisphosphate phosphodiesterase 5-2; TRPM5: Transient Receptor Potential Cation

Channel Subfamily Member 5.
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Figure 1. Suggested mechanism of action of beer bitter compounds on glucose
homeostasis. Legend: The possible mechanism of action by which bitter com-
pounds contained in beer could regulate glucose metabolism involves the stimula-
tion of bitter Taste Receptors (T2R) activity. Briefly, similarly to other bitter
compounds, beer bitter compounds could interact with T2R expressed in gastroin-
testinal tract, resulting in the stimulation of gut hormone secretion, in particular,
Glucagon-like peptide 1 (GLP-1), Cholecystokinin (CCK), Peptide YY (PYY), involved
in glucose homeostasis.

to secrete GLP-1 hormone through stimulation of T2R5 in
human endocrine cells of gastrointestinal tract (Park et al.
2015). Berberine, the main component of a number of particu-
larly bitter medicinal plants, including Coptis Rhizome, has
been successfully used for T2DM (Yu et al. 2015; Chang, Chen,
and Hatch 2015). In previous studies, berberine-induced GLP-
1 secretion has reported as a possible mechanism for berberine
hypoglycemic effect (Yu et al. 2010; Lu et al. 2009; Yu et al.
2015). Yu Y et al. demonstrated that berberine stimulated the
GLP-1 secretion via activation of gut-expressed bitter taste
receptors through the PLCB2 signaling cascades in human
enteroendocrine NCI-H716 cells, but not TRPM5 (Yu et al.
2015). Recent studies revealed that also Qing-Hua Granule, a
compound originated from Gegen-Qinlian-Decoction, one of
the well-known traditional Chinese medicines clinically
employed also to treat T2 diabetic patients, regulated glucose
homeostasis by inducing GLP-1 secretion via activation of
T2R5 expressed in gastrointestinal tract in db/db diabetic mice
(Li et al. 2017). Additionally, agonists of T2R38, such as the bit-
ter compound 6-n-propylthiouracil, are able to increased GLP-
1 levels and have suggested as novel and effective agents in dia-
betes management (Pham et al. 2016).

Taking in account the nutrition composition of beer and, in
particular, its amount of bitter compounds, it is tempting to
speculate that just these nutrients would be involved in the acti-
vation of GLP-1 pathway, thereby contributing to beer hypo-
glycemic effects. Nevertheless, other beer compounds might
offer a further explanation for the favorable effects of beer con-
sumption on glucose homeostasis. Indeed, besides the possible
effects on GLP-1 secretion of beer carbohydrates, mainly malt
oligosaccharides and starch, interestingly polyphenols from
various sources have proven to stimulate L-cells to secrete
GLP-1 (Dominguez Avila et al. 2017). However, in the previous
literature it has been hypothesized that the main effects of poly-
phenols on GLP-1 secretion is due to different mechanisms,
including the increase in its half-life by inhibiting DPP4, the
stimulation of S-cells to secrete insulin and stimulate the
peripheral response to insulin, increasing the overall effects of
the GLP1-insulin axis, but it was not yet hypothesized that this
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happens through the stimulation of the bitter receptors. Addi-
tionally, alcohol per se has also been shown to influence a num-
ber of hormones linked to satiety, including GLP-1 (Traversy
and Chaput 2015).

Conclusion and future prospectives

The discovery of a new pathway for the secretion by L-intesti-
nal cells of the GLP-1 following the presence of macronutrients
in the intestine, has led to the research for incretins as a new
class of antidiabetic drugs. Increasing endogenous GLP-1 secre-
tion as a therapeutic strategy has led to heightened interest in
nutrient-sensing mechanisms and endocrine cells of gastroin-
testinal tract. Recent evidence indicated that a number of bitter
compounds interact with receptors belonging to the T2R family
expressed on human and murine enteroendocrine cell mem-
brane and are able to stimulate the release of different gut hor-
mones, mainly GLP-1, which is strictly involved in glucose
metabolism. Therefore, it tempting to speculate that also bitter
compounds in the beer, when introduced in small amounts
with carbohydrates (which instead stimulate the sweet taste),
could favor the metabolism of carbohydrates by stimulating
insulin secretion through gut hormone pathways, with a possi-
ble novel mechanism showed in Figure 1.

