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Flavonoids intake and risk of type 2 diabetes
mellitus
A meta-analysis of prospective cohort studies
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Abstract
Epidemiological studies exploring the role of flavonoids intake in preventing type 2 diabetes mellitus (T2DM) showed inconsistent
results. Therefore, we performed ameta-analysis of relevant studies to examine the relationship between flavonoids intake and risk of
T2DM. We hypothesized that flavonoids intake may decrease the risk of developing T2DM.
A systematical search in PubMed and Embase until September 2017 was performed to identify eligible prospective cohort studies.

The summary relative risks (RRs) and 95% confidence intervals (CIs) were calculated using random-effect models. Dose-response
pattern between total flavonoids intake and T2DM risk was also estimated.
Eight prospective studies were included with 312,015 participants, of whom 19,953 developed T2DMduring the follow-up periods

of 4 to 28 years. Compared with lower consumption, high intake of total flavonoids was associated with a decreased risk of T2DM
(RR: 0.89, 95% CI: 0.82–0.96). Among flavonoid subclasses, inverse correlations with T2DM were achieved for intakes of
anthocyanidins, flavan-3-ols, flavonols, and isoflavones. Dose-response meta-analysis indicated a curvilinear relationship between
total flavonoids intake and incident T2DM (P for nonlinearity = .042), with a significant risk reduction at an intake of ≥550mg/day.
When assuming a linear pattern, the risk of T2DM was decreased by 5% for each 300-mg/day increment in total flavonoids intake
(RR: 0.95, 95% CI: 0.93–0.97).
Our study suggests that higher intakes of total flavonoids and subclasses (anthocyanidins, flavan-3-ols, flavonols, and isoflavones)

are associated with lower risk of T2DM.

Abbreviations: CIs = confidence intervals, NOS = Newcastle-Ottawa Scale, RRs = relative risks, T2DM = type 2 diabetes
mellitus.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a burdensome chronic
disorder with increasing prevalence worldwide. It was
estimated that nearly 415 million people had T2DM in the
year 2015, and this number is expected to increase to 642
million by 2040.[1] Persons who developed T2DM are also at
greater risks for cardiovascular disease, diabetic retinopathy,
renal dysfunction, and leg ulcers, imposing a tremendous
burden on health care system.[2] Thus, improving the primary
prevention of T2DM has become imperative. Among the
preventive strategies against T2DM, an adoption of a
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healthier diet has been widely accepted to play a critical role.
Data from epidemiological studies suggest that dietary intake
of fruits, vegetables, whole-grains, fish, and dairy products
may reduce the risk of T2DM, whereas consuming sugar-
sweetened beverages and red or processed meats increases the
risk.[3–5]

Dietary flavonoids represent a large group of polyphenolic
compounds, which are abundant in various plant-root foods,
including commonly-consumed vegetables and fruits, tea, grains,
and cocoa.[6] On the basis of their chemical structure, flavonoids
can be mainly categorized as flavonols, flavones, flavan-3-ols,
anthocyanins, flavanones, and isoflavones. In addition to the
potent antioxidant properties, dietary flavonoids also improve
glucose and lipid metabolism and exhibit anti-inflammation
effects,[7,8] pointing to a protective role in the development of
cardiometabolic diseases. Accordingly, clinical evidences have
suggested that flavonoids intake significantly decreases the risk of
cardiovascular disease.[9] For T2DM, however, the findings
regarding dietary flavonoids are to date inconclusive. This may be
attributed to the fact that the number of prospective cohort
studies is limited and their results are inconsistent. Herein, we
carried out a meta-analysis of prospective cohort studies to
comprehensively evaluate the role of flavonoids and its subclasses
intake in the prevention of T2DM, and the dose-response
relationship between total flavonoids intake and T2DMwas also
evaluated. We hypothesized that higher intake of flavonoids may
be associated, in a dose-response manner, with a lower risk of
incident T2DM.
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2. Materials and methods

