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Abstract

Background: Polyphenols are phytochemicals that possess antioxidant and anti-inflammatory properties and improve
glucose metabolism in animal experiments, although data from prospective epidemiologic studies examining polyphenol
intakes in relation to type 2 diabetes (T2D) risk are inconsistent.

Objectives: We aimed to examine urinary excretion of select flavonoid and phenolic acid metabolites, as biomarkers of
intake, in relation to T2D risk.

Methods: Eight polyphenol metabolites (naringenin, hesperetin, quercetin, isorhamnetin, catechin, epicatechin, caffeic
acid, and ferulic acid) were quantified in spot urine samples by liquid chromatography/mass spectrometry among 1111
T2D case-control pairs selected from the Nurses’ Health Study (NHS) and NHSII.

Results: Higher urinary excretion of hesperetin was associated with a lower T2D risk after multivariate adjustment: the OR
comparing top vs. bottom quartiles was 0.68 (95% CI: 0.49, 0.96), although a linear trend was lacking (P = 0.30). The other
measured polyphenols were not significantly associated with T2D risk after multivariate adjustment. However, during the early
follow-up period [=4.6 y (median) since urine sample collection], markers of flavanone intakes (naringenin and hesperetin) and
flavonol intakes (quercetin and isorhamnetin) were significantly associated with a lower T2D risk. The ORs (95% Cls) comparing
extreme quartiles were 0.61 (0.39, 0.98; P-trend: 0.03) for total flavanones and 0.55 (0.33, 0.92; P-trend: 0.04) for total flavonols
(P-interaction with follow-up length: =0.04). An inverse association was also observed for caffeic acid during early follow-up only:
the OR was 0.52 (95% Cl: 0.32, 0.84; P-trend: 0.03). None of these markers was associated with T2D risk during later follow-up.
Metabolites of flavan-3-ols and ferulic acid were not associated with T2D risk in either period.

Conclusions: These results suggest that specific flavonoid subclasses, including flavanones and flavonols, as well as
caffeic acid, are associated with a lower T2D risk in relatively short-term follow-up but not during longer follow-up.
Substantial within-person variability of the metabolites in single spot urine samples may limit the ability to capture
associations with long-term disease risk. J Nutr doi: 10.3945/jn.114.208736.
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Introduction

Polyphenols is a collective term referring to thousands of plant-
derived molecules that share a common structure consisting of
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multiple hydroxyl groups attached to aromatic rings (1). Of
these polyphenols, several hundred are derived from diet and
can be largely classified into 4 major groups: phenolic acids,
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flavonoids, lignans, and stilbenes (1). A wide spectrum of
biological activities is associated with polyphenols in vitro
including anti-inflammatory and antioxidant effects that are
likely mediated through interactions with a range of cell
signaling pathways, such as modulation of transcription factors
and the subsequent expression of genes and microRNAs (2—4).
Results from rodent models have provided corroborative results
demonstrating that intake of specific flavonoid subclasses
improves insulin resistance, enhances B cell function, and delays
diabetes onset (5-7).

In contrast to data from animal experiments that suggest
beneficial effects of these compounds on lowering diabetes risk,
thus far only a limited number of prospective studies have been
conducted to examine the associations between consumption of
flavonoid subclasses or flavonoid-rich foods and type 2 diabetes
(T2D)"2 risk, and findings were inconsistent (8-13). In addition,
data regarding other major classes of polyphenols, such as
phenolic acids, are lacking. The scarcity of data is at least
partially due to the complexity in accurately assessing intake of
polyphenols from FFQs (1). Using biomarkers of polyphenol
intake is an appealing approach because biomarkers are largely
independent of measurement errors that may be associated with
self-reported dietary intakes (14). Flavonoids and phenolic acids
that occur in blood or urine as glucuronidated, sulfated, and/or
methylated metabolites may serve as promising biomarkers for
assessing their intakes (15), but to our knowledge, these
biomarkers have not been studied in relation to risk of T2D.

We previously examined enterolignans, gut microbiota pro-
ducts of dietary lignans, in relation to diabetes risk in 2 well-
characterized cohorts of US women, the Nurses’ Health Study
(NHS) and NHSII (16). In the current analysis, we aimed to
extend this research to metabolites of 3 specific flavonoid
subclasses and 2 phenolic acids and evaluated the hypothesis
that higher urinary excretions of these polyphenol metabolites
are prospectively associated with a lower T2D risk.