The main limitation in the use of hop-derived bitter
compounds in clinical practice is that they are contained in
beer whose excessive consumption could result in several
adverse health effects due to both alcohol and the high con-
tent of glucose. Thus, in view of the current evidence we
hypothesize that could be a novel possible mechanism
through which the beer may regulate glucose metabolism,
due to its bitter components, thereby suggesting a nutraceu-
tical approach using bitter molecules from beer in a phar-
maceutical formulation, such as acid-resistant capsules in
order to avoid the side effects related to excessive consump-
tion of beer. Nevertheless, it should be considered that beer
is a mix of different ingredients, such as polyphenols, which
exert their function in a synergistic manner. Future studies
are mandatory to investigate whether the possible contribu-
tion of different beer bitter compounds to the favorable
effects exerted by beer on glucose homeostasis is also medi-
ated by the stimulation of the secretion gut hormones. In
the same way, it could be possible investigate if consump-
tion of dealcoholized beer could improve glucose homeosta-
sis making the bitter compounds of beers a promising
strategy for management diabetic patients.

Disclosure statement

The Authors have nothing to disclose. This research did not receive any
specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Author contributions

The Authors’ responsibilities were as follows: LB and GA: were responsible
for the concept of this paper and drafted the manuscript; GM, AA, GCT,
AC and SS: provided a critical review of the paper. All Authors contributed
to and agreed on the final version of the manuscript.



534 L. BARREA ET AL.

ORCID

Luigi Barrea (|2} http://orcid.org/0000-0001-9054-456X
Giuseppe Annunziata (=) http://orcid.org/0000-0002-8809-4931
Angela Arnone ([2) http://orcid.org/0000-0003-1969-3823

Gian Carlo Tenore () http://orcid.org/0000-0002-0251-9936
Annamaria Colao (2} http://orcid.org/0000-0001-6986-266X
Silvia Savastano (I=) http://orcid.org/0000-0002-3211-4307

References

Almaguer, C., C. Schonberger, M. Gastl, E. K. Arendt, and T. Becker. 2014.
Humulus lupulus-a story that begs to be told. A review. ] Inst Brew
120:289-314.

Andreozzi, P., G. Sarnelli, M. Pesce, F. P. Zito, A. D. Alessandro, V. Ver-
lezza, I. Palumbo, F. Turco, K. Esposito, and R. Cuomo. 2015. The bit-
ter taste receptor agonist quinine reduces calorie intake and increases
the postprandial release of cholecystokinin in healthy subjects. ] Neuro-
gastroenterol Motil 21:511-9. doi:10.5056/jnm15028.

Arranz, S., G. Chiva-Blanch, P. Valderas-Martinez, A. Medina-Remon, R.
M. Lamuela-Raventds, and R. Estruch. 2012. Wine, beer, alcohol and
polyphenols on cardiovascular disease and cancer. Nutrients 4:759-81.
d0i:10.3390/nu4070759.

Avau, B,, and I. Depoortere. 2016. The bitter truth about bitter taste recep-
tors: Beyond sensing bitter in the oral cavity. Acta Physiol (Oxf)
216:407-20. doi:10.1111/apha.12621.

Avau, B, A. Rotondo, T. Thijs, C. N. Andrews, P. Janssen, J. Tack, and L
Depoortere. 2015. Targeting extra-oral bitter taste receptors modulates
gastrointestinal motility with effects on satiation. Sci Rep 5:15985.
doi:10.1038/srep15985.

Beulens, J. W., E. C. de Zoete, F. J. Kok, G. Schaafsma, and H. F. Hendriks.
2008. Effect of moderate alcohol consumption on adipokines and insu-
lin sensitivity in lean and overweight men: A diet intervention study.
Eur J Clin Nutr 62:1098-105. doi:10.1038/sj.ejcn.1602821.

Campbell, J. E., and D. J. Drucker. 2013. Pharmacology, physiology, and
mechanisms of incretin hormone action. Cell Metab 17:819-37.
doi:10.1016/j.cmet.2013.04.008.

Champagne, A., and M. Boutry. 2017. A comprehensive proteome map of glan-
dular trichomes of hop (Humulus lupulus L.) female cones: Identification of
biosynthetic pathways of the major terpenoid-related compounds and pos-
sible transport proteins. Proteomics 17:1-10. doi:10.1002/pmic.201600411.

Chandrashekar, J., M. A. Hoon, N. J. Ryba, and C. S. Zuker. 2006. The
receptors and cells for mammalian taste. Nature 444:288-94.
doi:10.1038/nature05401.