2.1. Search strategy

The present workwas conducted according to theMeta-analysis Of
Observational Studies in Epidemiology guideline.[10] We identified
eligible publications by performing a manual literature search in
PubMed and Embase through September 2017, with the use of the
following search terms: “flavonoids,” “flavonols,”,“flavones,”
“flavanones,” “flavan-3-ols,” “flavanols,” “isoflavones,” “antho-
cyanidins,” “proanthocyanidins,” or “phytoestrogens,” and “dia-
betes” or “T2DM”. Besides, the references of retrieved articles and
reviews were manually checked for inclusion of potential comple-
ments. Only full-length articles published in English were consid-
ered.
2.2. Eligibility criteria

To be included, the studies needed to meet 4 specific conditions:
prospective cohort study; the exposure of interest was intake of
total flavonoids or flavonoid subclasses, including anthocyani-
dins, flavan-3-ols (flavanols), flavanones, flavones, flavonols,
isoflavones, or proanthocyanidins; the outcome of interest was
incident T2DM, with a follow-up duration ≥1 year; the risk
estimates of T2DM, such as relative risks (RRs) or hazard ratios,
were available. In dose-response meta-analysis, the included
studies should report the risk estimates for at least 3 quantitative
categories of total flavonoids intake, and the data of cases and
person-years were also provided (or with sufficient information
to calculate them). Animal studies, reviews, editorials, abstracts,
and unpublished results were excluded from this meta-analysis. If
reports pertained to overlapping populations, only the study with
the largest sample size was retained.
2.3. Details abstraction and quality assessment

A predesigned Excel (Microsoft Corporation) file was used to
extract the baseline characteristics of the included studies,
including study author, publication year, population origin,
number of cases and total participants, baseline age, country,
ascertainments of exposure and outcome, follow-up duration,
and factors adjusted in multivariate models. We also recorded the
median intake levels of flavonoids and the maximally-adjusted
risk estimates for aggregated analyses. When necessary, the
corresponding authors of the original studies were contacted for
missing data. The methodological quality of studies was
evaluated by the Newcastle-Ottawa Scale (NOS) score.[11] With
this scoring system, each study can score up to 9 points based on 3
major respects: selection of populations (0–4 points), compara-
bility between groups (0–2 points), and assessment of outcomes
(0–3 points). The high-quality study was defined as a study with a
NOS score of ≥ 7.[12,13] All data extraction and quality
evaluation were carried out by 2 independent investigators,
with disagreements settled by consulting with a third investigator.
2.4. Statistical methods

In this meta-analysis, we used RR and its 95% confidence interval
(CI) to present the summary results. The study-specific risk
estimates of T2DM for the highest versus lowest intake of total
flavonoids or flavonoid subclasses were pooled by using random
effect models. The heterogeneity between studies was explored by
Cochrane Q test and I2 statistic. For the Cochrane Q test, a P
value of <.1 indicated the presence of heterogeneity; and for the
2

I metric, the following cutoff values were applied: <25% (no or
low heterogeneity), 25% to 75% (moderate heterogeneity), and
>75% (high heterogeneity).[14] Subgroup analyses were con-
ducted according to sample size, sex, follow-up duration, and
study location, and the Altman and Bland test [15] was used to
confirm the difference between subsets. To evaluate the stability
of results, we also performed a sensitivity analysis by excluding
study one at a time. Potential publication bias was detected by
funnel plots and by Egger test.
To assess the quantified dose-response relationship between

total flavonoids intake and risk of T2DM, we firstly assigned the
median or mean level of flavonoid intake for each category to
each corresponding RR. Then, a 2-staged random-effect dose-
response meta-analysis was performed. In the first stage, we
established a restricted cubic spline model with 3 knots at the
10th, 50th, and 90th percentiles of flavonoids intake by using
generalized least-square regression, taking into account the
correlation within each set of published RRs as reported by
Orsini et al.[16] In the second stage, the restricted maximum
likelihood method in a random-effect meta-analysis was used to
aggregate the study-specific RRs.[17] A P value for nonlinearity
was obtained from the test of the null hypothesis that the
coefficient of the second spline is equal to zero.
All data analyses were implemented using STATA 13.0