Methods

Study population. The NHS cohort was established in 1976 when
121,700 female registered nurses aged 30-55 y living in 1 of 11 US states
responded to a questionnaire. A total of 116,430 younger female
registered nurses aged 25-42 y were enrolled in 1989 using the same
approach, and these women constituted the NHSII cohort. Similar data
collection methods and participant follow-up strategies were applied in
these 2 cohorts. Follow-up questionnaires are administered biennially to
assess and update a multitude of variables, such as body weight and
height, demographics, lifestyle practices, history of chronic diseases, and
medication use. In addition, in the NHSII, 29,611 participants aged 32—
52 y provided blood and urine samples from 1996 to 2001, and in the
NHS, 18,743 participants aged 53-80 y provided samples from 2000 to
2002. In both cohorts, the samples were returned to our biorepository
via overnight courier and were immediately processed upon arrival and
aliquoted into cryotubes, which were stored in the vapor phase of liquid
nitrogen freezers at =—130°C. Among participants who provided blood
and urine samples, a high follow-up rate of >95% has been maintained.

2 Author disclosures: Q Sun, NM Wedick, SS Tworoger, A Pan, MK Townsend, A
Cassidy, AA Franke, EB Rimm, FB Hu, and RM van Dam, no conflicts of interest.
The funding sources had no role in the study design; the collection, analysis, and
interpretation of data; the writing of the report; or the decision to submit the
article for publication. The authors are not affiliated with the funding institutions.
3 Supplemental Tables 1-3 and Supplemental Figures 1 and 2 are available from
the ""Online Supporting Material”’ link in the online posting of the article and from
the same link in the online table of contents at http://in.nutrition.org.

12 Abbreviations used: ICC, intraclass correlation coefficient; NHS, Nurses’
Health Study; rs, Spearman partial correlation coefficient; T2D, type 2 diabetes.
*To whom correspondence should be addressed. E-mail: gisun@hsph.harvard.edu.
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In both cohorts, we conducted a prospective, nested case-control
study of T2D among participants who provided urine samples and were
free of self-reported diabetes, cardiovascular disease, and cancer at
sample collection. During follow-up through June 2008 (NHS) or June
2007 (NHSII), we prospectively identified and confirmed 1111 T2D
cases (NHS: 456; NHSII: 655) and randomly selected 1 control for each
case (17). Cases and controls were matched for age at urine sample
collection, month of sample collection, first morning urine (yes or no),
race (white or other races), and menopausal status and postmenopausal
hormone use (NHSII only). To avoid systematic measurement error,
samples of each case-control pair were shipped in the same batch and
analyzed in the same run in a random sequence under identical
conditions.

The study protocol was approved by the institutional review board of
the Brigham and Women’s Hospital and the Human Subjects Committee
Review Board of Harvard School of Public Health.

Ascertainment of T2D. We sent a validated supplemental questionnaire
(18) to those who reported having a T2D diagnosis to confirm/refute the
incidence. We used at least one of the following American Diabetes
Association 1998 criteria to confirm a self-reported T2D diagnosis: 1) an
elevated glucose concentration (fasting plasma glucose =7.0 mmol/L,
random plasma glucose =11.1 mmol/L, or plasma glucose =11.1 mmol/L
after an oral glucose load), and at least 1 symptom related to diabetes; 2)
no symptoms, but elevated glucose concentrations on 2 separate
occasions; or 3) treatment with insulin or oral hypoglycemic medication.
Only confirmed T2D cases were included in the current study.

Assessment of diet. Validated FFQs (14) were administered in 1984
and 1986 in the NHS and in 1991 in the NHSII. Extended FFQs were
subsequently sent to participants quadrennially to update diet informa-
tion. In these FFQs, we inquired about the average consumption
frequency of 118-166 food items in the past year with a prespecified
serving size for each item. The methodology for the assessment of
flavonoid intake was previously described in detail elsewhere (19).
Briefly, we derived intake of each subclass of flavonoids by multiplying
the consumption frequency of each relevant food item by its contents of
the flavonoids and then summing intake of flavonoids across all food
items (8). We did not estimate the intake levels of phenolic acids because
phenolic acids are not currently included in the Harvard food compo-
sition database.

Laboratory measurements. In the current study, we used isotope
dilution electrospray ionization orbitrap LC isotope dilution orbitrap
MS after hydrolysis with glucuronidase and sulfatase and liquid-liquid
extraction (20) to measure 8 metabolites that can be reliably measured in
urine samples with reasonable reproducibility: naringenin and hesperetin
(flavanones); quercetin and isorhamnetin (flavonols); catechin and
epicatechin (flavan-3-ols); and caffeic acid and ferulic acid (phenolic
acids). Urinary creatinine excretion was measured with use of a Roche-
Cobas MiraPlus clinical chemistry autoanalyzer (Roche Diagnostics).
Urinary excretions of polyphenols were adjusted for creatinine excretion
in this analysis. The mean intra-assay CV was 22.8% for hesperetin,
9.0% for naringenin, 18.0% for quercetin, 21.5% for isorhamnetin,
24.3% for catechin, 13.6% for epicatechin, 10.5% for caffeic acid,
11.5% for ferulic acid, and 5.6% for creatinine. We observed higher
interassay CVs compared to intra-assay CVs and thus used conditional
logistic regression to model associations of interest to minimize the
impact of high interassay CVs.

