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Abstract: Previous studies suggested that dietary polyphenols could reduce the incidence and
complications of type-2 diabetes (T2D); although the evidence is still limited and inconsistent. This
work analyzes whether changing to a diet with a higher polyphenolic content is associated with an
improved glucose profile. At baseline, and at 1 year of follow-up visits, 5921 participants (mean
age 65.0 + 4.9, 48.2% women) who had overweight/obesity and metabolic syndrome filled out a
validated 143-item semi-quantitative food frequency questionnaire (FFQ), from which polyphenol
intakes were calculated. Energy-adjusted total polyphenols and subclasses were categorized in tertiles
of changes. Linear mixed-effect models with random intercepts (the recruitment centers) were used
to assess associations between changes in polyphenol subclasses intake and 1-year plasma glucose or
glycosylated hemoglobin (HbAlc) levels. Increments in total polyphenol intake and some classes
were inversely associated with better glucose levels and HbAlc after one year of follow-up. These
associations were modified when the analyses were run considering diabetes status separately. To
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our knowledge, this is the first study to assess the relationship between changes in the intake of all
polyphenolic groups and T2D-related parameters in a senior population with T2D or at high-risk of
developing T2D.

Keywords: antioxidants; Mediterranean diet; flavonoids; phenolic acids; obesity; glucose; HbAlc;
glycosylated hemoglobin; metabolic syndrome

1. Introduction

The prevalence of diabetes is experiencing an increasing trend, and in 2019 it was
the ninth leading cause of death in the world. Additionally, individuals with diabetes are
more likely to suffer from other noncommunicable diseases such as heart attacks, strokes,
or kidney disease. The expectations for the forthcoming years are not encouraging since
the prevalence of diabetes has been increasing over the past decades. Nevertheless, type-2
diabetes (T2D), the most prevalent type, can be prevented by modifying harmful behavioral
risk factors such as smoking, an unhealthy diet, sedentarism, and alcohol abuse [1]. In the
search for the best dietary pattern to prevent or stop the progression of T2D, plant-based
diets such as Mediterranean-style, vegetarian or vegan diets have been studied in several
prospective observational studies and clinical trials [2].

Healthy plant-based diets are based on the consumption of large amounts of whole
grains, fruits, vegetables, legumes, and nuts, as well as healthy fats such as extra virgin
olive oil, which are associated with a lower risk of developing cardiovascular disease and
T2D [3]. A trait all these foods have in common is a richness in polyphenols, bioactive
plant secondary metabolites with a vast structural diversity. According to their structure,
polyphenols are classified into two main groups: flavonoids and non-flavonoids. Polyphe-
nols in the flavonoid group share the C6-C3-C6 structure and can be divided into the
following subgroups: flavones, flavonols, theaflavins, catechins, proanthocyanidins (poly-
meric forms), flavanones, anthocyanidins, and isoflavones, whereas the non-flavanoids are
classified as phenolic acids, lignans, and stilbenes [4].

Protective effects of polyphenols against the incidence and complications of T2D
are supported by mechanistic studies conducted in animals [5] as well as clinical and
epidemiological studies [6], although the available evidence is still limited and inconsistent.
Furthermore, no previous study has examined the association between changes in the intake
of all polyphenolic groups and subgroups and T2D-related parameters in a population with
or at high-risk of T2D. The aim of the present work was to determine whether changing
to a high polyphenol diet is associated with an improved glucose profile. Due to the
heterogeneity of polyphenols in terms of bioavailability and metabolism, they were studied
in separate groups.

2. Materials and Methods
2.1. Study Design and Participants

The present study is a prospective cohort analysis conducted in the context of the
PREDIMED-Plus trial [7,8], an ongoing six-year multicenter, parallel group, randomized,
lifestyle intervention study involving 6874 participants enrolled in 23 recruitment centers
in Spain from October 2013 to December 2016. Eligible participants were men (aged
55-75 years) and women (aged 60-75 years) with a body mass index (BMI) between 27 and
40 kg/m? and the presence of three or more components of metabolic syndrome (updated
harmonized criteria of the International Diabetes Federation and the American Heart
Association and National Heart, Lung and Blood Institute) [9].

Participants were randomly assigned, in a 1:1 ratio, to one of two groups: an in-
tensive weight-loss intervention group (based on an energy-restricted Mediterranean
diet, individualized physical activity plan, and behavioral support) or a control group
(based on the traditional Mediterranean diet and usual health care). The detailed study
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protocol and eligible and exclusion criteria can be found elsewhere [8,10], including at
http:/ /predimedplus.com (accessed on 10 January 2022).

For the present analysis, 777 participants with missing dietary data and 176 with
extreme energy intakes (<500 or >3500 for women and <800 and >4000 for men) [9] either
at baseline or at the annual visit were excluded. Consequently, a total of 5921 participants
were available for the analysis (Figure 1).

9677 patients assessed
for eligibility

» 2803 excluded fornot meeting
the inclusion criteria

6874 participants
randomized

953 excluded from analysis:

»| 777 did notcomplete the FFQ
at baseline orat 12 months
176 energy intake not within

5921 participants the predefinedlimitﬁ

randomized

Figure 1. Flow chart of the participants.

2.2. Dietary Assessment and Polyphenol Intake

At baseline, and at one year of follow-up visits, registered dietitians collected data on
dietary intake using a validated 143-item semi-quantitative food-frequency questionnaire
(FFQ) [11], from which the total energy and nutrient intake were calculated based on
Spanish food composition tables [12]. Additionally, a validated 17-point score questionnaire
on adherence to an energy-restricted traditional Mediterranean diet was filled out [13].

The 143-item FFQ was also used to calculate polyphenol intake together with the
Phenol-Explorer database (www.phenol-explorer.eu (accessed on 15 September 2021)).
Individual polyphenol intakes were obtained by multiplying the content of each polyphe-
nol in each food item with polyphenols (mg/g) by the daily consumption of this food
item (g/day) and then summing the product across all food items. Total polyphenols
and polyphenol subclasses were then adjusted for total energy intake using the residual
method [14], and variables were transformed into tertiles of changes (one year vs. baseline).

2.3. Ascertainment of the Endpoints

The main endpoints were one-year changes of fasting plasma glucose (mg/dL) and
glycosylated hemoglobin (HbA1lc) (%) levels. Both parameters were measured in overnight
fasting blood samples by routine laboratory tests.

2.4. Assessment of Covariates

Participants filled out a general questionnaire to provide data on lifestyle habits,
education, concurrent diseases, and medication use. Physical activity was measured by a
Regicor Short Physical Activity Questionnaire validated for the Spanish population [15].

Anthropometric parameters were measured at baseline and every follow-up visit by
trained dietitians according to the PREDIMED-Plus protocol. Height, weight, waist, and
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hip circumference were measured in duplicate by trained staff. BMI was calculated as
weight in kilograms divided by height in meters squared.

Blood samples were collected after overnight fasting and stored frozen (—80 °C).
Serum triglyceride and total and high-density lipoprotein (HDL) cholesterol levels were
measured by routine laboratory tests using standard enzymatic methods.

Sociodemographic and lifestyle variables were categorized in four categories as fol-
lows: education (primary, secondary, or high school), physical activity (sedentary, mod-
erately active, and active), smoking status (never, former, or current smoker), and BMI
(27.0-29.9, 30.0-34.9, or >35 kg/m?).

Previous diagnosis of T2D was also registered, as well as glucose-lowering treatment.
T2D was diagnosed according to American Diabetes Association guidelines: fasting plasma
glucose levels > 7.0 mmol/L (>126 mg/dL), HbAlc levels > 6.5% or 2 h plasma glucose
levels > 11.1 mmol/L (>200.0 mg/dL) after an oral dose of 75 g glucose [13]. Prediabetes
was defined according to the criteria of the American Diabetes Association as impaired fast-
ing glucose (5.6-6.9 mmol /L, or 100-125 mg/dL) and/or raised HbAlc of 39-47 mmol /mol
(5.7-6.4%) [16].

2.5. Statistical Analyses

Baseline characteristics according to tertiles of changes in total polyphenol intake
are presented as means (£5D) for quantitative variables and frequencies for categorical
variables. One-factor ANOVA tests were used to assess the differences between tertiles and
chi square tests for categorical variables.

Linear mixed-effect models with random intercepts at the recruitment center and
cluster family level were used to assess associations between changes in polyphenol sub-
classes intake and glucose and HbAlc levels over the first year of follow-up. The intake
of total polyphenols and the main polyphenol subclasses were distributed into tertiles
of changes in consumption after one year of follow-up. To assess the linear trend (p for
trend) across tertiles of polyphenol intake, the mean value was assigned to each tertile.
Model 1 was minimally adjusted for age, sex, and study arm. Model 2 was additionally
adjusted for smoking status and levels of education and physical activity at baseline (all
categorical). Model 3 was further adjusted for baseline variables such as BMI, energy intake,
and intakes of carbohydrates, protein, saturated fatty acids, and alcohol (continuous), and
glucose-lowering treatment (Yes/No).

To account for multiple comparisons, we applied the Bonferroni correction to interpret
the results. Considering the 12 polyphenols analyzed, significance was established at
a p value threshold of 0.004 (p value < 0.05/12 = 0.004), although all p values below
0.05 have been mentioned. Statistical analyses were performed using STATA software
(version 16; StataCorp, College Station, TX, USA), and statistical significance was set at
p < 0.05. We used the PREDIMED-Plus longitudinal database generated on 26 June 2020
(202006290731_PREDIMEDplus).

3. Results

This work involved 5921 participants from the PREDIMED-plus cohort that com-
pleted the first year of the study. The mean age of the population was 65.0 £ 4.9 years,
and 48.2% were women; 30.7% had been diagnosed with diabetes at baseline, and 48.5%
were prediabetic. The mean total polyphenol intake was 854 £ 318 mg/day at baseline
and 855.0 & 293 mg/day after one year, indicating no overall change. Breaking down the
polyphenols by type, 58% corresponded to flavonoids, 33% were phenolic acids, and the rest
were stilbenes, lignans and others, which remained the same after one year. Hydroxycin-
namic acids were the most consumed polyphenol class (30%), followed by flavanols (27%),
proanthocyanidins (24%), flavanones (10.6%), flavones (9%), flavonols (6%), anthocyanidins
(5%), catechins (3%) and hydroxybenzoic acids (2%).