Chang, W, L. Chen, and G. M. Hatch. 2015. Berberine as a therapy for type
2 diabetes and its complications: From mechanism of action to clinical
studies. Biochem Cell Biol 93:479-86. doi:10.1139/bcb-2014-0107.

Chiva-Blanch, G., S. Arranz, R. M. Lamuela-Raventos, and R. Estruch.
2013. Effects of wine, alcohol and polyphenols on cardiovascular dis-
ease risk factors: Evidences from human studies. Alcohol Alcohol
48:270-7. doi:10.1093/alcalc/agt007.

Costa, R., R. Negrao, 1. Valente, A. Castela, D. Duarte, L. Guardao, P. J.
Magalhaes, J. A. Rodrigues, J. T. Guimaraes, P. Gomes, and R. Soares.
2013. Xanthohumol modulates inflammation, oxidative stress, and
angiogenesis in type 1 diabetic rat skin wound healing. J Nat Prod
76:2047-53. doi:10.1021/np4002898.

Costa, R,, I. Rodrigues, L. Guardao, S. Rocha-Rodrigues, C. Silva, J. Magalhaes,
M. Ferreira-de-Almeida, R. Negrao, and R. Soares. 2017. Xanthohumol and
8-prenylnaringenin ameliorate diabetic-related metabolic dysfunctions in
mice. ] Nutr Biochem 45:39-47. doi:10.1016/j.jnutbio.2017.03.006.

de Gaetano, G., S. Costanzo, A. Di Castelnuovo, L. Badimon, D. Bejko, A.
Alkerwi, G. Chiva-Blanch, R. Estruch, C. La Vecchia, S. Panico, G. Pou-
nis, F. Sofi, S. Stranges, M. Trevisan, F. Ursini, C. Cerletti, M. B. Donati,
and L. Tacoviello. 2016. Effects of moderate beer consumption on
health and disease: A consensus document. Nutr Metab Cardiovasc Dis
26:443-67. doi:10.1016/j.numecd.2016.03.007.

Depoortere, I. 2015. Taste receptors in the gut tune the release of pep-
tides in response to nutrients. Peptides 66:9-12. doi:10.1016/j.
peptides.2015.01.013.

Depoortere, 1. 2014. Taste receptors of the gut: Emerging roles in health
and disease. Gut 63:179-90. doi:10.1136/gutjnl-2013-305112.

Desai, A., V. R. Konda, G. Darland, M. Austin, K. S. Prabhu, J. S. Bland, B.
J. Carroll, and M. L. Tripp. 2009. META060 inhibits multiple kinases
in the NF-kappaB pathway and suppresses LPS-mediated inflamma-
tion in vitro and ex vivo. Inflamm Res 58:229-34. doi:10.1007/s00011-
008-8162-y.

Dominguez Avila, J. A, J. Rodrigo Garcia, G. A. Gonzélez Aguilar, and L.
A. de la Rosa. 2017. The antidiabetic mechanisms of polyphenols
related to increased Glucagon-like Peptide-1 (GLP1) and insulin signal-
ing. Molecules 22:903. doi:10.3390/molecules22060903.

Dotson, C. D., L. Zhang, H. Xu, Y. K. Shin, S. Vigues, S. H. Ott, A. E. Elson,
H. J. Choi, H. Shaw, J. M. Egan, B. D. Mitchell, X. Li, N. L. Steinle, and
S. D. Munger. 2008. Bitter taste receptors influence glucose homeosta-
sis. PLoS One 3:3974. doi:10.1371/journal.pone.0003974.

Everard, A, L. Geurts, M. Van Roye, N. M. Delzenne, and P. D. Cani. 2012.
Tetrahydro iso-alpha acids from hops improve glucose homeostasis
and reduce body weight gain and metabolic endotoxemia in high-fat
diet-fed mice. PLoS One 7:¢33858. doi:10.1371/journal.pone.0033858.

Ezcurra, M., F. Reimann, F. M. Gribble, and E. Emery. 2013. Molecular
mechanisms of incretin hormone secretion. Curr Opin Pharmacol
13:922-7. doi:10.1016/j.coph.2013.08.013.

Hatonen, K. A., J. Virtamo, J. G. Eriksson, M. M. Perila, H. K. Sinkko, J.
Leiviska, and L. M. Valsta. 2012. Modifying effects of alcohol on the
postprandial glucose and insulin responses in healthy subjects. Am J
Clin Nutr 96:44-9. d0i:10.3945/ajcn.111.031682.