In a pilot study, we evaluated within-person stability of the
polyphenols and calculated intraclass correlation coefficients (ICCs)
between excretions in 2 urine samples collected 1-2 y apart from 58
NHSII participants. The ICCs ranged from low (0.03 for epicatechin,
0.10 for hesperetin, 0.11 for catechin, 0.13 for naringenin, 0.22 for
isorhamnetin, and 0.35 for quercetin) to moderate/high (0.40 for caffeic
acid and 0.87 for ferulic acid). Of note, as the timing of urine sample
collections was likely independent of diet before the collections in these
participants, the ICCs incorporated extraneous variability in polyphenol
excretions resulting from these 2 factors (i.e., diet and timing of sample
collection since last meal).
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Statistical methods. The missing percentages of covariates were
relatively low. In the NHS, the percentage of missing data ranged from
0.1% for physical activity to 1.1% for BMI. In the NHSII, the percentage
of missing data ranged from 0.2% for oral contraceptive use to 4.2% for
BMI. Given the low percentages of missing data, we replaced missing
values with case-control, status-specific medians for continuous varia-
bles or combined the missing category with the reference group for
categorical variables.

We calculated Spearman partial correlation coefficient (r;) values
among controls from both studies to evaluate the correlations between
urinary metabolites of flavonoids and their intake levels. We controlled
for age at sample collection, fasting status, smoking status, BMI, physical
activity, total calorie intake, and cohort (NHS or NHSII). Because data
on dietary intake of phenolic acids were not available, we used linear
regression to identify significant food predictors of log-transformed
levels of metabolites following the stepwise selection algorithm with
multivariate adjustment of the aforementioned covariates. We then
calculated 7, values between metabolites and their food predictors.

We categorized the study population into quartiles according to the
distribution of polyphenol excretions among controls. We used condi-
tional logistic regression, in which matching factors are accounted for
and data from matched case-control pairs are analyzed in the same
strata, to model the associations of interest (17). To control for
confounding, we adjusted for BMI, smoking status, physical activity,
alcohol use, oral contraceptive use (NHSII only), postmenopausal
hormone use (NHS only), family history of diabetes, history of
hypercholesterolemia or hypertension, and the Alternative Healthy
Eating Index score as a marker of overall diet quality (21). P values for
linear trend were calculated by entering an ordinal score based on the
median value in each quartile of metabolite levels into the multivariate
models.

We used restricted cubic spline regressions with 3 knots to model
potential dose-response relations (22). Tests for nonlinearity were based
on the likelihood ratio test, comparing the model with only the linear
term to the model with the linear and the cubic spline terms. The low
ICCs observed in the pilot study suggested that a single measurement of
the metabolites would unlikely reflect long-term cumulative averages of
polyphenol intake, which are able to incorporate changes of polyphenol
intake over time (23). We, therefore, explored the possibility that the
metabolites may be more strongly associated with diabetes in early
follow-up rather than in the entire follow-up. We used the likelihood
ratio test to evaluate the significance of interaction terms between
metabolite excretions and length of follow-up. In this analysis, to
maximize statistical power, we chose median follow-up as the cutoff
point to define early vs. later follow-up. Lastly, we pooled individual-
level data from the 2 cohorts in these analyses while maintaining the
matched case-control pairs by using conditional logistic regression to
leverage on the full range of metabolites and also to increase the
statistical power.

All P values were two-sided, and type I error was set to be 0.05. Data
were analyzed with the Statistical Analysis Systems software package,
version 9.3 (SAS Institute, Inc.).

Results

Characteristics of study participants assessed with use of
baseline questionnaires (NHS, 1998; NHSII, 1995) are shown
in Table 1. A notable difference between the 2 cohorts was the
older age at urine sample collection in the NHS (mean: 66 y)
than in the NHSII (mean: 45 y).