Table 1 summarizes the baseline characteristics of participants classified in tertiles
according to changes in total polyphenol intake adjusted for energy using the residual
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method. During the first year, participants in the lowest tertile (T1) reduced their polyphe-
nol intake by a mean of 249 mg/day, whereas those in the highest tertile (T3) increased
their intake by a mean of 256 mg/day. The intake in the middle tertile (T2) remained quite
stable. T3 included the highest percentage of men and participants from the interven-
tion group (energy-restricted Mediterranean diet plus physical activity). No significant
differences across tertiles were observed regarding age, educational level, smoking habit,
physical activity, diabetes status, glucose and HbAlc levels at baseline, and all groups had
lower levels of glucose and HbAlc after one year. This is due to the interventions that all
participants received, which were (1) an intensive weight-loss intervention based on an
energy-restricted Mediterranean diet, individualized physical activity plan, and behavioral
support or (2) an intervention based on the traditional Mediterranean diet and usual health
care (control group). According to the Mediterranean Diet score, participants from all
groups had healthier diets after one year. Although, the greatest reduction in glucose was
observed among the participants in T3, that is, those who adopted a high polyphenol diet.
It is worth mentioning that fasting glucose and HbA1lc levels were also significantly lower
in T1. This could be explained because participants were divided in tertiles of change of
polyphenol intake, but not all variables across the groups were equally distributed. For
instance, the ones who decreased polyphenol intake after one year also had the highest
consumption of olive oil. Therefore, the real associations appeared after the statistical
models were adjusted for confounders.

Table 2 shows dietary changes after one year corresponding to each tertile of changes
in total polyphenol intake. Although all the participants adopted healthier dietary patterns,
there were differences between groups. For instance, those in T3 reduced their total
calory intake per day by almost 200 kcal, compared to 129 kcal in T1. This difference can
be explained by the higher reduction in dietary protein and saturated fatty acids in T3.
Nevertheless, the most notable reduction in alcohol intake was in T1. We observed that
participants who reduced their total polyphenol consumption also had lower carbohydrate
and higher MUFA and PUFA intakes. The improvements in these parameters seem to
be correlated with changes in diet, as these participants reduced their consumption of
cookies, pastries, and fruit. Overall, participants in T3 obtained the highest score in the
Mediterranean-diet adherence test after one year, and they had consumed more vegetables,
fruits, and fiber and fewer cereals, dairy, meat, and sugary items (cookies, pastries and
sweets, sugar, and soft drinks). No differences were observed for fish and nuts.

Table 1. Characteristics of the study participants, according to tertiles of changes in total polyphenol intake.

Tertiles of A Polyphenol Intake after 1 Year

Change of polyphenol intake T1 T2 T3
(mg/day), median (min to max) —249 (—2400 to —106) 1.52 (—106 to 107) 256 (107 to 1400) P
No. of subjects 1974 1974 1973
Allocated in the intervention group 901 (45.6) 955 (48.4) 1044 (52.9) <0.001
Age (years), mean + SD 65.2+49 65.0 +4.8 649 +49 0.09
Women, n (%) 987 (50.0) 971 (49.2) 898 (45.5) 0.01
Education, n (%)
Primary school 981 (49.7) 971 (49.2) 990 (50.2) 0.11
High school 545 (27.6) 606 (30.7) 550 (27.9)
University 448 (22.7) 397 (20.1) 433 (21.9)

Current smoker, 1 (%)
Baseline 243 (12.3) 242 (12.2) 250 (12.7) 0.06
After 1 year 205 (11.9) 202 (11.9) 214 (13.3) 0.45
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Table 1. Cont.
Tertiles of A Polyphenol Intake after 1 Year
Physical activity (METS.min/week),
mean + SD
Baseline 2543 + 2283 2454 + 2329 2527 + 2353 0.34
1-year change 518 £ 2480 * 506 £ 2363 * 567 + 2433 * 0.70
Diabetes status
Nondiabetic participants 384 (19.5) 432 (21.9) 415 (21.0) 0.36
Pre-diabetic participants 981 (49.7) 950 (48.1) 941 (47.7)
Diabetic participants 609 (30.9) 592 (30.0) 617 (31.3)
Glucose (mg/dL), mean £+ SD
Baseline 113.67 £+ 28.70 112.18 £ 29.08 114.29 £ 28.97 0.06
1-year change —2.41+2092* —1.59 £+ 23.13 —34+23.04*% 0.04
HbA1c (%), mean + SD
Baseline 6.12 + 0.87 6.08 + 0.87 6.11 +0.83 0.25
1-year change —0.09 £0.53 % —0.05+0.53 —0.09 £0.57 * 0.07

Values are frequencies and percentages for categorical variables or means + SDs for continuous variables, except
for polyphenol intake, which are median (min-max). Analysis of variance one factor (ANOVA) was used for
continuous variables and the x? test for categorical variables. BMI, body mass index (calculated as weight in
kilograms divided by height in meters squared); SD, standard deviation. * Significant differences between baseline

and one-year data.

Table 2. Changes in daily intake of nutrients, food items, and Mediterranean diet score after one year,

according to tertiles of changes in total polyphenol intake.

Tertiles of A Polyphenol Intake after 1 Year

T1 T2 T3

249 (—2400 to —106)  1.52 (—106 t0 107) 256 (107 to 1400) P Adjusted p

No. of subjects 1974 1974 1973
Total energy (Kcal/d)

Baseline 2382 + 547 2289 + 541 2430 + 552 <0.001 <0.001

1-year change —128.7 +524.8 —135.1 + 4835 —194.4 + 541.7 0.002 <0.001
Carbohydrates (g/d)

Baseline 246 + 73 231 £ 71 245 £ 73 <0.001 <0.001

1-year change —34.7 +£70.0 —29.2 + 66.0 —31.6 £ 75.6 0.05 <0.001
Fiber (g/d)

Baseline 29 £ 10 25+8 2548 <0.001 <0.001

1-year change 05+97 3.6+83 6.8+9.1 <0.001 <0.001
Proteins (g/d)

Baseline 98 £ 22 96 £+ 22 99 £ 22 <0.001 <0.001

1-year change ~12+21.8 —2.1+208 404221 <0.001 <0.001
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Table 2. Cont.
Tertiles of A Polyphenol Intake after 1 Year
249 (724To10 o ~106) 152 (71T026 0107) 256 (10;20 1400) P Adjusted p

MUFA (g/d)

Baseline 53 £16 53+ 16 56 + 16 <0.001 <0.001

1-year change 7.0+ 184 4.6 +16.8 1.9 £182 <0.001 <0.001
PUFA (g/d)

Baseline 18+6 17£6 19+7 <0.001 <0.001

1-year change 1.7£72 1.0+ 6.8 01£73 <0.001 <0.001
SFA (Kcal/d)

Baseline 26+ 9 25+ 8 27 +£9 <0.001 <0.001

1-year change —254+81 —33+73 —48+82 <0.001 <0.001
Alcohol (g/d)

Baseline 11+ 14 11+15 12 + 16 0.05 0.31

1-year change —20+£113 —12+£10 —05+11.8 <0.001 <0.001
17-points MedDiet score

Baseline 8.86 £2.7 8.45 £ 2.63 8.22 £+ 2.65 <0.001 <0.001

1-year change 2.6+3.1 33432 39433 <0.001 <0.001
Food items, g/day
Vegetables

Baseline 348 + 146 326 + 136 313 + 127 <0.001 <0.001

1-year change 6.4 +153.5 32.0 £143.7 60.7 £ 146.8 <0.001 <0.001
Fruits

Baseline 430 + 240 341 £ 179 308 + 167 <0.001 <0.001

1-year change —58.5 £ 236.0 422 + 1779 146.9 £+ 204.4 <0.001 <0.001
Legumes

Baseline 21 £11 20+ 11 20+ 11 0.001 <0.001

1-year change 3.8+13.6 4.6 +13.1 41+133 0.15 0.04
Cereals

Baseline 146 £ 77 145 + 74 161 + 82 <0.001 <0.001

1-year change —15.4 +82.0 —2314+76.6 —35.24+88.1 <0.001 <0.001
Dairy

Baseline 348 £+ 206 336 + 193 349 + 203 0.07 0.05

1-year change —-11.8 £191.7 —199 +£177.2 —27.7 £193.4 0.03 <0.001
Meat

Baseline 144 £ 57 146 + 57 153 + 61 <0.001 <0.001

1-year change —8.6 £57.1 —16.1 £55.3 —24.1£57.0 <0.001 <0.001
Olive oil

Baseline 39 +16 40+ 17 42 +17 <0.001 <0.001

1-year change 6.8 £ 189 47 +£17.7 144+191 <0.001 <0.001
Fish

Baseline 105 + 47 101 + 47 101 + 47 0.02 0.02

1-year change 8.1 £53.0 10.1 £ 50.7 9.7 +50.3 0.43 0.30
Nuts

Baseline 16 £17 14+ 17 15+ 17 0.04 0.04

1-year change 13.8 +23.1 13.3 £21.0 143 +221 0.37 0.29
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Table 2. Cont.
Tertiles of A Polyphenol Intake after 1 Year
249 (724To10 to—106) 152 (71T026 0107) 256 (105%0 1400) P Adjusted p

Cookies, pastries, and
sweets

Baseline 30 £31 23 £ 27 27 £ 31 <0.001 <0.001

1-year change —14.7 £29.7 —104 £ 264 —11.6 £31.2 <0.001 <0.001
Sugar

Baseline 6+12 7+12 7+12 0.32 0.62

1-year change —25+98 —3.1 £10.0 —3.6+£10.8 0.003 <0.001
Soft drinks

Baseline 20 £59 21 £ 64 23 £ 66 0.16 0.27

1-year change —7.04+67.8 —10.4 = 64.1 —-1294+779 0.03 0.004

Values are means + SD. p-values were calculated by ANCOVA tests adjusted for sex, age, intervention group,
education level, and recruitment center. MUFA, Monounsaturated Fatty Acids; PUFA, Polyunsaturated Fatty
Acids; SFA, Saturated Fatty Acids; MedDiet, Mediterranean Diet.