Hosaka, S., M. Miyashita, J. Inoue, and K. Maruyama. 2008. The short-
term effect of alcoholic beverage-intake on blood glucose levels in type
2 diabetic patients. Diabetes Res Clin Pract 79:183-4. doi:10.1016/j.
diabres.2007.08.008.

Huang, J., X. Wang, and Y. Zhang. 2017. Specific types of alcoholic bever-
age consumption and risk of type 2 diabetes: A systematic review and
meta-analysis. ] Diabetes Investig 8:56-68. doi:10.1111/jdi.12537.

Imhof, A., I. Plamper, S. Maier, G. Trischler, and W. Koenig. 2009. Effect
of drinking on adiponectin in healthy men and women: A randomized
intervention study of water, ethanol, red wine, and beer with or without
alcohol. Diabetes Care 32:1101-3. doi:10.2337/dc08-1723.

International Organization for Standardization. ISO 26642:2010. 2010.
Food products-determination of the glycaemic index (GI) and recom-
mendation for food classification. Geneva, Switzerland: International
Organization for Standardization. https://www.iso.org/standard/43633.
html

Jang, H. J., Z. Kokrashvili, M. J. Theodorakis, O. D. Carlson, B. J. Kim, J.
Zhou, H. H. Kim, X. Xu, S. L. Chan, M. Juhaszova, M. Bernier, B.
Mosinger, R. F. Margolskee, and J. M. Egan. 2007. Gut-expressed gust-
ducin and taste receptors regulate secretion of glucagon-like peptide-1.
Proc Natl Acad Sci U S A 104:15069-74. doi:10.1073/pnas.0706890104.

Kao, T. H,, and G. Y. Wu. 2013. Simultaneous determination of prenylfla-
vonoid and hop bitter acid in beer lee by HPLC-DAD-MS. Food Chem
141:1218-26. doi:10.1016/j.foodchem.2013.04.032.

Katz, D. B,, M. A. Nicolelis, and S. A. Simon. 2000. Nutrient tasting and
signaling mechanisms in the gut. IV. There is more to taste than meets
the tongue. Am J Physiol Gastrointest Liver Physiol 278:G6-9.

Kim, K. S.,J. M. Egan, and H. J. Jang. 2014. Denatonium induces secretion
of glucagon-like peptide-1 through activation of bitter taste receptor
pathways. Diabetologia 57:2117-25. doi:10.1007/s00125-014-3326-5.

Konda, V. R., A. Desai, G. Darland, J. S. Bland, and M. L. Tripp. 2010.
METAO060 inhibits osteoclastogenesis and matrix metalloproteinases in
vitro and reduces bone and cartilage degradation in a mouse model of
rheumatoid arthritis. Arthritis Rheum 62:1683-92. doi:10.1002/
art.27441.

Kondo, K. 2004. Beer and health: Preventive effects of beer compo-
nents on lifestyle-related  diseases.  Biofactors  22:303-10.
doi:10.1002/biof.5520220160.

Legette, L. L., A. Y. Luna, R. L. Reed, C. L. Miranda, G. Bobe, R. R. Proteau,
and J. F. Stevens. 2013. Xanthohumol lowers body weight and fasting
plasma glucose in obese male Zucker fa/fa rats. Phytochemistry 91:236-
41. doi:10.1016/j.phytochem.2012.04.018.

Li, J., J. Xu, R. Hou, X. Jin, J. Wang, N. Yang, L. Yang, L. Liu, F. Tao, and H.
Lu. 2017. Qing-Hua granule induces GLP-1 secretion via bitter taste