We examined the intercorrelation among individual metab-
olites in controls (Supplemental Table 1). As expected, metab-
olites of the same class of polyphenols or within the same
metabolic pathway were generally correlated with each other,
and this pattern was consistent in both cohorts. For example, 7,
values were 0.72 between the flavonols (quercetin and iso-
rhamnetin) and 0.56 between the flavanones (hesperetin and
naringenin) in both cohorts; the 7, value was 0.55 (NHS) or 0.56

(NHSII) between the phenolic acids (caffeic acid and ferulic
acid). For the flavan-3-ol metabolites catechin and epicatechin,
the correlation was 0.54 in the NHS and 0.68 in the NHSIL

We observed modest yet significant correlations between
intakes of flavonols, flavanones, and flavan-3-ols and the
metabolites of these flavonoid subclasses (Supplemental
Table 2). For example, we observed an 7, value of 0.21 for
hesperetin, 0.11 for naringenin, 0.15 for quercetin, and 0.10
for isorhamnetin. Urinary excretions of catechin and epica-
techin were also significantly correlated with various dietary
flavan-3-ols, especially dietary epicatechin and proanthocya-
nidins (r; values of 0.12-0.15). Several significant food
predictors were identified for phenolic acids among controls.
The strongest relation was identified between coffee con-
sumption and phenolic acid metabolites; the r, value was 0.20
for caffeic acid or 0.24 for ferulic acid. Of note, hesperetin
excretion was correlated with citrus fruit/juice (r; value =
0.19); quercetin and isorhamnetin excretions were correlated
with kale intake (7, values = 0.12 and 0.10, respectively); and
epicatechin excretion was correlated with chocolate intake (7
value = 0.11). Other correlations between metabolites and
their main food sources were weaker.

Table 2 presents associations between the metabolites and
diabetes risk in the 2 cohorts combined. In the crude model
accounting for matching factors, urinary excretions of hesper-
etin and caffeic acid were associated with a lower T2D risk,
whereas other markers were not consistently associated with
T2D risk. Further adjustment for diabetes risk factors, especially
BMLI, attenuated these associations, although the top 2 quartiles
of hesperetin remained significantly associated with a lower
diabetes risk: ORs (95% CIs) were 0.65 (0.47, 0.90) and 0.68
(0.49, 0.96), respectively, although the linear trend test (P-trend:
0.30) was not significant. Cohort-specific associations between
individual metabolites and diabetes risk are presented in
Supplemental Table 3; the associations generally did not differ
by cohort.

Because of the low within-person stability of the metabolites,
we explored whether these markers were associated with
diabetes incidence during earlier follow-up rather than longer-
term follow-up. Figure 1 demonstrates that, in general, metab-
olites of flavanones or flavonols tended to be associated with
lower diabetes risk in early follow-up, whereas in later follow-up
no association was observed. We observed a significant interac-
tion between follow-up time and combined levels of flavanone
markers (naringenin and hesperetin) (P-interaction: 0.04) and
total flavonol markers (quercetin and isorhamnetin) (P-interaction:
0.03). Comparing extreme quartiles of flavanone metabolites,
the ORs (95% Cls) were 0.61 (0.39, 0.98; P-trend: 0.03) during
the first half of the follow-up period (=4.6 y) and 0.97 (0.60,
1.56; P-trend: 0.56) thereafter. The ORs were 0.55 (0.33, 0.92;
P-trend: 0.04) and 1.25 (0.78, 2.01; P-trend: 0.27) for flavonol
markers during early and later follow-up periods, respectively.
Caffeic acid excretion was also associated with significantly
lower T2D risk during early follow-up only (OR: 0.52; 95% CI:
0.32, 0.84; P-trend: 0.03 vs. OR: 1.01; 95% CI: 0.61, 1.64; P-
trend: 0.64 for later follow-up), although the interaction test was
not significant (P-interaction: 0.34). Associations for individual
flavanone and flavonol metabolites by follow-up length are
presented in Supplemental Figure 1. We did not observe
significant associations for the other measured metabolites
during either period (data not shown). These associations did
not materially change when the analysis was restricted to
participants who provided first-morning samples (86.9%; data
not shown).
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TABLE 1 Baseline characteristics of diabetes cases and controls in the NHS and NHSII

NHS

NHSII

Characteristic Cases (n = 456)