We generated linear mixed models to study the association between changes in glucose
and HbAlc levels and tertiles of change in polyphenol intake after one year (Table 3).
Analyses were performed for total polyphenols, total flavonoids (including anthocyanidins,
catechins, proanthocyanidins, flavanones, flavones, and flavonols), total phenolic acids
(including hydroxycinnamic acids and hydroxybenzoic acids), lignans, and stilbenes. We
compared the participants in T1 and T3 using T2 as a reference, as the polyphenol intake
in this group did not change. The extreme groups were also compared with each other
(T1 vs. T3).

In multivariable-adjusted models, considering anthropometric, sociodemographic,
lifestyle, and dietary variables after one year of follow-up, an increment in total polyphenol
intake was inversely associated with glucose levels (3 = —1.76; 95% CI —3.18, —0.34) when
comparing T3 with T2. Moreover, HbAlc values were lower in T1 than in T2 (3 = —0.039;
95% CI —0.076, —0.002), although further analyses revealed that this result was correlated
with the hydroxycinnamic acid intake (3 = —0.04; 95% CI —0.077, —0.004; T1 vs. T2).

Due to the heterogeneity of polyphenols, they were studied separately. The increase
in total flavonoids was also correlated with a decrease in glucose levels (3 = —1.56; 95%
CI —2.99, —0.13; T3 vs. T1). Among the flavonoids, flavones and flavonols were both
inversely associated with glucose and HbAlc, the last with a lineal relationship. Antho-
cyanidins were also inversely associated with HbAlc (3 = —0.037; 95% CI —0.075, 0.000;
T3 vs. T2), but, after adjusting for all the potential confounding variables, the association
was not significant (p = 0.05). Some correlations with glucose and HbAlc were also found
for the non-flavonoids: lignans and stilbenes. In the case of lignans, the association was
also linear.

We wanted to study if diabetes status was an important factor when analyzing the
impact of polyphenol intake on glucose and HbAlc, so the analyses were repeated after
dividing the population in three groups: those without diabetes, and prediabetic and
diabetic participants (Table 4 and Figure 2). Interestingly, the role of polyphenols was
found to differ considerably depending on the diabetes status. No significant associations
were found within the non-diabetic group, whereas the participants who most benefited
from a higher polyphenol intake were prediabetic. In this group, several polyphenol
classes were inversely associated with levels of glucose (total polyphenols, total flavonoids,
proanthocyanidins, flavanones, and flavones) or HbAlc (flavones and lignans). Once again,
hydroxycinnamic acid intake was directly associated with HbAlc. Fewer polyphenol
groups were associated with glucose-related parameters in diabetic participants (flavonols,
lignans, and stilbenes).
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Table 3. Changes in glucose (mg/dL) and glycosylated hemoglobin (HbAlc) (%) according to tertiles of change of polyphenol intake (mg/dL) after one year. Results

from linear mixed models.

T1 (vs. T2) P T2 T3 (vs. T2) 4 T3 (vs. T1) 4 p-Trend
Total polyphenols —249 (—2400, —106) @ 2 (—106, 107) 257 (107, 1400)
Glucose Model 1 —2.56 (—3.46, —1.66) P <0.001 ref. —2.34 (=324, —1.44) <0.001 0.22 (—0.74, 1.18) 0.66 0.12
Model 2 —2.78 (—=3.72, —1.84) <0.001 ref. —2.56 (—3.51, —1.61) <0.001 0.23 (—0.78, 1.23) 0.62 0.33
Model 3 —0.94 (—2.36,0.48) 0.19 ref. —1.76 (—3.18, —0.34) 0.015 —0.82 (—2.24,0.61) 0.23 043
HbAlc Model 1 0.015 (—0.008, 0.037) 0.19 ref. 0.008 (—0.015, 0.031) 0.50 —0.007 (—=0.031, 0.018) 0.55 0.76
Model 2 0.011 (—0.012, 0.034) 0.35 ref. 0.001 (—0.023, 0.025) 0.92 —0.01 (-0.035, 0.016) 0.44 0.80
Model 3 —0.039 (—0.076, —0.002) 0.04 ref. —0.032 (—0.069, 0.005) 0.09 0.007 (—0.031, 0.044) 0.36 0.46
Total flavonoids —195 (—2405, —78) 3(—78,84) 193 (84, 1383)
Glucose Model 1 0.46 (—0.45, 1.37) 0.32 ref. —0.6 (—1.51,0.31) 0.20 —1.06 (—2.04, —0.07) 0.04 0.16
Model 2 0.01 (—0.95, 0.96) 0.99 ref. —0.79 (—1.75, 0.18) 0.11 —0.79 (—1.83,0.24) 0.14 0.16
Model 3 0.17 (—1.25,1.59) 0.81 ref. —1.39 (—2.82,0.04) 0.06 —1.56 (—2.99, —0.13) 0.03 0.16
HbAlc Model 1 —0.029 (—0.052, —0-006) 0.014 ref. —0.033 (—0.057, —0.01) 0.006 —0.004 (—0.029, 0.021) 0.79 0.42
Model 2 —0.019 (—0.043, 0.005) 0.12 ref. —0.021 (—0.045, 0.004) 0.09 —0.002 (—0.027, 0.024) 0.95 0.23
Model 3 —0.024 (—0.061, 0.013) 0.21 ref. —0.024 (—0.061, 0.013) 0.20 —0.001 (—0.038, 0.037) 0.99 0.72
Anthocyanidins —25 (526, —10) 0(-10, 10) 25 (10, 209)
Glucose Model 1 1.87 (0.96, 2.78) <0.001 ref. 1.72 (0.81, 2.63) <0.001 —0.15(-1.1,0.8) 0.76 0.05
Model 2 1.42 (0.46, 2.37) 0.004 ref. 1.74 (0.77,2.70) <0.001 0.32 (—0.68, 1.32) 0.56 0.03
Model 3 0.06 (—1.36, 1.48) 0.93 ref. —0.43 (—1.86, 1.00) 0.56 —0.49 (—1.92,0.94) 0.50 0.89
HbAlc Model 1 0.024 (0.001, 0.047) 0.04 ref. —0.026 (—0.05, —0.003) 0.03 —0.05 (—0.075, —0.025) <0.001 0.83
Model 2 0.019 (—0.004, 0.043) 0.11 ref. —0.019 (—0.044, 0.005) 0.12 —0.039 (—0.064, —0.013) 0.003 0.35
Model 3 —0.028 (—0.065, 0.009) 0.14 ref. —0.037 (—0.075, 0.000) 0.05 —0.009 (—0.047, 0.028) 0.66 0.62
Catechins —14 (—162, —-5) 0(-5,6) 14 (6, 176)
Glucose Model 1 —0.46 (—1.35,0.42) 0.31 ref. 0.25 (—0.65, 1.14) 0.59 0.71 (-0.2,1.61) 0.12 0.77
Model 2 0.00 (—0.93, 0.93) 0.99 ref. 0.29 (—0.64, 1.23) 0.54 0.29 (—0.66, 1.24) 0.55 0.51
Model 3 0.76 (—0.66, 2.17) 0.30 ref. —0.11 (—1.53, 1.31) 0.90 —0.87 (—2.29,0.55) 0.23 0.27
HbAlc Model 1 0.038 (0.016, 0.06) 0.001 ref. 0.029 (0.006, 0.052) 0.01 —0.009 (—0.032, 0.014) 0.36 0.89
Model 2 0.044 (0.021, 0.067) <0.001 ref. 0.028 (0.004, 0.051) 0.02 —0.017 (—0.04, 0.007) 0.15 0.90
Model 3 0.008 (—0.028, 0.045) 0.65 ref. —0.019 (-0.057, 0.018) 0.30 —0.028 (—0.065, 0.009) 0.14 0.35
Proanthocyanidins —122 (—2169, —48) —4 (—48,40) 106 (40, 1207)
Glucose Model 1 1.97 (1.07, 2.87) <0.001 ref. 0.27 (—0.63, 1.18) 0.55 —1.7 (—2.64, —0.75) <0.001 0.10
Model 2 1.15(0.19, 2.11) 0.02 ref. —0.35 (—1.31, 0.61) 0.47 —1.51 (-2.5, —0.51) 0.003 0.01
Model 3 1.13 (—0.29, 2.55) 0.12 ref. —0.15(—1.58, 1.29) 0.84 —1.28 (-2.71, 0.15) 0.08 0.61
HbAlc Model 1 0.031 (0.008, 0.054) 0.009 ref. —0.015 (—0.039, 0.008) 0.20 —0.046 (—0.071, —0.022) <0.001 0.001
Model 2 0.031 (0.007, 0.055) 0.01 ref. —0.014 (—0.038, 0.011) 0.28 —0.044 (—0.07, —0.019) 0.001 <0.001
Model 3 —0.012 (—0.049, 0.025) 0.51 ref. —0.02 (—0.058, 0.018) 0.30 —0.008 (—0.045, 0.030) 0.70 0.56
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Table 3. Cont.
T1 (vs. T2) p T2 T3 (vs. T2) p T3 (vs. T1) p p-Trend
Flavanones —42 (—554, —5) 13 (-5, 36) 77 (36, 860)
Glucose Model 1 —1.48 (—2.38, —0.58) 0.001 ref. —2.27(-3.19, —1.35) <0.001 —0.79 (—1.76, 0.18) 0.11 0.75
Model 2 —1.37 (—2.31, —0.43) 0.004 ref. —2.52(—3.49, —1.55) <0.001 —1.15 (—2.16, —0.15) 0.04 0.30
Model 3 0.53 (—0.88, 1.95) 0.46 ref. —0.33 (—1.75, 1.09) 0.65 —0.86 (—2.28, 0.56) 0.24 0.38
HbAlc Model 1 —0.026 (—0.048, —0.003) 0.02 ref. 0.019 (—0.004, 0.043) 0.11 0.045 (0.021, 0.07) <0.001 <0.001
Model 2 —0.013 (—0.036, 0.010) 0.28 ref. 0.011 (—0.013, 0.036) 0.36 0.024 (—0.001, 0.05) 0.06 0.02
Model 3 —0.015 (—0.052, 0.022) 0.43 ref. 0.007 (—0.030, 0.044) 0.71 0.022 (—0.015, 0.059) 0.25 0.10
Flavones —21(—305,1) 13 (1, 30) 55 (30, 344)
Glucose Model 1 0.71 (-0.2,1.63) 0.12 ref. —0.46 (—1.44, 0.52) 0.36 —1.17 (—2.19, —0.16) 0.02 0.007
Model 2 1.05 (0.08, 2.02) 0.03 ref. —0.09 (—1.12,0.94) 0.86 —1.14 (—2.2, —0.08) 0.03 0.008
Model 3 —1.2(—2.64,0.23) 0.10 ref. —1.56 (—3.02, —0.11) 0.62 —1.56 (—3.02, —0.11) 0.04 0.20
HbAlc Model 1 —0.053 (—0.076, —0.029) <0.001 ref. —0.026 (—0.051, 0.000) 0.05 0.027 (0.001, 0.053) 0.019 <0.001
Model 2 —0.045 (—0.07, —0.021) <0.001 ref. —0.024 (—0.05, 0.003) 0.08 0.022 (—0.005, 0.049) 0.06 <0.001
Model 3 —0.015 (—0.053, 0.022) 0.41 ref. —0.049 (—0.087, —0.012) 0.01 —0.034 (—0.072, 0.004) 0.08 0.12
Flavonols —15(—103, —4) 4(—4,12) 26 (12,177)
Glucose Model 1 —1.59 (—2.5, —0.67) 0.001 ref. 1.4 (0.44, 2.36) 0.004 2.99 (1.96, 4.01) <0.001 0.51
Model 2 —1.4(-2.37, —0.44) 0.004 ref. 1.3(0.3,2.3) 0.01 2.7 (1.63,3.78) <0.001 0.85
Model 3 0.13 (—1.29, 1.55) 0.86 ref. —1.36 (—2.78, 0.06) 0.06 —1.49 (—2.93, —0.05) 0.04 0.03
HbAlc Model 1 0.019 (—0.004, 0.042) 0.11 ref. —0.053 (—0.077, —0.029) <0.001 —0.072 (—0.098, —0.045) <0.001 <0.001
Model 2 0.017 (—0.007, 0.04) 0.17 ref. —0.036 (—0.061, —0.011) 0.004 —0.053 (—0.08, —0.026) <0.001 0.05
Model 3 —0.005 (—0.042, 0.033) 0.81 ref. —0.073 (—0.11, —0.036) <0.001 —0.069 (—0.106, —0.031) <0.001 0.003
Hydroxycinnamic —103 (~725, —32) —3(—32,26) 93 (26, 739)
acids
Glucose Model 1 —3.07 (—3.96, —2.19) <0.001 ref. —1.28 (—2.17, —0.38) 0.005 1.8 (0.86, 2.73) <0.001 <0.001
Model 2 —3.24 (—4.17, —2.3) <0.001 ref. —1.28 (—2.22, —0.34) 0.007 1.96 (0.97,2.94) <0.001 <0.001
Model 3 —0.94 (—2.36, 0.47) 0.19 ref. —0.26 (—1.68, 1.16) 0.72 0.69 (—0.74, 2.11) 0.34 0.47
HbAlc Model 1 —0.015 (—0.037, 0.007) 0.18 ref. 0.02 (—0.003, 0.042) 0.09 0.035 (0.011, 0.059) 0.004 0.41
Model 2 —0.018 (—0.041, 0.006) 0.14 ref. 0.016 (—0.007, 0.039) 0.18 0.034 (0.009, 0.058) 0.008 0.85
Model 3 —0.04 (—0.077, —0.004) 0.03 ref. —0.021 (—0.058, 0.016) 0.26 0.019 (—0.018, 0.057) 0.31 0.40
Hydroxybenzoic
s —13 (=55, -7) —44(=7,-1) 33(—1,64)
Glucose Model 1 0.13 (—0.73, 0.99) 0.77 ref. —0.06 (—0.94, 0.82) 0.89 —0.19 (—1.14, 0.76) 0.70 0.79
Model 2 0.27 (—0.63,1.18) 0.55 ref. 0.04 (—0.88, 0.96) 0.93 —0.23 (—1.22,0.76) 0.64 0.93
Model 3 —0.1(—1.53,1.33) 0.89 ref. 0.33 (—1.09, 1.76) 0.65 0.44 (—1.02,1.89) 0.56 0.80
HbAlc Model 1 —0.038 (—0.06, —0.016) 0.001 ref. —0.027 (—0.049, —0.004) 0.02 0.011 (—0.013, 0.036) 0.32 0.77
Model 2 —0.035 (—0.058, —0.013) 0.002 ref. —0.028 (—0.051, —0.005) 0.016 0.007 (—0.018, 0.032) 0.53 0.70
Model 3 0.001 (—0.036, 0.038) 0.96 ref. 0.007 (—0.03, 0.044) 0.70 0.006 (—0.032, 0.044) 0.75 0.77
Lignans —04(-7,2,-0.1) 0.1(-0.1,0.3) 0.5(0.3,5.8)
Glucose Model 1 0.27 (—0.67,1.2) 058 ref. 0.63 (—0.31, 1.58) 0.19 0.37 (—0.66, 1.4) 050 0.05
Model 2 0.33 (—0.65, 1.3) 052 ref. 049 (—0.52, 1.49) 0.34 0.16 (—0.91,1.23) 059 0.006
Model 3 0.54 (—0.89, 1.96) 0.46 ref. —1.08 (—2.51, 0.35) 0.14 —1.62 (—3.07, —0.17) 0.03 0.08
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Table 3. Cont.