http://orcid.org/0000-0001-9054-456X
http://orcid.org/0000-0002-8809-4931
http://orcid.org/0000-0003-1969-3823
http://orcid.org/0000-0002-0251-9936
http://orcid.org/0000-0001-6986-266X
http://orcid.org/0000-0002-3211-4307
https://doi.org/10.5056/jnm15028
https://doi.org/10.3390/nu4070759
https://doi.org/10.1111/apha.12621
https://doi.org/10.1038/srep15985
https://doi.org/10.1038/sj.ejcn.1602821
https://doi.org/10.1016/j.cmet.2013.04.008
https://doi.org/10.1002/pmic.201600411
https://doi.org/10.1038/nature05401
https://doi.org/10.1139/bcb-2014-0107
https://doi.org/10.1093/alcalc/agt007
https://doi.org/10.1021/np4002898
https://doi.org/10.1016/j.jnutbio.2017.03.006
https://doi.org/10.1016/j.numecd.2016.03.007
https://doi.org/10.1016/j.peptides.2015.01.013
https://doi.org/10.1016/j.peptides.2015.01.013
https://doi.org/10.1136/gutjnl-2013-305112
https://doi.org/10.1007/s00011-008-8162-y
https://doi.org/10.1007/s00011-008-8162-y
https://doi.org/10.3390/molecules22060903
https://doi.org/10.1371/journal.pone.0003974
https://doi.org/10.1371/journal.pone.0033858
https://doi.org/10.1016/j.coph.2013.08.013
https://doi.org/10.3945/ajcn.111.031682
https://doi.org/10.1016/j.diabres.2007.08.008
https://doi.org/10.1016/j.diabres.2007.08.008
https://doi.org/10.1111/jdi.12537
https://doi.org/10.2337/dc08-1723
https://www.iso.org/standard/43633.html
https://www.iso.org/standard/43633.html
https://doi.org/10.1073/pnas.0706890104
https://doi.org/10.1016/j.foodchem.2013.04.032
https://doi.org/10.1007/s00125-014-3326-5
https://doi.org/10.1002/art.27441
https://doi.org/10.1002/art.27441
https://doi.org/10.1002/biof.5520220160
https://doi.org/10.1016/j.phytochem.2012.04.018

receptor in db/db mice. Biomed Pharmacother 89:10-17. doi:10.1016/j.
biopha.2017.01.168.

Liu, M., P. E. Hansen, G. Wang, L. Qiu, J. Dong, H. Yin, Z. Qian, M. Yang,
and J. Miao. 2015. Pharmacological profile of xanthohumol, a preny-
lated flavonoid from hops (Humulus lupulus). Molecules 20:754-79.
doi:10.3390/molecules20010754.

Lu, P, C. H. Zhang, L. M. Lifshitz, and R. ZhuGe. 2017. Extraoral bitter
taste receptors in health and disease. ] Gen Physiol 149:181-97.
doi:10.1085/jgp.201611637.

Ly, S. S, Y. L. Yu, H. J. Zhu, X. D. Liu, L. Liu, Y. W. Liu, P. Wang, L. Xie,
and G. J. Wang. 2009. Berberine promotes glucagon-like peptide-1 (7-
36) amide secretion in streptozotocin-induced diabetic rats. J Endocri-
nol 200:159-65. doi:10.1677/JOE-08-0419.

Miranda, C. L, V. D. Elias, ]. J. Hay, J. Choi, R. L. Reed, and J. F. Stevens.
2016. Xanthohumol improves dysfunctional glucose and lipid metabo-
lism in diet-induced obese C57BL/6] mice. Arch Biochem Biophys
599:22-30. doi:10.1016/j.abb.2016.03.008.

Nogueira, L. C,, R. F. do Rio, P. C. Lollo, and I. M. Ferreira. 2017. Moderate
alcoholic beer consumption: The effects on the lipid profile and insulin
sensitivity of adult men. J Food Sci 82:1720-5. doi:10.1111/1750-
3841.13746.

Nozawa, H. 2005. Xanthohumol, the chalcone from beer hops (Humulus
lupulus L.), is the ligand for farnesoid X receptor and ameliorates lipid
and glucose metabolism in KK-A(y) mice. Biochem Biophys Res Com-
mun 336:754-61. doi:10.1016/j.bbrc.2005.08.159.

Obara, K., M. Mizutani, Y. Hitomi, H. Yajima, and K. Kondo. 2009. Isohu-
mulones, the bitter component of beer, improve hyperglycemia and
decrease body fat in Japanese subjects with prediabetes. Clin Nutr
28:278-84. d0i:10.1016/j.cInu.2009.03.012.

Park, J., K. S. Kim, K. H. Kim, L. S. Lee, H. S. Jeong, Y. Kim, and H. J.
Jang. 2015. GLP-1 secretion is stimulated by 1,10-phenanthroline
via colocalized T2R5 signal transduction in human enteroendocrine
L cell. Biochem Biophys Res Commun 468:306-11. doi:10.1016/].
bbrc.2015.10.107.