Controls (n = 456) P

Cases (n=655) Controls (n = 655) P

Age at urine sample collection,® y 65.5 = 6.4 65.6 = 6.4 0.91 454 = 43 454 = 43 0.88
BMI, kg/m? 297 + 56 26.1 = 47 <0.0001 332 =68 256 =53 <0.0001
Physical activity, METs-h/wk 16.6 = 22.6 189 + 209 0.11 16.8 = 275 202 = 258 0.02
Smoking status, % 0.64 0.04
Current smoker 6.4 5.7 12.8 8.6
Former smoker 472 447 25.0 27.0
Never smoked 46.5 496 62.1 64.4
Hypertension, % 62.1 39.9 <0.0001 273 12.5 <0.0001
Hypercholesterolemia, % 724 57.9 <0.0001 457 238 <0.0001
White,® % 98.0 98.5 0.61 95.1 96.3 0.27
Family history of diabetes, % 388 26.8 0.0001 341 15.6 <(0.0001
Fasting status, % 89.0 90.4 0.51 69.0 719 0.27
First morning urine,® % 904 9038 082 84.0 849 065
Menopause,® % 100 99.3 0.25 316 316 >0.99
Postmenopausal hormone use,3* % 61.0 62.9 0.54 80.2 80.2 >0.99
Use of oral contraceptive,® % — 0.009
Current user — — 23 5.0
Past user — — 83.7 84.1
Never used — — 14.1 10.8
Diet
Total energy, kcal/d 1784 + 413 1763 = 399 0.44 1874 = 509 1789 = 489 0.002
Alcohol, g/d 48 + 82 53+ 75 0.37 20 =45 33+ 6.1 <0.0001
Trans fat, % of energy 162 = 0.40 157 = 0.40 0.04 161 = 0.52 1.51 = 0.50 0.0005
P:S ratio 0.56 = 0.12 058 = 0.15 0.02 0.50 = 0.13 0.53 = 0.15 0.004
Coffee,® cup/d 20+ 14 22+ 15 0.03 1417 1717 0.004
Whole grains, g/d 18.7 = 10.3 209 =106 0.001 19.4 =127 229 =148 <0.0001
Fruits, servings/d 2210 2310 0.03 18+12 19+13 0.01
Vegetables, servings/d 32*x12 3314 0.34 28 17 27 17 0.28
Red meat, servings/d 09 +04 08 =04 <0.0001 09 +06 08 =05 <0.0001
Fish, servings/d 0.27 =0.15 0.27 = 0.16 0.92 023 =0.20 0.22 =018 0.25
Soft drinks, servings/d 09 09 07 =07 <0.0001 1715 12+12 <(0.0001
Yogurt, servings/d 0.13 = 0.16 0.16 = 0.20 0.008 013 = 0.24 0.16 = 0.24 0.07
Alternate Healthy Eating Index score 515 = 87 546 = 94 <0.0001 466 = 94 494 +99 <(0.0001
Urinary metabolites’”
Quercetin, nmol/g creatinine 26.8 (8.7-73.0) 33.6 (12.0-87.0) 0.01 239 (7.7-60.5) 18.7 (5.3-62.6) 0.17
Isorhamnetin, nmol/g creatinine 32.4 (14.0-93.5) 422 (16.3-98.9) 0.07 345 (12.9-88.7) 34.0 (13.2-90.7) 0.84
Naringenin, nmol/g creatinine 592 (145-1730) 691 (189-2440) 0.03 685 (211-2650) 699 (176-2250) 0.68
Hesperetin, nmol/g creatinine 123 (33.4-693) 148 (41.5-849) 0.14 59.1 (14.3-321) 84.7 (21.9-569) 0.002
Catechin, nmol/g creatinine 17.8 (4.8-77.2) 19.1 (5.0-77.7) 0.50 12.6 (3.8-39.3) 15.3 (4.5-43.3) 0.06
Epicatechin, nmol/g creatinine 165 (23.9-443) 138 (24.3-508) 091 68.8 (13.9-280) 69.6 (14.1-238) 0.52
Caffeic acid, nmol/g creatinine 232 (115-449) 269 (157-495) 0.007 152 (81.1-306) 179 (92.2-356) 0.01
Ferulic acid, mmol/g creatinine 322 (157-597)  3.29(1.79-6.64) 0.42 2.73 (1.30-5.94) 3.22 (1.55-6.47) 0.07

" Values are means * SDs unless otherwise indicated. Percentages are based on nonmissing data. MET, metabolic equivalent; NHS, Nurses’

Health Study; P:S, polyunsaturated-to-saturated fat.

2 P value estimates are based on Student’s t test for variables expressed as mean = SD, Wilcoxon’s rank-sum test for variables expressed as

median (IQR), or Pearson x? test for variables expressed as percentages.

8 Matching factors; menopausal status and hormone replacement therapy were matching factors for NHSII only.

4 Among postmenopausal women only.
5 Among premenopausal women only.
% One cup equals 237 mL.

7 Values are medians (IQRs).

We subsequently explored whether there was a dose-response
relation for the association of flavanone and flavonol markers
with diabetes risk during early follow-up. We detected a signif-
icant linear relation between the metabolites of both subclasses
and diabetes risk, with P values for linearity of 0.01 and 0.02,
respectively (Figure 2). In addition, we also observed a significant
linear relation between caffeic acid and diabetes risk, with a P for
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linearity of 0.03. We estimated that for each SD increment of log-
transformed flavanone metabolites (SD = 1.8), the OR was 0.81
(95% CI: 0.68, 0.95). The corresponding OR was 0.79 (95% CI:
0.66, 0.96) for flavonol markers (SD = 1.4) and 0.82 (95% CI:
0.68, 0.98) for caffeic acid (SD = 1.0). Dose-response relations for
individual metabolites of flavanones and flavonols are presented
in Supplemental Figure 2.
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TABLE 2 ORs (95% Cls) of type 2 diabetes by quartiles of urinary polyphenol metabolites (nmol/g