T1 (vs. T2) p T2 T3 (vs. T2) p T3 (vs. T1) p p-Trend

HbAlc Model 1 0.025 (0.002, 0.049) 0.03 ref. 0.001 (—0.024, 0.026) 0.96 —0.025 (—0.052, 0.002) 0.06 0.09
Model 2 0.03 (0.006, 0.054) 0.01 ref. 0.003 (—0.023, 0.029) 0.82 —0.027 (—0.055, 0) 0.04 0.21
Model 3 0.031 (—0.006, 0.068) 0.10 ref. —0.041 (—0.078, —0.003) 0.03 —0.072 (—0.11, —0.034) <0.001 0.003
Stilbenes —1.4(-30.3, —0.6) 0.0 (—0.6,0.6) 1.7 (0.6, 27.1)

Glucose Model 1 —0.54 (—1.43, 0.35) 0.24 ref. —1.17 (—2.04, —0.3) 0.08 —0.64 (—1.54,0.27) 0.15 0.004
Model 2 —0.28 (—1.21, 0.66) 0.46 ref. —1.09 (-2, —0.18) 0.02 —0.81 (—1.76,0.14) 0.08 0.008
Model 3 1.1 (—0.35, 2.55) 0.14 ref. —0.6 (—2.08,0.87) 0.42 —1.7 (=3.25, —0.16) 0.03 0.81

HbAlc Model 1 —0.057 (—0.08, —0.035) <0.001 ref. —0.024 (—0.046, —0.002) 0.03 0.033 (0.011, 0.056) 0.004 0.60
Model 2 —0.051 (—0.074, —0.028) <0.001 ref. —0.02 (—0.042, 0.003) 0.09 0.032 (0.008, 0.055) 0.009 0.41
Model 3 —0.005 (—0.042, 0.033) 0.81 ref. —0.038 (—0.076, 0.001) 0.06 —0.033 (—0.073, 0.007) 0.11 0.15

2 Median intake (min and max) in mg/day for each tertile. ® (8; 95% CI). We used generalized linear mixed models with the following levels: recruitment center and household. Model
1 is adjusted for sex, age (continuous), and intervention group. Model 2 is as model 1 plus education, smoking status (never, former and smokers), and physical activity in leisure
time (sedentary, moderately active, active). Model 3 is as model 2 plus BMI (<30, 30-35, <35), energy intake, intake of carbohydrates, saturated fatty acids, and proteins, alcohol, and

glucose-lowering treatment.
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Table 4. Changes in glucose (mg/dL) and glycosylated hemoglobin (HbA1c) (%) according to tertiles of change in polyphenol intake after one year and stratified by
diabetes status at baseline. Results from linear mixed models.