Pham, H., H. Hui, S. Morvaridi, J. Cai, S. Zhang, J. Tan, V. Wu, N.
Levin, B. Knudsen, W. A. Goddard, S. ]J. Pandol, and R. Abrol.
2016. A bitter pill for type 2 diabetes? The activation of bitter taste
receptor TAS2R38 can stimulate GLP-1 release from enteroendo-
crine L-cells. Biochem Biophys Res Commun 475:295-300. doi:.
doi:10.1016/j.bbrc.2016.04.149.

Rehfeld, J. F. 1998. The new biology of gastrointestinal hormones. Physiol
Rev 78:1087-108.

Renaud, S., and M. de Lorgeril. 1992. Wine, alcohol, platelets, and the
French paradox for coronary heart disease. Lancet 339:1523-6.

Rozengurt, N., S. V. Wu, M. C. Chen, C. Huang, C. Sternini, and E. Rozen-
gurt. 2006. Colocalization of the alpha-subunit of gustducin with PYY
and GLP-1 in L cells of human colon. Am J Physiol Gastrointest Liver
Physiol 291:G792-802. doi:10.1152/ajpgi.00074.2006.

Shai, L., J. Wainstein, I. Harman-Boehm, I. Raz, D. Fraser, A. Rudich, and
M. J. Stampfer. 2007. Glycemic effects of moderate alcohol intake
among patients with type 2 diabetes: A multicenter, randomized, clini-
cal intervention trial. Diabetes Care 30:3011-6. doi:10.2337/dc07-1103.

Shin, Y. K., B. Martin, E. Golden, C. D. Dotson, S. Maudsley, W. Kim, H. J.
Jang, M. P. Mattson, D. J. Drucker, J. M. Egan, and S. D. Munger. 2008.
Modulation of taste sensitivity by GLP-1 signaling. J Neurochem
106:455-63. doi:10.1111/j.1471-4159.2008.05397 x.

Sluik, D., N. Jankovic, M. Hughes, M. G. O’Doherty, B. Schottker, W. Dry-
gas, O. Rolandsson, S. Mannist6, J. M. Ordénez-Mena, J. Ferrieres, C.

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 535

Bamia, G. de Gaetano, J. C. Kiefte-De Jong, O. H. Franco, I. Sluijs, A.
M. W. Spijkerman, S. Sans, S. Eriksson, D. Kromhout, A. Trichopou-
lou, T. Wilsgaard, H. Brenner, K. Kuulasmaa, T. Laatikainen, S.
Soderberg, L. Iacoviello, P. Boffetta, F. Kee, and E. J. M. Feskens. 2017.
Alcoholic beverage preference and diabetes incidence across Europe:
The Consortium on Health and Ageing Network of Cohorts in Europe
and the United States (CHANCES) project. Eur J Clin Nutr 71:659-68.
doi:10.1038/ejcn.2017.4.

Steenackers, B., L. De Cooman, and D. De Vos. 2015. Chemical transfor-
mations of characteristic hop secondary metabolites in relation to beer
properties and the brewing process: A review. Food Chem 172:742-56.
doi:10.1016/j.foodchem.2014.09.139.

Steinert, R. E., C. Beglinger, and W. Langhans. 2016. Intestinal GLP-1 and
satiation: From man to rodents and back. Int ] Obes (Lond) 40:198-205.

Stevens, J. F., A. W. Taylor, J. E. Clawson, and M. L. Deinzer. 1999a. Fate of
xanthohumol and related prenylflavonoids from hops to beer. J Agric
Food Chem 47:2421-8. doi:10.1021/jf990101k.

Stevens, J. F., A. W. Taylor, and M. L. Deinzer. 1999b. Quantitative analysis
of xanthohumol and related prenylflavonoids in hops and beer by lig-
uid chromatography-tandem mass spectrometry. | Chromatogr A
832:97-107. doi:10.1016/S0021-9673(98)01001-2.

Taniguchi, Y., Y. Matsukura, H. Taniguchi, H. Koizumi, and M.
Katayama. 2015. Development of preparative and analytical meth-
ods of the hop bitter acid oxide fraction and chemical properties
of its components. Biosci Biotechnol Biochem 79:1684-94.
doi:10.1080/09168451.2015.1042832.

Traversy, G., and J. P. Chaput. 2015. Alcohol consumption and obesity: An
update. Curr Obes Rep 4:122-30. doi:10.1007/s13679-014-0129-4.

Troke, R. C., T. M. Tan, and S. R. Bloom. 2014. The future role of gut hor-
mones in the treatment of obesity. Ther Adv Chronic Dis 5:4-14.
doi:10.1177/2040622313506730.