creatinine) in the NHS and NHSII

Quartiles of urinary markers

1 (lowest) 2 3 4 (highest) P-trend
Naringenin
Median (range) 87.6 (0.8-177) 368 (178-692) 1275 (694-2310) 5221 (2305-157,000)
Case/control (n) 274277 297/278 269/278 271/278
Model 12 1 1.09 (0.86, 1.38) 0.98(0.78, 1.24) 0.99 (0.78, 1.24) 0.67
Model 2° 1 1.02 (0.74, 1.47) 0.97 (0.70, 1.34) 0.87 (0.64, 1.20) 0.31
Hesperetin
Median (range) 12.1(0.5-29.3) 51.6 (29.3-106) 224 (106-691) 3135 (694-135,000)
Case/control (n) 351/277 278/278 251/278 231/278
Model 12 1 0.77 (0.61, 0.97) 0.68 (0.53, 0.87) 0.63 (0.49, 0.80) 0.01 o
Model 23 1 0.75 (0.55, 1.04) 0.65 (0.47, 0.90) 0.68 (0.49, 0.96) 0.30 g
Quercetin 2
Median (range) 3.1(0.3-7.3) 14.6 (7.3-25.8) 42.8 (25.9-73.0) 145 (73.2-2810) 2
Case/control (n) 259/277 307/278 297/278 248/278 C_DD:
Model 12 1 1.17 (0.93, 1.48) 1.13(0.90, 1.43) 0.95(0.74, 1.21) 0.21 o
Model 23 1 1.06 (0.77, 1.46) 0.93 (0.67, 1.29) 0.83(0.59, 1.17) 0.17 g
Isorhamnetin g
Median (range) 72(0.4-143) 23.6 (14.3-37.3) 56.9 (37.3-94.8) 186 (95.9-13,100) §:
Case/control (n) 298/277 287/278 258/278 268/278 g
Model 12 1 0.95(0.75, 1.20) 0.86 (0.67, 1.09) 0.88 (0.69, 1.13) 0.40 g
Model 2° 1 1.05 (0.76, 1.46) 0.94 (0.67, 1.32) 1.08 (0.76, 1.53) 0.66 o
Catechin %
Median (range) 26(0.1-4.7) 8.1(4.8-16.5) 29.8 (16.5-54.5) 129 (54.8-10,100) %
Case/control (n) 308/277 288/278 252/278 263/278 g
Model 12 1 0.93(0.73, 1.17) 0.80 (0.63, 1.02) 0.83 (0.64, 1.07) 0.24 E
Model 2° 1 1.07 (0.78, 1.48) 0.77 (0.54, 1.08) 0.92 (0.65, 1.31) 0.62 )Z>
Epicatechin >
Median (range) 46 (0.7-15.1) 47.3 (15.1-96.4) 177 (97.3-338) 696 (340-5640) (ﬂ
Case/control (n) 271/271 283/278 275/278 282/278 1>|
Model 12 1 1.04 (0.82, 1.32) 1.01 (0.80, 1.29) 1.04 (0.81, 1.33) 0.85 g
Model 23 1 1.19 (0.86, 1.65) 0.98 (0.71, 1.36) 1.01(0.73, 1.41) 0.7 %
Caffeic acid -
Median (range) 70.1 (2.0-114) 162 (114-217) 300 (218-414) 662 (416-10,900) l>|
Case/control (n) 353/271 281/278 231/278 246/278 %
Model 12 1 0.78 (0.62, 0.99) 0.63 (0.49, 0.81) 0.67 (0.53, 0.86) 0.004 %
Model 2° 1 0.85(0.62, 1.17) 0.68 (0.48, 0.95) 0.73 (0.52, 1.02) 0.08 -
Ferulic acid* %
Median (range) 0.97 (0.006-1.65) 2.34 (1.65-3.26) 452 (3.27-6.51) 10.28 (6.52-291.9) ;)S
Case/control (n) 321/2771 276/278 266/278 248/278 :
Model 12 1 0.85(0.67, 1.07) 0.82 (0.64, 1.04) 0.76 (0.59, 0.96) 0.04 a
Model 2° 1 1.07 (0.78, 1.48) 1.07 (0.77, 1.50) 1.12 (0.80, 1.58) 0.57 8,
@
" NHS, Nurses’ Health Study. g.
2 Model 1 was adjusted for the matching factors: age at urine sample collection (y), race (white or not), fasting status (yes or no), first @
morning urine sample (yes or no), and date of blood drawing. ':‘
3Based on model 1, model 2 was further adjusted for BMI (kg/m?), smoking status (current smoker, past smoker, nonsmoker), oral ~
contraceptive use (never used, past user, current user; NHSII only), use of hormone replacement therapy (yes or no; NHS only), physical 8
o