(StataCorp, College Station, TX) and R 3.4.2 (The R Foundation
for Statistical Computing, Vienna, Austria) software, and 2-sided
P values of <.05 were treated as of significance.
2.5. Ethics statement

This study was a secondary analysis of human subject data
published in the public domain, thus no ethical approval was
required.
3. Results

3.1. Study search

The preliminary search identified 3509 studies, of which 662
duplicated publications and 2817 irrelevant reports were
removed. After full-text review of the retained articles, 22 studies
were eliminated because of failure to meet the eligibility criteria.
As a result, 8 prospective studies [18–25] with 10 independent
cohorts (Wedick study [24] consisted of 3 independent cohorts)
were included in this meta-analysis (Fig. 1).

3.2. Characteristics of studies

The main details of the included studies are listed in Table 1.
These prospective studies were published between 2002 and
2017 with a total of 312,015 participants, of which 19,953
T2DM cases were identified during the follow-up periods from 4
to 28 years. Six studies were conducted in the United States, and
the remaining 4 studies were from European countries. All
participants were free of T2DM at baseline, with age ranging
from 28 to 75 years. Dietary flavonoids intake was evaluated
using food-frequency questionnaire, and T2DM was frequently
ascertained through medical records. In the original studies, the
median intake level of total flavonoids was 8.9 to 501.8mg/day
for the lowest categories and 33.2 to 1452.3mg/day for the
highest categories, and the most commonly adjusted variables
included age, sex, total energy intake, body mass index, smoking,
alcohol consumption, and physical activity (Table 2). All



Figure 1. Flow diagram of study selection process. T2DM= type 2 diabetes mellitus.
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included studies had a NOS score of ≥7, with an average score of
7.9, indicating the presence of high methodological quality.

3.3. Total flavonoids intake and T2DM
Compared with the lowest intake, the highest intake of total
flavonoids was associated with a decreased risk of T2DM (RR:
0.89, 95% CI: 0.82–0.96; Fig. 2), with moderate heterogeneity
across the studies (I2=63%, P= .004). After removal of Grosso
study,[18] the heterogeneity was distinctly reduced (I2=21%,
Table 1

Baseline characteristics of studies.

Study Cohorts
Participants
(cases/total) Age, y

Grosso et al,
2017[18]

Health, Alcohol and
Psychosocial factors in
Eastern Europe study

456/5806 45–69 Po

Jacques et al,
2013[19]

Framingham Heart Study
Offspring cohort

308/2915 28–62 US

Knekt et al, 2002[20] Finnish Mobile Clinic Health
Examination Survey

526/9878 49 (mean) Fin

Nettleton et al,
2006[21]

Iowa Women’s Health Study 3395/35,816 55–69 US

Song et al, 2005[22] Women’s Health Study 1614/38,018 ≥45 US

Tresserra-Rimbau
et al, 2016[23]

Prevención con Dieta
Mediterránea Study

314/3430 67 (mean) Sp

Wedick et al,
2012[24]

Nurses’ Health Study;
Nurses’ Health Study II;
Health Professionals
Follow-Up Study

6878/70,359;
3084/89,201;
2649/41,334

37–65;
26–45;
40-75

US

Zamora-Ros et al,
2013[25]

European Prospective
Investigation into
Cancer and Nutrition-
InterAct case-cohort study

729/15,258 52 (mean) 8

ADA=American Diabetes Association, FFQ= food-frequency questionnaire, FU= follow-up, T2DM= typ
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P= .257), and the pooled result of the remaining studies was still
significant (RR: 0.91, 95%CI: 0.86–0.96). In stratified analyses,
the pooled RR for total flavonoids intake was not modified by
sample size, sex, follow-up duration, and study location
(Table 3). Leave-one-out sensitivity analysis showed that no
individual study had a significant influence on the final result.
There was no indication of publication bias from visual
inspection of the funnel plot, which was further confirmed by
Egger test (P= .253).
Ascertainments

Country Exposure Outcome FU, y

land FFQ Self-reports of being professionally
diagnosed with T2DM or taking
diabetic medications