Non Diabetic Participants Prediabetic Participants Diabetic Participants
(N =1231, 21%) (N = 2872, 48%) (N = 1818, 30%)
T3 vs. T1 p T3 vs. T1 p T3 vs. T1 p
Total polyphenols (mg/d) Glucose —0.21 (—1.95,1.52) 2 0.81 —1.16 (—2.25, —0.06) 0.04 —0.83 (—4.95, 3.30) 0.69
HbAlc 0.011 (—0.040, 0.062) 0.68 0.011 (—0.017, 0.04) 0.44 —0.011 (—0.118, 0.097) 0.85
Total flavonoids (mg/d) Glucose —0.99 (—2.72,0.75) 0.27 —1.66 (—2.75, —0.56) 0.001 —2.24 (—6.39,1.90) 0.29
HbAlc 0.025 (—0.028, 0.077) 0.36 —0.009 (—0.037, 0.02) 0.55 —0.014 (—0.122, 0.095) 0.81
Anthocyanidins (mg/d) Glucose 0.44 (—1.31,2.19) 0.62 —0.4(-1.5,0.7) 0.48 —0.80 (—4.95, 3.35) 0.71
HbAlc —0.004 (—0.057, 0.049) 0.87 0.003 (—0.026, 0.031) 0.85 —0.025 (—0.134, 0.083) 0.65
Catechins (mg/d) Glucose —0.19 (—1.91, 1.53) 0.83 —0.67 (—1.76, 0.42) 0.23 —2.08 (—6.18, 2.02) 0.32
HbAlc 0.007 (—0.044, 0.059) 0.79 —0.003 (—0.031, 0.025) 0.84 —0.101 (—0.208, 0.006) 0.06
Proanthocyanidins (mg/d) Glucose —0.58 (—2.31, 1.15) 0.51 —-1.2(-23,-0.1) 0.03 —2.46 (—6.59, 1.68) 0.24
HbAlc 0.033 (—0.019, 0.085) 0.21 —0.008 (—0.036, 0.021) 0.58 —0.033 (—0.141, 0.076) 0.56
Flavanones (mg/d) Glucose —0.08 (—1.81, 1.66) 0.93 —1.02 (—2.11, 0.08) 0.07 —1.22 (—5.34,2.89) 0.56
HbAlc 0.016 (—0.035, 0.068) 0.54 0.007 (—0.022, 0.035) 0.64 0.048 (—0.060, 0.155) 0.39
Flavones (mg/d) Glucose —1.03 (—2.78,0.72) 0.25 —1.27 (-2.39, —0.15) 0.03 —3.02 (—7.24,1.20) 0.16
HbAlc —0.000 (—0.052, 0.051) 0.99 —0.03 (—0.059, 0.000) 0.05 —0.084 (—0.194, 0.025) 0.13
Flavonols (mg/d) Glucose —1.39 (—3.13,0.34) 0.12 —0.95 (—2.05, 0.15) 0.09 —2.46 (—6.58, 1.66) 0.24
HbAlc 0.009 (—0.042, 0.061) 0.72 —0.036 (—0.065, —0.007) 0.01 —0.148 (—0.256, —0.040) 0.01
Total phenolics acids (mg/d) Glucose 0.26 (—1.46,1.97) 0.77 0.48 (—0.62,1.57) 0.39 0.01 (—4.09, 4.11) 1.00
HbAlc 0.018 (—0.032, 0.069) 0.48 0.022 (—0.007, 0.05) 0.13 0.006 (—0.101, 0.113) 091
Hydroxycinnamic acids (mg/d) Glucose 0.53 (—1.19, 2.25) 0.54 0.2 (—0.89, 1.3) 0.72 0.14 (—3.97,4.24) 0.95
HbAlc 0.02 (—0.031, 0.071) 0.44 0.03 (0.001, 0.058) 0.04 0.003 (—0.104, 0.110) 0.95
Hydroxybenzoic acids (mg/d) Glucose —0.13 (—1.90, 1.65) 0.89 0.34 (—0.77,1.46) 0.55 1.58 (—2.62,5.78) 0.46
HbAlc 0.009 (—0.042, 0.061) 0.72 —0.007 (—0.036, 0.022) 0.63 0.034 (—0.077,0.144) 0.55
Lignans (mg/d) Glucose 0.1 (—1.64,1.85) 091 —0.62 (—1.73, 0.49) 0.27 —4.83 (—8.99, —0.66) 0.02
HbAlc —0.029 (—0.08, 0.023) 0.28 —0.039 (—0.067, —0.01) 0.01 —0.169 (—0.277, —0.062) 0.002
Stilbenes (mg/d) Glucose 0.61 (—1.26,2.48) 0.52 —0.21 (—1.39, 0.96) 0.73 —5.51 (—9.87, —1.14) 0.01
HbAlc 0.022 (—0.034, 0.077) 0.45 —0.021 (—0.051, 0.01) 0.18 —0.079 (—0.192, 0.034) 0.17

2 (B; 95% CI). We used generalized linear mixed models with the following levels: recruitment center and household. Regression models are adjusted for sex, age (continuous), and
intervention group, education, smoking status (never, former and smokers), physical activity at leisure time (sedentary, moderately active, active), BMI (<30, 30-35, <35), energy intake,
and intake of carbohydrates and saturated fatty acids.
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Figure 2. Glucose (mg/dL) and glycosylated hemoglobin (%) changes after one year (3; 95% CI) comparing extreme tertiles of energy-adjusted polyphenol intake by
diabetes status at baseline. Results from fully adjusted linear mixed models.
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4. Discussion

This work shows a longitudinal inverse association between certain classes of polyphe-
nols and levels of glucose and HbAlc in the PREDIMED-Plus cohort after one year of
follow-up. To our knowledge, this is the first study to assess the relationship between
changes in the intake of all polyphenol groups and T2D-related parameters in a senior
population with or at high risk of T2D.

Although evidence is still limited, it has been suggested that the benefits of dietary
polyphenols regarding T2D may include anti-inflammatory, antioxidant, and glucose
metabolism regulatory effects, such as the inhibition of x-amylases and «-glucosidases,
protection against glucose toxicity in pancreatic 3-cells [17], and modulation of glucose
transporter type-4 (GLUT4) receptors.

4.1. Anthocyanidins

Anthocyanidins are a subtype of flavonoids responsible for many of the red to violet
colors in fruits and vegetables. The main food sources of anthocyanins are berries, includ-
ing grapes and derivatives such as wine [4]. We found a significant inverse association
between changes in anthocyanin intake and HbAlc levels (T3 vs. T2), although it was
insignificant for glucose levels. In line with this result, a 12-week randomized double blind
placebo-controlled trial showed that daily supplementation of 320 mg of anthocyanidins
in 160 prediabetic participants significantly reduced HbAlc, while no significant changes
were observed in glucose levels [18]. In the same study population, a higher anthocyanin
intake was correlated with a lower prevalence of T2D in overweight men [19]. Moreover,
in a meta-analysis of cohort studies, Guo et al. showed a 5% decrease in T2D risk with each
7.5 mg/day increment in anthocyanin intake [20].

4.2. Proanthocyanidins

Proanthocyanidins are classified as flavanols, together with catechins and theaflavins [4].
An increase in proanthocyanidin intake was associated with a decrease in fasting glucose
and HbAlc levels, although not in the fully adjusted model. In the stratified analyses
no significant results were observed, except for fasting glucose levels in prediabetic par-
ticipants. This was in line with the null effects observed in clinical trials administering
proanthocyanidin supplements in T2D patients [21,22], whereas some evidence suggests
this flavanol can improve insulin resistance [23]. Although previous studies with the same
population found inverse associations between proanthocyanidin and catechin intake and
T2D risk, in the present work only proanthocyanidins had an effect on T2D indicators [19].

4.3. Flavones

Flavones were inversely associated with fasting glucose levels and HbAlc in pre-
diabetic participants. The main food sources of flavones in the study population were
whole grain products, bread, and oranges. No associations between flavones and T2D risk
were previously found in the same study population or a similar cohort at high risk of
cardiovascular disease [19,24].

4.4. Flavonols

In the case of flavonols, the main dietary sources were red wine and vegetables such as
onion, spinach, and lettuce. After one year of follow-up, a significant increase in vegetable
consumption was observed, especially in participants with a higher intake of dietary
polyphenols. Changes in flavonol intake were inversely associated with changes in HbAlc
levels in both prediabetic and diabetic participants, which is in line with the antidiabetic
effects of flavonols postulated by two large observational studies [25,26]. However, in the
present study, an increase in flavonol intake was significantly correlated with higher fasting
glucose levels, although the correlation was not significant in the stratified analysis. These
findings agree with previous observations for T2D risk in the same cohort [19].
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4.5. Hydroxybenzoic and Hydroxycinnamic Acids

Total phenolic acid intake was not associated with T2D parameters, yet interestingly,
the intake of hydroxycinnamic acids was directly associated with an increase in fasting
glucose and HbAlc levels, except in the fully adjusted model, and the highest increase in
HbA1c levels was observed in prediabetic participants. Hydroxycinnamic acids accounted
for more than 90% of the phenolic acid intake, coffee being the main food source. In
contrast, in a prospective analysis of 4923 T2D participants, drinking two or more cups of
coffee per day was associated with a 41% reduction in all-cause mortality risk [27]. Similar
findings were reported in a meta-analysis of ten prospective cohort studies, where the
risk for all-cause mortality was reduced in a coffee-consuming T2D population [28]. It
should be stressed that the antidiabetic properties of coffee are likely to be mediated by the
polyphenol content rather than caffeine [29,30]. No significant association was observed
for hydroxybenzoic acids; among them, ellagic acid has been correlated with lower HbAlc
and fasting glucose levels and is reported to promote insulin secretion [31].

4.6. Lignans

Even though the ingestion of lignans is low compared to other polyphenol subclasses,
its intake has been associated with several health benefits. The main food sources of
lignans in this cohort were fiber-rich foods, such as whole grain cereals and olive oil. In
the present analysis, a higher intake of fiber was observed in participants who increased
their dietary polyphenol intake after one year of follow-up. Those with the highest increase
in lignan intake, especially prediabetic and diabetic participants, had lower levels of
fasting glucose and HbAlc in the fully adjusted model. These results agree with previous
findings in the PREDIMED cohort and in two U.S. women cohorts [32]. Dietary lignan
intake has been linked with improved glycemic control, mainly HbAlc and fasting plasma
glucose levels, but the evidence from observational studies assessing its effect on T2D
risk is limited [33-35]. The antidiabetic effects exerted by lignans may be mediated by
improvements in central obesity [36]. Other potential mechanisms of action include an
inhibition of x-amylase and «-glucosidase, improvements in insulin sensitivity, activation
of AMPk and GLUT4 receptors, and acting as antagonists of adiponectin receptors [37].
Associated improvements in fasting plasma glucose levels in non-diabetic patients have
also been observed [34].

4.7. Stilbenes

Stilbenes, mainly resveratrol, have been previously associated with a lower risk of T2D
in the PREDIMED cohort [24]. However, in the present study changes in stilbene intake
showed only a mild inverse association with alterations in fasting plasma and HbAlc
levels, which was stronger in diabetic participants. Lui et al. performed a meta-analysis of
11 controlled trials administering trans resveratrol in overweight or obese individuals to
assess whether its consumption affected glycemic status or insulin sensitivity [38]. Notably,
in alignment with our findings, non-significant effects on glycemic measurements were
observed in non-diabetic participants. The main food source of stilbenes is red wine, and
its moderate intake has been associated with a lower risk of T2D [39].