activity (metabolic equivalents, h/wk), alcohol use (abstainer, <5.0 g/d, 5.0-14.9 g/d, =15.0 g/d), family history of diabetes (yes or no),

history of hypercholesterolemia or hypertension (yes or no), and Alternative Healthy Eating Index score.
4 The unit was mmol/g creatinine.

Discussion

In this large, prospective investigation among 2 cohorts of US
women, we observed, for the first time, that several specific
flavonoid metabolites, including flavanones (hesperetin and nar-
ingenin) and flavonols (quercetin and isorhamnetin), as well as the
endogenous phenolic acid metabolite caffeic acid, were associated
with a 39-48% lower T2D risk primarily in early follow-up, but not
during more distant follow-up. The lack of long-term associations is

probably due to the substantial within-person variability of these
metabolites in spot urine samples, which renders the urinary
concentrations less likely to represent long-term intakes. These
associations were independent of established demographic, lifestyle,
and dietary risk factors of T2D. Other metabolites, including flavan-
3-ols and ferulic acid, were not associated with diabetes risk during
either period.

Using a panel of urinary metabolites of polyphenols to
examine associations with diabetes risk is a unique strength of
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FIGURE 1 ORs (95% Cls) of type 2 diabetes according to duration
of follow-up in the NHS and NHSII. Multivariate conditional logistic
regression models were adjusted for the same set of covariates as
used for model 2 in Table 2. The median of follow-up length was 4.6 y.
(A) Flavanone metabolites (naringenin and hesperetin); (B) flavonol
metabolites (quercetin and isorhamnetin); and (C) caffeic acid. The
median values (nmol/g creatinine) for quartiles were 138, 563, 1920,
and 8850 for flavanone metabolites; 13.1, 45.4, 105, and 341 for
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our study. Because of the variability in the actual polyphenol
contents of a given food (1, 24), questionnaire assessments of
polyphenol intake are inevitably subject to measurement errors.
The assessments are further complicated by the wide variation in
the bioavailability of parent polyphenol compounds (1) and
between-individual variation in absorption and metabolism
of the polyphenols (25). Overall, these challenges mean that
estimated intake levels are not necessarily reflective of the
exposure to bioactive compounds, whereas the metabolites may
more likely reflect tissue exposure to polyphenols (26).

Our investigation was subject to several limitations. First, the
half-lives of most flavonoids are very short, ranging from several
hours to less than a day (27). Random errors in terms of
reflecting usual metabolite levels are, therefore, substantial in the
current investigation, in which we only quantified the metabo-
lites in single spot urine samples. These random errors may
subsequently reduce the statistical power for detecting a
significant association and may partially explain some of the
null associations such as those for flavan-3-ol metabolites. Use
of multiple assessments of the metabolites preferably in 24-h
urine samples over time would be a more desirable approach.
Interestingly, previous studies also documented meaningful
correlations between 24-h urine samples and spot urine samples
for excretions of certain polyphenol metabolites, e.g., quercetin
(s values = 0.40-0.60) and hesperetin (r,; values = 0.50-0.57)
(28). In addition, correlations with fruit and vegetable intake
were largely similar for these 2 types of urine samples (29).
Second, the polyphenol metabolites examined in the current
study were limited to selected, well-validated metabolites, and
we did not further distinguish the forms of a given polyphenol
metabolite. Future studies are warranted to extend this research
to identify and examine other polyphenol metabolites. Third,
although we controlled for a wide range of established diabetes
risk factors, including dietary factors, the possibility of residual
confounding still exists. Fourth, we cannot exclude the possi-
bility that some of our findings were due to chance, especially the
temporality pattern for the associations of flavanones, flavonols,
and caffeic acid. In addition, the choice of median follow-up
as the cutoff for defining proximate vs. remote follow-up is
arbitrary. Lastly, these findings may not be generalizable to
populations with different background polyphenol intake levels
or to those with differences in absorption or metabolism.