4

A FFQ Elevated fasting glucose or medical
and medication use histories

11.9

land FFQ Nationwide central register of all
patients receiving drug
reimbursement

28

A FFQ Self-reported diagnosis 18

A FFQ Self-reported diagnosis confirmed by
ADA criteria or primary care
physician

8.8

ain FFQ Medical records using ADA criteria 5.5

A FFQ Diagnosed questionnaire confirmed
by medical records

24;
16;
20

European
countries

FFQ or diet
histories

Self-reports and linkage to medical
care registers, medication
registers, and hospital admissions
and mortality data

11.7

e 2 diabetes mellitus.

http://www.md-journal.com


Table 2

The confounders and risk estimates in the included studies.

Study Variables adjusted
Median intake and RR (95% CI) for categories of total

flavonoids

Grosso et al,
2017[18]

Age, BMI, total energy, physical activity, education, smoking, drinking,
menopausal status, and dietary fiber

501.8 mg/d, 1 (Ref.); 756.4 mg/d, 0.75 (0.56–0.99); 958.2 mg/d,
0.50 (0.36–0.68); 1452.3 mg/d, 0.44 (0.30–0.63)

Jacques et al,
2013[19]

Age, sex, total energy, BMI, cardiovascular disease, and smoking 85 mg/d; 165 mg/d; 272 mg/d; 537 mg/d; RR for the highest vs.
lowest intake: 0.89 (0.75–1.05)

Knekt
et al, 2002[20]

Age and sex Lowest, 1 (Ref.); 6.4 mg/d, 0.85 (0.68–1.08); 16.7 mg/d, 0.86
(0.68–1.09); 33.2 mg/d, 0.98 (0.77–1.24)

Nettleton et al,
2006[21]

Age, BMI, total energy, education, waist/hip ratio, activity, smoking,
pack years, multivitamin use, and hormone therapy

90.4 mg/d, 1 (Ref.); 167.0 mg/d, 0.96 (0.86–1.08); 238.5 mg/d,
1.01 (0.90–1.12); 342.5 mg/d, 0.98 (0.87–1.10); 680.4 mg/d,
0.97 (0.86–1.10)

Song et al, 2005[22] Age, BMI, total energy, smoking, exercise, drinking, hypertension, high
cholesterol, family history of diabetes, and dietary intakes of fiber,
glycemic load, magnesium and total fat

8.9 mg/d, 1 (Ref.); 13.9 mg/d, 0.89 (0.76–1.05); 19.1 mg/d, 0.92
(0.78–1.08); 27.1 mg/d, 1.06 (0.90–1.25); 47.2 mg/d, 0.92
(0.78–1.09)

Tresserra-Rimbau
et al, 2016[23]

Age, sex, total energy, BMI, recruitment center, intervention group,
smoking, drinking, physical activity, dyslipidemia, hypertension,
education, adherence to the Mediterranean diet, and fasting glucose

291 mg/d, 1 (Ref.); 425 mg/d, 0.60 (0.44–0.82); 596 mg/d, 0.67
(0.48–0.93)

Wedick et al,
2012[24]

Age, race, total energy, BMI, smoking, drinking, multivitamin use,
physical activity, postmenopausal status, hormone use, family
histories of diabetes, oral contraceptive use, and polyunsaturated/
saturated fat ratio, and intakes of red meat, fish, whole grains,
coffee, high-calorie sodas and trans fat

NHS: 105.2 mg/d, 1 (Ref.); 174.8 mg/d, 0.95 (0.88–1.02); 249.2
mg/d, 0.93 (0.86–1.01); 369.1 mg/d, 0.96 (0.89–1.03); 718.1
mg/d, 0.85 (0.79–0.92)
NHS II: 112.1 mg/d, 1 (Ref.); 182.5 mg/d, 0.94 (0.84–1.05);
256.1 mg/d, 0.92 (0.82–1.03); 378.4 mg/d, 1.00 (0.89–1.12);
770.3 mg/d, 0.99 (0.89–1.11)
HPFS: 112.5 mg/d, 1 (Ref.); 182.2 mg/d, 0.98 (0.87–1.11); 251.7
mg/d, 1.00 (0.89–1.13); 352.9 mg/d, 0.97 (0.86–1.10); 624.3
mg/d, 0.92 (0.81–1.04)