4.8. Effect Modification by Diabetes Status

The improvements in HbAlc levels observed in the present study are similar to those
arising from other dietary interventions in T2D patients, such as high-fiber diets or health
education programs [10,40]. According to the United States Food and Drug Administration,
even a modest reduction in HbAlc levels (0.3 to 0.4%) reduces the risk of developing
diabetes [41].

Polyphenol intake has been shown to have a modulatory effect on the gut microbiota
profile [42]. It is also recognized that the gut microbiota plays a key role in the development
of T2D, due to its implication in carbohydrate metabolism. Moreover, intestinal dysbiosis
has been described in both T2D and prediabetic patients, indicating that certain compo-
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sitional changes in the microbiota participate in the development of the disease [43,44].
Another potential mechanism underlying the antidiabetic effect of polyphenols is the induc-
tion of GLP-1 secretion [45]. The GLP-1 signaling pathway has been extensively explored
to develop effective therapies for T2D, and emerging evidence shows that some phenolic
compounds can stimulate GLP-1 secretion from intestinal L-cells and may, therefore, be
helpful in improving glucose homeostasis [45].

4.9. Strengths and Limitations

The limitations of this study are mostly related to the estimation of polyphenol intake
and the confounding variables, as residual confounding factors may still be present. Re-
garding polyphenols, although we used the most updated and comprehensive database
available (Phenol-explorer), not all foods from the FFQ were included in the database
(e.g., honey), and the questionnaire does not cover all polyphenol-rich foods (e.g., spices)
or the polymeric, non-extractable polyphenols associated with cell wall macromolecules.
Furthermore, phenolic intake can be affected by the variable polyphenol content in foods,
which depends on ripeness, environmental factors, processing and storage, and variety [4].
Finally, bioavailability was not considered, and the results might not be generalizable to
different populations.

The main strengths of the study are the large sample size, the multicenter design, and
longitudinal approach. Regarding sociodemographic and lifestyle variables (confounders),
a standardized protocol was used to reduce the information bias.

5. Conclusions

Evidence suggests that a regular consumption of dietary polyphenols is associated
with improvements in essential biological outcomes for T2D prevention and management.
However, assessing the health benefits of polyphenol intake is complex due to their diverse
chemical structure and variable bioavailability, the complexity of estimating their content in
foods and therefore their intake, potential interactions with other nutrients or polyphenols,
and biological aspects that may modify metabolization [46]. Even though the protective
role of dietary polyphenols in health has been widely demonstrated, more randomized
clinical trials are needed to clarify how their consumption affects biomarkers related to
T2D. Moreover, more information is needed to determine which polyphenol subclasses
are the most beneficial and which food sources produce the best results in terms of T2D
prevention and management.

Author Contributions: Formal analysis, A.T.-R., S.C.-B., N.B.-T.; Funding acquisition, N.B., M.AM.-G.,
D.C., M.E, DR, J.V. (Jests Vioque), AM.A.-G,, JW,, ]LAM, LS-M, RE,F].T,JL,XP,JAT,JL-M.,
N.C.-I, M.D.-R,,PM.-M,, LD., VM.S,, ].V. (Josep Vidal), C.V,, E.R,; Investigation, ].S.-S.; Methodology,
A.T-R, S.C.-B., N.B.-T,, ].S.-S.; Supervision, J.S.-S.; Validation, J.S.-S., M.AM.-G,, RE., RM.L-R;
Writing—original D.R., A.T.-R,, S.C.-B; E].B, M.Ed.LP, EM.A., O.C,, VB.-V, LTS, EG.-G,,E.C.-P,
JK,AG.-R,TC-Q,MR.B.-L.,,]JMS.-L, VE.-L.,CB,, ZV-R.,, AP-G,, R.B., MLG., CR,L.G-G, ET,
M.V.V. Writing—review and editing, all authors. All authors have read and agreed to the published
version of the manuscript.

Funding: The PREDIMED-Plus trial was supported by the Spanish Institutions for funding sci-
entific biomedical research, CIBER Fisiopatologia de la Obesidad y Nutricion (CIBERobn) and
Instituto de Salud Carlos III (ISCIII), through the Fondo de Investigacién para la Salud (FIS), which
is co-funded by the European Regional Development Fund (six coordinated Fondo de Investiga-
ciones Sanitarias projects leaded by ].S.-S. and ].V. (Josep Vidal), including the following projects:
PI13/00673, P113/00492, PI13/00272, PI13/01123, PI113/00462, P113/00233, PI13/02184, PI113/00728,
PI13/01090, PI13/01056, PI14/01722, P114/00636, P114/00618, P114/00696, P114/01206, P114/01919,
PI14/00853, P114/01374, P114/00972, P114/00728, P114/01471, P116/00473, P116/00662, PI116 /01873,
PI16/01094, PI16,/00501, PI16/00533, PI16/00381, PI16/00366, P116/01522, PI16/01120, PI17 /00764,
PI17/01183, PI17/00855, P117 /01347, PI17/00525, P117 /01827, P117 /00532, P117/00215, P117 /01441,
PI17/00508, P117/01732, PI17 /00926, PI19/00957, P119 /00386, P119/00309, P119/01032, PI119/00576,
PI19/00017, P119/01226, PI19/00781, PI19/01560, P119/01332, P120/01802, P120/00138, P120/01532,



Antioxidants 2022, 11, 316

18 of 21

PI20/00456, P120/00339, P120/00557, P120/00886, P120/01158)), the Especial Action Project enti-
tled Implementacion y evaluacién de una intervencion intensiva sobre la actividad fisica Cohorte
PREDIMED-Plus grant to J.S.-S., European Research Council (Advanced Research Grant 2014-2019,
340918) to M.A M.-G., the Recercaixa grant to J.S.-S. (2013ACUP00194), grants from the Consejeria
de Salud de la Junta de Andalucia (P10458/2013, PS0358/2016, and PI0137/2018), a grant from the
Generalitat Valenciana (PROMETEO/2017/017), a SEMERGEN grant, a CICYT grant provided by the
Ministerio de Ciencia, Innovacién y Universidades (AGL2016-75329-R), and funds from the European
Regional Development Fund (CB06/03). Food companies Hojiblanca (Lucena, Spain) and Patrimonio
Comunal Olivarero (Madrid, Spain) donated extra virgin olive oil for the PTREDIMED-Plus study,
and the Almond Board of California (Modesto, CA, USA), American Pistachio Growers (Fresno, CA,
USA), and Paramount Farms (Wonderful Company, LLC, Los Angeles, CA, USA) donated nuts for
the PREDIMED-Plus pilot study. ] K. supported with Juan de la Cierva-Incorporacién research grant
(IJC2019-042420-I) of the Spanish Ministry of Economy, Industry and Competitiveness and European
Social Funds. This call was co-financed at 50% with charge to the Operational Program FSE 2014-2020
of the Balearic Islands. ].S.-S, senior author of this article, was partially supported by ICREA under
the ICREA Academia programme.

Institutional Review Board Statement: The trial was registered at the International Standard
Randomized Controlled Trial (ISRCTN: http://www.isrctn.com/ISRCTN89898870 (accessed on
10 January 2022)) with number 89898870 and registration date of 24 July 2014. The study was
approved by the Research Ethics Committees at all recruitment centers, according to the ethical
standards of the Declaration of Helsinki (references: O01_feb_PR2-Predimedplus nodo 1, PI13/00673,
053/2013, 1B 2242 /14 PI, HCB/2016/0287, PI13/120, 13-07-25/7proj2, MAB/BGP/pg, EC 26-14/1IS-
FJD, 053/2013, P12014044, 2011-005398-22, CEIH-2013-07, PR240/13, 3078, P1-012, 30 /15, IB2251 /14P]I,
HCB/2017/0351, CEIC PI2017/02, ETICA-ULE-014-2015).

Informed Consent Statement: All participants gave written informed consent.

Data Availability Statement: Data described in the manuscript, code book, and analytic code will
be made available upon request pending application and approval of the PREDIMED-Plus Steering
Committee. There are restrictions on the availability of data for the PREDIMED-Plus trial, due to
the signed consent agreements around data sharing, which only allow access to external researchers
for studies following the project purposes. Requestors wishing to access the PREDIMED-Plus trial
data used in this study can make a request to the PREDIMED-Plus trial Steering Committee chair:
jordi.salas@urv.cat. The request will then be passed to members of the PREDIMED-Plus Steering
Committee for deliberation.

Acknowledgments: We thank all PREDIMED-Plus participants and investigators. CIBEROBN,
CIBERESP, and CIBERDEM are initiatives of the Instituto de Salud Carlos III (ISCIII), Madrid, Spain.
The Hojiblanca (Lucena, Spain) and Patrimonio Comunal Olivarero (Madrid, Spain) food companies
donated extra-virgin olive oil. The Almond Board of California (Modesto, CA, USA), American
Pistachio Growers (Fresno, CA, USA), and Paramount Farms (Wonderful Company, LLC, Los Angeles,
CA, USA) donated nuts for the PREDIMED-Plus pilot study. A.T.-R. is a Serra-Hunter fellow. SCB
thanks the Spanish Ministry of Science Innovation and Universities for the Formacion de Profesorado
Universitario (FPU17/00785) contract.