To our knowledge, the current study is the first investigation
that prospectively examined urinary metabolites of flavonoids
and phenolic acids in relation to T2D risk. Data for polyphenol
intake and long-term risk of cardiovascular disease and cancer
are accumulating (30, 31). In contrast, existing evidence for
dietary polyphenols and T2D risk is fragmentary and mostly
limited to flavonoids. Using data from the NHS and NHSII
cohorts and the male Health Professionals Follow-up Study, we
observed an inverse association between anthocyanin intake and
diabetes risk (8). These findings were in line with an early
Finnish study (9) but not with results from the Framingham
Offspring cohort, the lowa Women’s Health Study, or the EPIC-
InterAct Study (10, 12, 13). None of these nor other studies (11)
documented beneficial effects of other flavonoid subclasses,

flavonol metabolites; and 70.1, 162, 300, and 662 for caffeic acid. The
sample sizes for the 8 categories (from left to right) were 292, 275,
294, 259, 281, 284, 275, and 262 for flavanone metabolites; 267, 290,
285, 278, 304, 268, 270, and 260 for flavonol metabolites; and 318,
264, 270, 268, 312, 295, 239, and 256 for caffeic acid. NHS, Nurses’
Health Study.
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FIGURE 2 Dose-response relation between flavanone or flavonol
metabolites and risk of type 2 diabetes based on combined data from
the NHS and NHSII. Metabolite excretions were log transformed to
improve normality. To further minimize the impact of outliers,
participants with top 1% of metabolites were excluded. A total of
1109 participants were included in the final analysis. Multivariate
conditional logistic regression models were adjusted for the same set
of covariates as used for model 2 in Table 2. Solid lines are ORs and
dashed lines are 95% Cls. (A) Flavanone metabolites (naringenin and
hesperetin); (B) flavonol metabolites (quercetin and isorhamnetin);
and (C) caffeic acid. NHS, Nurses’ Health Study.

except that in the Framingham Offspring cohort an inverse
association for flavonols was reported (12), and in the EPIC-
InterAct Study flavonols and flavan-3-ols were associated with a
lower T2D risk (13). The discrepancies could be partially
explained by differential measurement error associated with the
incomplete representation of food sources on the questionnaire
or limitations of food composition databases (8). In contrast,
controlled randomized clinical trials, in which the intake levels
are more precisely quantified, provide evidence for beneficial
effects of flavonoid intakes on diabetes risk factors. For example,
in a long-term (1 y) randomized controlled trial, Curtis et al. (32)
reported that flavan-3-ol and isoflavone supplementation (950
mg/d) significantly improved insulin resistance among postmen-
opausal T2D women. These data are consistent with those from
short-term trials of flavan-3-ols or their food sources (33).
Moreover, 2 crossover controlled trials also demonstrated
beneficial effects of flavanones on alleviating endothelial dys-
function and inflammation (34, 35). Until recently, food
composition databases included little information on phenolic
acids, which may explain the lack of studies in relation to
diabetes risk. However, studies have examined some of the
major food sources of these compounds. For example, con-
sumption of coffee, the major source of chlorogenic acid, was
consistently associated with a lower risk of developing T2D in
epidemiologic studies (36). Beneficial effects of coffee consump-
tion on insulin sensitivity and other diabetes risk factors have
also been documented in observational and intervention studies
(37, 38).

Mechanisms underlying putative beneficial effects of poly-
phenols are still poorly understood. Antioxidant effects of
polyphenols through scavenging free radicals and chelating
metal ions is the most elucidated mechanism in in vitro studies,
although such effects have not been consistently demonstrated in
vivo (39, 40). Emerging evidence suggests that polyphenols may
suppress inflammation and oxidative stress through multiple
mechanisms, including inhibiting enzymes promoting oxidative
stress and modulating transcriptional factors or expression of
microRNAs involved in inflammation or apoptosis (4, 41-44).
Moreover, results from several animal studies suggest that
flavonoids may improve glucose metabolism through multiple
pathways, involving promotion of insulin secretion, preserva-
tion of B cell function, improvement of glucose metabolism in
multiple organs, and other pathways (45). Likewise, chlorogenic
acid, and its metabolites, may improve glucose tolerance by
delaying glucose absorption, increasing glucose uptake in
peripheral tissues, and decreasing hepatic glucose output (27,
37). Further mechanistic studies on the effects of polyphenols,
specifically their functional metabolites, on glucose metabolism
are needed.

In summary, to our knowledge, this prospective investigation
conducted in 2 cohorts of US women demonstrates for the first
time that urinary excretions of select polyphenol metabolites,
including flavanones, flavonols, and caffeic acid, are associated
with lower risk of developing T2D and that the associations are
time-dependent, probably owing to the apparent within-person
variability of the metabolites in spot urine samples. These novel
findings are complementary to the growing knowledge on the
effects of polyphenol intake on glucose metabolism and diabetes
risk. Further prospective research is warranted to evaluate these
and other polyphenol metabolites in relation to diabetes risk.
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