Zamora-Ros et al,
2013[25]

Age, sex, BMI, total energy, education, physical activity, smoking,
drinking, and intakes of red meat, processed meat, sugar-
sweetened soft drinks, and coffee, fiber, vitamin C and magnesium

126.8 mg/d, 1 (Ref.); 223.7 mg/d, 0.96 (0.87–1.06); 326.7 mg/d,
0.96 (0.82–1.13); 478.4 mg/d, 0.91 (0.80–1.04); 817.5 mg/d,
0.90 (0.77–1.04)

BMI=body mass index, CI= confidence interval, HPFS=Health Professionals Follow-Up Study, NHS=Nurses’ Health Study, RR= relative risk.

Xu et al. Medicine (2018) 97:19 Medicine
3.4. Flavonoids subclasses intake and T2DM
With regard to flavonoid subclasses, low-to-moderate
heterogeneities were found among the included studies. We
obtained a decreased risk of developing T2DM for the highest
Figure 2. Meta-analysis for total flavonoids intake and risk of type
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versus lowest intake of anthocyanidins, flavan-3-ols, flavo-
nols, and isoflavones. For other flavonoids subclasses,
however, no preventive effect against T2DM was identified
(Fig. 3).
2 diabetes mellitus. CI=confidence interval, RR= relative risk.



Table 3

Subgoup analyses for total flavonoids intake and risk of T2DM.

Heterogeneity Pooled estimates

Subgroups No. of cohorts I2 P RR (95% CI) P P for interaction

Sample size
<30,000 5 76% .003 0.78 (0.64–0.96) .02 0.129
≥30,000 5 37% .172 0.92 (0.86–0.98) .012

Sex
Men 2 93% <.001 0.54 (0.18–1.63) .276 0.355
Women 5 57% .054 0.91 (0.83–1.00) .052

Follow-up, y
<10 4 84% <.001 0.66 (0.43–1.02) .061 0.148
≥10 6 12% .342 0.91 (0.87–0.96) <.001

Location
USA 6 81% .001 0.92 (0.87–0.97) .002 0.153
Europe 4 23% .264 0.74 (0.55–0.99) .044

CI= confidence interval, RR= relative risk, T2DM= type 2 diabetes mellitus.
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3.5. Dose-response meta-analysis

Seven studies [18,20–25] with 9 cohorts were included in the dose-
response meta-analysis, and we found a curvilinear relationship
between total flavonoids intake and T2DM risk (P for
nonlinearity = .042; Fig. 4), with a significant risk reduction
at an intake of ≥550mg/day. When assuming a linear
association, the risk of T2DM was reduced by 5% (RR: 0.95,
95% CI: 0.93–0.97) for each 300-mg/day increment in total
flavonoids intake.

4. Discussion

Dietary flavonoids are natural substances with potential salutary
effects on human health. The results from our study demonstrat-
ed that intakes of total flavonoids, anthocyanidins, flavan-3-ols,
flavonols, and isoflavones were associated with significantly
decreased risks of T2DM in the highest versus lowest analyses.
Figure 3. Meta-analyses for flavonoids subclasses intake and risk of
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Additionally, the dose-response analysis suggested a curvilinear
relationship of total flavonoids intake with T2DM risk; when
assuming a linear manner, the risk of T2DMwas reduced by 5%
for an increment of 300mg/day in total flavonoids intake.
The antidiabetic effects of flavonoids-rich food have been

reported in many previous studies. In a recent meta-analysis,
Yuan et al[26] found a J-shaped association of cocoa products
(chocolate) intakes with incident T2DM, and, consuming
chocolate of 6servings/week or lower may decrease the risk of
T2DM. Likewise, a cohort study involving 8 European countries
showed that tea consumption was inversely related to T2DM
incidence, with a significant benefit observed at an intake of ≥4
cups/day.[27] As to dietary flavonoids, the meta-analysis by Liu
et al[28] also suggested that intake of these nutrients significantly
decreased the risk of T2DM. However, that analysis only
included 4 prospective reports,[18–20,22] and the effects of
flavonoids subclasses were not measured. The present work of
type 2 diabetes mellitus. CI=confidence interval, RR= relative risk.