Conflicts of Interest: R.E. reports grants from Cerveza y Salud, Spain, and Fundacion Dieta Mediter-
ranea, Spain. Additionally, personal fees for given lectures from Brewers of Europe, Belgium;
Fundacion Cerveza y Salud, Spain; Pernod Ricard, Mexico; Instituto Cervantes, Albuquerque, NM,
USA,; Instituto Cervantes, Milan, Italy; Instituto Cervantes, Tokyo, Japan; Lilly Laboratories, Spain;
and Wine and Culinary International Forum, Spain; and non-financial support to organize a National
Congress on Nutrition. E.R. reports grants, personal fees, non-financial support and other from
California Walnut Commission, during the conduct of the study; grants, personal fees, non-financial
support and other from Alexion, grants, personal fees and other from Sanofi Aventis, personal fees,
non-financial support and other from Ferrer International, personal fees, non-financial support and
other from Danone, personal fees and non-financial support from Merck Sharp Dohme, personal fees
and other from Amarin, outside the submitted work. R.M.L.-R. reports personal fees from Cerveceros
de Espana, personal fees and other from Adventia, other from Ecoveritas, S.A., outside the submitted
work. ].S.-S. reported receiving research support from the Instituto de Salud Carlos III, Ministerio de
Educacion y Ciencia, the European Commission, the USA National Institutes of Health; receiving
consulting fees or travel expenses from Eroski Foundation, Instituto Danone, Nestle, and Abbott


http://www.isrctn.com/ISRCTN89898870

Antioxidants 2022, 11, 316 19 of 21

Laboratories, receiving nonfinancial support from Hojiblanca, Patrimonio Comunal Olivarero, the
California Walnut Commission, Almond Board of California, La Morella Nuts, Pistachio Growers
and Borges S.A; serving on the board of and receiving grant support through his institution from the
International Nut and Dried Foundation and the Eroski Foundation; and personal fees from Instituto
Danone; Serving in the Board of Danone Institute International. The rest of the authors have declared
that no competing interests exist. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish
the results.

References

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

The World Health Organization Global Report on Diabetes; WHO: Geneva, Switzerland, 2016; ISBN 9789241565257

Martin-Peldez, S.; Fito, M.; Castaner, O. Mediterranean Diet Effects on Type 2 Diabetes Prevention, Disease Progression, and
Related Mechanisms. A Review. Nutrients 2020, 12, 2236. [CrossRef] [PubMed]

Ley, S.; Hamdy, O.; Mohan, V.; Hu, F. Prevention and management of type 2 diabetes: Dietary components and nutritional
strategies. Lancet 2014, 383, 1999-2007. [CrossRef]

Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability. Am. . Clin. Nutr.
2004, 79, 727-747. [CrossRef] [PubMed]

Kim, Y.; Keogh, J.; Clifton, P. Polyphenols and Glycemic Control. Nutrients 2016, 8, 17. [CrossRef]

Guasch-Ferré, M.; Merino, J.; Sun, Q.; Fit6, M.; Salas-Salvado, J. Dietary Polyphenols, Mediterranean Diet, Prediabetes, and Type
2 Diabetes: A Narrative Review of the Evidence. Oxid. Med. Cell. Longev. 2017, 2017. [CrossRef]

Martinez-Gonzalez, M.; Buil-Cosiales, P.; Corella, D.; Bull6, M.; Fit6, M.; Vioque, J.; Romaguera, D.; Martinez, J.A.; Warnberg, J.;
Lopez-Miranda, J.; et al. Cohort Profile: Design and methods of the PREDIMED-Plus randomized trial. Int. ]. Epidemiol. 2019, 48,
387-388. [CrossRef]

Salas-Salvado, J.; Diaz-Lopez, A.; Ruiz-Canela, M.; Basora, J.; Fit6, M.; Corella, D.; Serra-Majem, L.; Warnberg, J.; Romaguera, D.;
Estruch, R; et al. Effect of a Lifestyle Intervention Program With Energy-Restricted Mediterranean Diet and Exercise on Weight
Loss and Cardiovascular Risk Factors: One-Year Results of the PREDIMED-Plus Trial. Diabetes Care 2019, 42, 777-788. [CrossRef]
Alberti, K,; Eckel, R,; Grundy, S.; Zimmet, P.; Cleeman, J.; Donato, K.A.; Fruchart, J.-C.; James, W.P.T,; Loria, C.M,;
Smith, S.C., Jr.; et al. Harmonizing the Metabolic Syndrome: A Joint Interim Statement of the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International Atherosclerosis Society; and International Association for the Study of Obesity. Circulation 2009,
120, 1640-1645. [CrossRef]

Jenkins, D.; Kendall, C.; McKeown-Eyssen, G.; Josse, R.; Silverberg, J.; Booth, G.; Vidgen, E.; Josse, A.; Nguyen, T.H.;
Corrigan, S.; et al. Effect of a low-glycemic index or a high-cereal fiber diet on type 2 diabetes: A randomized trial. JAMA
2008, 300, 2742-2753. [CrossRef]

Fernandez-Ballart, J.; Pifiol, J.; Zazpe, 1.; Corella, D.; Carrasco, P.; Toledo, E.; Perez-Bauer, M.; Martinez-Gonzélez, M.A,;
Salas-Salvadd, J.; Martin-Moreno, ].M. Relative validity of a semi-quantitative food-frequency questionnaire in an elderly
Mediterranean population of Spain. Br. J. Nutr. 2010, 103, 1808-1816. [CrossRef]

Mataix, J. Tablas de Composicion de Alimentos [Food Composition Aables], 4th ed.; Universidad de Granada: Granada, Spain, 2003.
Schroder, H.; Zomefio, M.D.; Martinez-Gonzalez, M. A ; Salas-Salvado, J.; Corella, D.; Vioque, J.; Romaguera, D.; Martinez, ] A,;
Tinahones, FJ.; Miranda, J.L.; et al. Validity of the energy-restricted Mediterranean Diet Adherence Screener. Clin. Nutr. 2021.
[CrossRef] [PubMed]

Willett, W.C.; Howe, G.R.; Kushi, L.H. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997, 65,
12205-1228S; discussion 12295-1231S. [CrossRef] [PubMed]

Molina, L.; Sarmiento, M.; Pefiafiel, J.; Donaire, D.; Garcia-Aymerich, J.; Gomez, M.; Ble, M.; Ruiz, S.; Frances, A.; Schroder, H.; et al.
Validation of the regicor short physical activity questionnaire for the adult population. PLoS ONE 2017, 12, e0168148. [CrossRef]
[PubMed]

Gavin, J.R.; Alberti, K.G.M.M.; Davidson, M.B.; DeFronzo, R.A.; Drash, A.; Gabbe, S.G.; Genuth, S.; Harris, M.I.; Kahn, R.;
Keen, H.; et al. Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Diabetes Care 2003, 26,
s5-s20. [CrossRef]

Xiao, ].; Hogger, P. Dietary polyphenols and type 2 diabetes: Current insights and future perspectives. Curr. Med. Chem. 2015, 22,
23-38. [CrossRef] [PubMed]

Yang, L.; Ling, W.; Yang, Y.; Chen, Y.; Tian, Z.; Du, Z.; Chen, J.; Xie, Y,; Liu, Z.; Yang, L. Role of Purified Anthocyanins
in Improving Cardiometabolic Risk Factors in Chinese Men and Women with Prediabetes or Early Untreated Diabetes-A
Randomized Controlled Trial. Nutrients 2017, 9, 1104. [CrossRef] [PubMed]

Tresserra-Rimbau, A.; Castro-Barquero, S.; Vitelli-Storelli, F.; Becerra-Tomas, N.; Vazquez-Ruiz, Z.; Diaz-Lépez, A.; Corella, D.;
Castafier, O.; Romaguera, D.; Vioque, J.; et al. Associations between Dietary Polyphenols and Type 2 Diabetes in a Cross-Sectional
Analysis of the PREDIMED-Plus Trial: Role of Body Mass Index and Sex. Antioxidants 2019, 8, 537. [CrossRef]


http://doi.org/10.3390/nu12082236
http://www.ncbi.nlm.nih.gov/pubmed/32726990
http://doi.org/10.1016/S0140-6736(14)60613-9
http://doi.org/10.1093/ajcn/79.5.727
http://www.ncbi.nlm.nih.gov/pubmed/15113710
http://doi.org/10.3390/nu8010017
http://doi.org/10.1155/2017/6723931
http://doi.org/10.1093/ije/dyy225
http://doi.org/10.2337/dc18-0836
http://doi.org/10.1161/CIRCULATIONAHA.109.192644
http://doi.org/10.1001/jama.2008.808
http://doi.org/10.1017/S0007114509993837
http://doi.org/10.1016/j.clnu.2021.06.030
http://www.ncbi.nlm.nih.gov/pubmed/34364236
http://doi.org/10.1093/ajcn/65.4.1220S
http://www.ncbi.nlm.nih.gov/pubmed/9094926
http://doi.org/10.1371/journal.pone.0168148
http://www.ncbi.nlm.nih.gov/pubmed/28085886
http://doi.org/10.2337/DIACARE.26.2007.S5
http://doi.org/10.2174/0929867321666140706130807
http://www.ncbi.nlm.nih.gov/pubmed/25005188
http://doi.org/10.3390/nu9101104
http://www.ncbi.nlm.nih.gov/pubmed/28994705
http://doi.org/10.3390/antiox8110537

Antioxidants 2022, 11, 316 20 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Guo, X,; Yang, B.; Tan, ].; Jiang, J.; Li, D. Associations of dietary intakes of anthocyanins and berry fruits with risk of type 2
diabetes mellitus: A systematic review and meta-analysis of prospective cohort studies. Eur. J. Clin. Nutr. 2016, 70, 1360-1367.
[CrossRef]

Chambers, B.; Camire, M. Can cranberry supplementation benefit adults with type 2 diabetes? Diabetes Care 2003, 26, 2695-2696.
[CrossRef]

Hsia, D.; Zhang, D.; Beyl, R.; Greenway, F.; Khoo, C. Effect of daily consumption of cranberry beverage on insulin sensitivity and
modification of cardiovascular risk factors in adults with obesity: A pilot, randomised, placebo-controlled study. Br. J. Nutr. 2020,
124,577-585. [CrossRef]

Novotny, J.; Baer, D.; Khoo, C.; Gebauer, S.; Charron, C. Cranberry juice consumption lowers markers of cardiometabolic risk,
including blood pressure and circulating C-reactive protein, triglyceride, and glucose concentrations in adults. J. Nutr. 2015, 145,
1185-1193. [CrossRef] [PubMed]

Tresserra-Rimbau, A.; Guasch-Ferré, M.; Salas-Salvado¢, J.; Toledo, E.; Corella, D.; Castafier, O.; Guo, X.; Gémez-Gracia, E.;
Lapetra, ].; Ar6s, E; et al. Intake of Total Polyphenols and Some Classes of Polyphenols Is Inversely Associated with Diabetes in
Elderly People at High Cardiovascular Disease Risk. J. Nutr. 2015, 146, 767-777. [CrossRef]