USDA National Nutrient Database for Standard Reference. 2017. Release
27. U.S. Department of Agriculture, Agricultural Research Service:
2017. http://ndb.nal.usda.gov/ndb/foods.

Wong, G. T, K. S. Gannon, and R. F. Margolskee. 1996. Transduction of
bitter and sweet taste by gustducin. Nature 381:796-800. doi:10.1038/
381796a0.

Yan, W., G. Sunavala, S. Rosenzweig, M. Dasso, ]. G. Brand, and A. I. Spiel-
man. 2001. Bitter taste transduced by PLC-beta(2)-dependent rise in IP
(3) and alpha-gustducin-dependent fall in cyclic nucleotides. Am |
Physiol Cell Physiol 280:C742-51.

Yu, Y., G. Hao, Q. Zhang, W. Hua, M. Wang, W. Zhou, S. Zong, M.
Huang, and X. Wen. 2015. Berberine induces GLP-1 secretion through
activation of bitter taste receptor pathways. Biochem Pharmacol
97:173-7. doi:10.1016/j.bcp.2015.07.012.

Yu, Y, L. Liu, X. Wang, X. Liu, X. Liu, L. Xie, and G. Wang. 2010. Modula-
tion of glucagon-like peptide-1 release by berberine: In vivo and in
vitro studies. Biochem  Pharmacol 79:1000-6. doi:10.1016/j.
bcp.2009.11.017.

Zanchi, D., A. Depoorter, L. Egloff, S. Haller, L. Mdhlmann, U. E. Lang, J.
Drewe, C. Beglinger, A. Schmidt, and S. Borgwardt. 2017. The impact
of gut hormones on the neural circuit of appetite and satiety: A system-
atic review. Neurosci Biobehav Rev 80:457-75. doi:10.1016/j.
neubiorev.2017.06.013.

Zhang, X.,, X. Liang, H. Xiao, and Q. Xu. 2004. Direct characterization of
bitter acids in a crude hop extract by liquid chromatography-atmo-
spheric pressure chemical ionization mass spectrometry. ] Am Soc
Mass Spectrom 15:180-7. doi:10.1016/j.jasms.2003.09.014.


https://doi.org/10.1016/j.biopha.2017.01.168
https://doi.org/10.1016/j.biopha.2017.01.168
https://doi.org/10.3390/molecules20010754
https://doi.org/10.1085/jgp.201611637
https://doi.org/10.1677/JOE-08-0419
https://doi.org/10.1016/j.abb.2016.03.008
https://doi.org/10.1111/1750-3841.13746
https://doi.org/10.1111/1750-3841.13746
https://doi.org/10.1016/j.bbrc.2005.08.159
https://doi.org/10.1016/j.clnu.2009.03.012
https://doi.org/10.1016/j.bbrc.2015.10.107
https://doi.org/10.1016/j.bbrc.2015.10.107
https://doi.org/10.1016/j.bbrc.2016.04.149
https://doi.org/10.1152/ajpgi.00074.2006
https://doi.org/10.2337/dc07-1103
https://doi.org/10.1111/j.1471-4159.2008.05397.x
https://doi.org/10.1038/ejcn.2017.4
https://doi.org/10.1016/j.foodchem.2014.09.139
https://doi.org/10.1021/jf990101k
https://doi.org/10.1016/S0021-9673(98)01001-2
https://doi.org/10.1080/09168451.2015.1042832
https://doi.org/10.1007/s13679-014-0129-4
https://doi.org/10.1177/2040622313506730
http://ndb.nal.usda.gov/ndb/foods
https://doi.org/10.1038/381796a0
https://doi.org/10.1038/381796a0
https://doi.org/10.1016/j.bcp.2015.07.012
https://doi.org/10.1016/j.bcp.2009.11.017
https://doi.org/10.1016/j.bcp.2009.11.017
https://doi.org/10.1016/j.neubiorev.2017.06.013
https://doi.org/10.1016/j.neubiorev.2017.06.013
https://doi.org/10.1016/j.jasms.2003.09.014

	Abstract
	Introduction
	Hop-derived bitter compounds in beer
	Hop-derived bitter compounds and glucose metabolism: Current evidence
	Bitter taste receptors
	Effect of bitter compounds on Glucagon-like peptide 1
	Conclusion and future prospectives
	Disclosure statement
	Author contributions
	References