http://www.md-journal.com


Figure 4. Dose-response meta-analysis for total flavonoids intake and risk of
T2DM. T2DM= type 2 diabetes mellitus.
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8 longitudinal cohort studies has evaluated the role of different
flavonoid subclasses, thus providing more comprehensive and
reliable insights into the benefits of flavonoids in preventing
T2DM.
Here, we proposed several possible mechanisms responsible

for the observed associations. By their antioxidant contents,
flavonoids could protect tissues against free oxygen radicals and
lipid peroxidation,[29] thus contributing to the prevention of
T2DM. Emerging evidences have also suggested the ability of
dietary flavonoids to regulate endothelial nitric oxide status,
activity of NADPH oxidase, and inflammation response, which
are linked to the risk of T2DM.[30–32] Besides, mechanistic studies
pointed out that flavonoids intake may improve insulin
resistance, glycemia metabolism, and pancreatic b-cell dysfunc-
tion, with particular interests in the subclasses including
anthocyanins, flavonols, and flavan-3-ols.[33] In addition, recent
viewpoints have highlighted the role of gut microbiome in the
pathophysiological process of T2DM;[34] and, specific flavonoids
intake may favorably affect the phylogenetic community and
function of gut microbiome.[35,36] Therefore, the preventive
effects of flavonoids intake may, at least partly, be mediated
through their modulation of gut microbiome.
Some remaining points need to be addressed. Among

flavonoids subclasses, we observed no significant benefits for
high intakes of flavanones and flavones. Consistent with this,
Bertoia et al[37] summarized the data of 3 prospective cohorts and
revealed that consumption of flavanones and flavones were not
associated with weight change. The potential reasons remain
unknown, but it is deserved to note that a large part of these
flavonoid subclasses come from consuming citrus fruits or
juices.[38] Previous studies have shown that consumption of citrus
had no effect on the risk of T2DM,[39] whereas higher intake of
fruit juices may increase this risk.[40] Thus, as none of the
included studies has adjusted fruits or juices intake, our findings
on flavanones and flavones appear to involve bias. Future studies
concerning this aspect are warranted. In addition, moderate
heterogeneity is present in the highest versus lowest analyses,
which is likely to have resulted from the different levels of intake
6

categories between studies. To overcome this limitation, we
carried out a dose-response meta-analysis and found that a
curvilinear relationship between total flavonoids intake and
incidence of T2DM. Considering the statistical significance for
the nonlinear manner is marginal, we also fitted a linear model
and the result indicated that every 300-mg/day increase in
flavonoids intake is related to a decreased risk of T2DM, further
confirming the dose-dependent effects of these nutrients.
There are some limitations that should not be ignored. First,

because our study is a pooled analysis of observational studies,
the recall and selection bias cannot be avoided. However, we only
combined the maximally adjusted risk estimates in prospective
cohort studies that could largely reduce the probability of biases.
Second, stratified analyses by age, body mass index, and other
important factors cannot be performed because of the lack of
data. Also, there are limited studies available for the analyses of
flavonoid subclasses (e.g., proanthocyanidins), which may
influence the stability of our results. Third, geographical
restriction is present in this meta-analysis, as all of the original
studies were from the United States and European countries.
Therefore, generalization of our findings to other ethnic groups
should be considered with caution.

5. Conclusion

In summary, our meta-analysis indicates that high intake of total
flavonoids is correlated, in a dose-response pattern, with a
reduced risk of T2DM. Among flavonoids subclasses, antho-
cyanidins, flavan-3-ols, flavonols, and isoflavones—but not other
subclasses—may be salutary in the prevention of developing
T2DM. Future prospective studies are still required to confirm
this association in other ethnic populations and to further
elucidate the role of different flavonoid subclasses.
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