Zamora-Ros, R.; Forouhi, N.G.; Sharp, S.J.; Gonzélez, C.A.; Buijsse, B.; Guevara, M.; van der Schouw, Y.T.; Amiano, P; Boeing, H.;
Bredsdorff, L.; et al. The association between dietary flavonoid and lignan intakes and incident type 2 diabetes in European
populations: The EPIC-InterAct study. Diabetes Care 2013, 36, 3961-3970. [CrossRef] [PubMed]

Jacques, PF.; Cassidy, A.; Rogers, G.; Peterson, ].J.; Meigs, ].B.; Dwyer, J.T. Higher dietary flavonol intake is associated with lower
incidence of type 2 diabetes. J. Nutr. 2013, 143, 1474-1480. [CrossRef] [PubMed]

Komorita, Y.; Iwase, M.; Fujii, H.; Ohkuma, T.; Ide, H.; Jodai-Kitamura, T.; Yoshinari, M.; Oku, Y.; Higashi, T.; Nakamura, U.; et al.
Additive effects of green tea and coffee on all-cause mortality in patients with type 2 diabetes mellitus: The Fukuoka Diabetes
Registry. BM] Open Diabetes Res. Care 2020, 8. [CrossRef]

Shahinfar, H.; Jayedi, A.; Khan, T.; Shab-Bidar, S. Coffee consumption and cardiovascular diseases and mortality in patients with
type 2 diabetes: A systematic review and dose-response meta-analysis of cohort studies. Nutr. Metab. Cardiovasc. Dis. 2021, 31,
2526-2538. [CrossRef]

Salas-Salvadé, J.; Martinez-Gonzalez, M. A .; Bull6, M.; Ros, E. The role of diet in the prevention of type 2 diabetes. Nutr. Metab.
Cardiovasc. Dis. 2011, 21 (Suppl. S2). [CrossRef]

Lane, ].; Barkauskas, C.; Surwit, R.; Feinglos, M. Caffeine impairs glucose metabolism in type 2 diabetes. Diabetes Care 2004, 27,
2047-2048. [CrossRef]

Hameed, A.; Galli, M.; Adamska-Patruno, E.; Kretowski, A.; Ciborowski, M. Select Polyphenol-Rich Berry Consumption to Defer
or Deter Diabetes and Diabetes-Related Complications. Nutritions 2020, 12, 2538. [CrossRef]

Sun, Q.; Wedick, N.; Pan, A.; Townsend, M.; Cassidy, A.; Franke, A.; Rimm, E.; Hu, F; van Dam, R. Gut microbiota metabolites of
dietary lignans and risk of type 2 diabetes: A prospective investigation in two cohorts of U.S. women. Diabetes Care 2014, 37,
1287-1295. [CrossRef]

Pan, A.; Sun, J.; Chen, Y;; Ye, X,; Li, H,; Yu, Z.; Wang, Y.; Gu, W.; Zhang, X.; Chen, X; et al. Effects of a flaxseed-derived lignan
supplement in type 2 diabetic patients: A randomized, double-blind, cross-over trial. PLoS ONE 2007, 2, e1148. [CrossRef]
[PubMed]

Zhang, W.; Wang, X.; Liu, Y.; Tian, H.; Flickinger, B.; Empie, M.; Sun, S. Dietary flaxseed lignan extract lowers plasma cholesterol
and glucose concentrations in hypercholesterolaemic subjects. Br. |. Nutr. 2008, 99, 1301-1309. [CrossRef] [PubMed]

Eriksen, AK.; Brunius, C.; Mazidi, M.; Hellstrom, PM.; Risérus, U.; Iversen, K.N.; Fristedt, R.; Sun, L; Huang, Y,
Neorskov, N.P; et al. Effects of whole-grain wheat, rye, and lignan supplementation on cardiometabolic risk factors in men with
metabolic syndrome: A randomized crossover trial. Am. J. Clin. Nutr. 2020, 111, 864-876. [CrossRef] [PubMed]

Barre, D.; Mizier-Barre, K.; Stelmach, E.; Hobson, J.; Griscti, O.; Rudiuk, A.; Muthuthevar, D. Flaxseed lignan complex adminis-
tration in older human type 2 diabetics manages central obesity and prothrombosis-an invitation to further investigation into
polypharmacy reduction. J. Nutr. Metab. 2012, 2012. [CrossRef]

Barre, D.; Mizier-Barre, K. Lignans’ Potential in Pre and Post-onset Type 2 Diabetes Management. Curr. Diabetes Rev. 2019, 16,
2-11. [CrossRef]

Liu, K.; Zhou, R.; Wang, B.; Mi, M. Effect of resveratrol on glucose control and insulin sensitivity: A meta-analysis of 11
randomized controlled trials. Am. J. Clin. Nutr. 2014, 99, 1510-1519. [CrossRef]

Martin, M.; Goya, L.; Ramos, S. Protective effects of tea, red wine and cocoa in diabetes. Evidences from human studies. Food
Chem. Toxicol. 2017, 109, 302-314. [CrossRef]

Salinero-Fort, M.; Carrillo-de Santa, E.; Arrieta-Blanco, F.; Abanades-Herranz, J.; Martin-Madrazo, C.; Rodés-Soldevila, B.;
De Burgos-Lunar, C. Effectiveness of PRECEDE model for health education on changes and level of control of HbAlc, blood
pressure, lipids, and body mass index in patients with type 2 diabetes mellitus. BMC Public Health 2011, 11, 267. [CrossRef]
FDA Guidance for Industry Diabetes Mellitus-Evaluating Cardiovascular Risk in New Antidiabetic Therapies to Treat Type 2 Diabetes; U.S.
Department of Health and Human Services Food and Drug Administration Center for Drug Evaluation and Research (CDER):
Silver Spring, MD, USA, 2008.

Koudoufio, M.; Desjardins, Y.; Feldman, F,; Spahis, S.; Delvin, E.; Levy, E. Insight into Polyphenol and Gut Microbiota Crosstalk:
Are Their Metabolites the Key to Understand Protective Effects against Metabolic Disorders? Antioxidants 2020, 9, 982. [CrossRef]


http://doi.org/10.1038/ejcn.2016.142
http://doi.org/10.2337/diacare.26.9.2695-a
http://doi.org/10.1017/S0007114520001336
http://doi.org/10.3945/jn.114.203190
http://www.ncbi.nlm.nih.gov/pubmed/25904733
http://doi.org/10.3945/JN.115.223610
http://doi.org/10.2337/dc13-0877
http://www.ncbi.nlm.nih.gov/pubmed/24130345
http://doi.org/10.3945/jn.113.177212
http://www.ncbi.nlm.nih.gov/pubmed/23902957
http://doi.org/10.1136/bmjdrc-2020-001252
http://doi.org/10.1016/j.numecd.2021.05.014
http://doi.org/10.1016/j.numecd.2011.03.009
http://doi.org/10.2337/diacare.27.8.2047
http://doi.org/10.3390/nu12092538
http://doi.org/10.2337/dc13-2513
http://doi.org/10.1371/journal.pone.0001148
http://www.ncbi.nlm.nih.gov/pubmed/17987126
http://doi.org/10.1017/S0007114507871649
http://www.ncbi.nlm.nih.gov/pubmed/18053310
http://doi.org/10.1093/ajcn/nqaa026
http://www.ncbi.nlm.nih.gov/pubmed/32097450
http://doi.org/10.1155/2012/585170
http://doi.org/10.2174/1573399814666180914094520
http://doi.org/10.3945/ajcn.113.082024
http://doi.org/10.1016/j.fct.2017.09.015
http://doi.org/10.1186/1471-2458-11-267
http://doi.org/10.3390/antiox9100982

Antioxidants 2022, 11, 316 21 of 21

43.

44.

45.

46.

Yassour, M.; Lim, M.Y,; Yun, H.S,; Tickle, T.L.; Sung, J.; Song, Y.-M.; Lee, K; Franzosa, E.A.; Morgan, X.C.; Gevers, D.; et al.
Sub-clinical detection of gut microbial biomarkers of obesity and type 2 diabetes. Genome Med. 2016, 8, 1-14. [CrossRef]
Bocanegra, A.; Macho-Gonzalez, A.; Garcimartin, A.; Benedji, J.; Sanchez-Muniz, EJ. Whole Alga, Algal Extracts, and Compounds
as Ingredients of Functional Foods: Composition and Action Mechanism Relationships in the Prevention and Treatment of Type-2
Diabetes Mellitus. Int. J. Mol. Sci. 2021, 22, 3816. [CrossRef] [PubMed]

Wang, Y.; Alkhalidy, H.; Liu, D. The Emerging Role of Polyphenols in the Management of Type 2 Diabetes. Molecules 2021, 26, 703.
[CrossRef] [PubMed]

Tresserra-Rimbau, A.; Lamuela-Raventos, R.; Moreno, J. Polyphenols, food and pharma. Current knowledge and directions for
future research. Biochem. Pharmacol. 2018, 156, 186-195. [CrossRef] [PubMed]


http://doi.org/10.1186/s13073-016-0271-6
http://doi.org/10.3390/ijms22083816
http://www.ncbi.nlm.nih.gov/pubmed/33917044
http://doi.org/10.3390/molecules26030703
http://www.ncbi.nlm.nih.gov/pubmed/33572808
http://doi.org/10.1016/j.bcp.2018.07.050
http://www.ncbi.nlm.nih.gov/pubmed/30086286

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Dietary Assessment and Polyphenol Intake 
	Ascertainment of the Endpoints 
	Assessment of Covariates 
	Statistical Analyses 

	Results 
	Discussion 
	Anthocyanidins 
	Proanthocyanidins 
	Flavones 
	Flavonols 
	Hydroxybenzoic and Hydroxycinnamic Acids 
	Lignans 
	Stilbenes 
	Effect Modification by Diabetes Status 
	Strengths and Limitations 

	Conclusions 
	References

