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Phytoestrogens might have advantageous effects on diabetes in women. We performed a systematic review and meta-analysis to determine the
effect of phytoestrogens on glucose homeostasis and the risk of type 2 diabetes (T2D) among women. Randomized controlled trials (RCTs) and
prospective observational studies that assessed associations of phytoestrogens (supplementation, dietary intake, or biomarkers) with fasting glucose
or insulin, homeostatic model assessment of insulin resistance (HOMA-IR), or with the risk of T2D were included. We identified 18 RCTs (n = 1687
individuals) investigating the effect of phytoestrogen supplementation on glucose homeostasis and 9 prospective population-based studies
(n = 212,796 individuals) examining the association between phytoestrogen intake and the risk of T2D. Compared with placebo, phytoestrogen
supplementation resulted in improvements in fasting glucose and HOMA-IR: the pooled mean differences of changes were —-0.12 mmol/L (95%
Cl: -=0.20, =0.03 mmol/L) and -0.24 mmol/L (95% Cl: -0.45, —0.03 mmol/L), respectively. Although there was no significant decrease in insulin
concentrations with overall phytoestrogen supplementation, the pooled mean difference in changes was —-0.99 pmol/L (95% Cl: -4.65, 2.68 pmol/L).
However, the results of RCTs varied by type of phytoestrogens: soy-derived isoflavones and genistein improved glucose homeostasis, whereas
isoflavone mix and daidzein had no effect or were associated with an adverse glycemic profile. Higher dietary phytoestrogen intake was associated
with a 10% lower risk of developing T2D in observational studies (pooled RR: 0.90; 95% Cl: 0.85, 0.96; for the highest compared with the lowest
quantiles). Results were similar when the analyses were restricted to only medium- and high-quality studies. Overall, phytoestrogens may have a
positive influence on glycemia and could be used for diabetes prevention in women. However, for some individual types of phytoestrogens, such as
mixed isoflavones, caution is needed in recommending their use in women, because their use could lead to an adverse glycemic profile in women.
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Introduction therapy for the treatment of menopausal symptoms (1, 2).
Phytoestrogens, nonsteroidal plant compounds with Recently,a meta-analysis of clinical trials showed that specific

phytoestrogen supplementation led to relief of menopausal
symptoms (3), which, due also to the potentially negative
health consequences of hormone replacement therapy (4,
5), may motivate women to use these herbal medications.
Furthermore, phytoestrogens are becoming progressively
common constituents of human diets due to the latest
dietary guidelines on substituting animal protein with soy-
based foods (6). Therefore, there is an increased interest

estrogen-like biological activity, have been suggested to
improve women’s health (1). Many women in Western
countries choose to use phytoestrogens as complementary
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in the potential health effects of phytoestrogens beyond
menopausal symptoms. Due to the structural similarity to
estrogen, phytoestrogens bind weakly to estrogen receptor
a and more strongly to estrogen receptor S. They may
possess organ-specific estrogenic and antiestrogenic effects
depending on the circulating estrogen concentration (if
the circulating estrogen concentration is high they exert an
antiestrogenic effect; when the estrogen concentration is
low, their effect becomes more estrogenic) (7, 8). Emerging
evidence shows that estradiol signaling can increase the
risk of diabetes in postmenopausal women (9), and it has
been suggested that phytoestrogens can avoid the estradiol-
induced effects on type 2 diabetes (T2D) because of the
ability of these compounds to compete with estradiol to
bind its receptors, as well as via estrogen-independent
pathways (7). In vitro studies have shown that isoflavones,
phytoestrogen compounds commonly found in soy, have
antidiabetic properties (10, 11); animal studies have
indicated that phytoestrogens improve glycemic control
and insulin sensitivity (12, 13). However, evidence from
studies in humans on the effects of phytoestrogens on
glucose homeostasis and T2D risk is inconsistent; some
studies showed adverse effects (14), some no association
(15), whereas others showed a beneficial effect (16). Previous
quantitative reviews are limited by I) a focus on specific
populations (e.g., only Asian women), 2) evaluation of
glycemic traits only not the risk of T2D, and 3) including
heterogeneous  interventions  (e.g.,  phytoestrogen
supplementation plus dietary restrictions), making
interpretation of results challenging (17-19).

Thus, we performed a systematic review and meta-
analysis of intervention studies and prospective population-
based studies evaluating the association between phytoestro-
gen use, glucose homeostasis, and the risk of T2D among
women.

Methods

Data sources and search strategy

The Cochrane Handbook for Systematic Reviews of In-
terventions and PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement were
used to guide the conduct and reporting of this review
(20, 21). A literature search was conducted using 5 elec-
tronic databases (Medline via Ovid www.ovid.com, EM-
BASE via embase.com, Web of Science Core Collection
www.clarivate.com/Web-Of-Science, Cochrane CENTRAL
via Wiley www.cochranelibrary.com, and Google Scholar
www.scholar.google.com) from inception to 30 June 2017
(date last searched). In addition, reference lists of the
included studies and relevant reviews, and studies that cited
these articles, were searched with Elsevier’s Scopus, the
largest abstract and citation database. Details on the search
strategy are provided in Supplemental Table 1.

Study selection and eligibility criteria
Studies were included if they met the following inclusion
criteria: 1) were randomized controlled trials (RCTs) or

prospective observational studies; 2) reported longitudinal
associations of phytoestrogen supplementation, dietary phy-
toestrogens, or phytoestrogens in serum and urine with
serum glucose, insulin, HOMA-IR and risk of incident T2D;
3) were performed among women or, when conducted in
both men and women, showed results stratified by sex and/or
reported that the interaction with sex was not significant
(P> 0.05); and 4) were conducted in participants who did not
use glucose-lowering medications. Only RCTs comparing
an intervention with a placebo were included. Thus, RCTs
that compared the intervention group with estrogen, other
medications containing phytoestrogens, or an intervention
with phytoestrogens in combination with specific diets
were excluded. Two reviewers (MG and NK) independently
evaluated the titles and abstracts according to the inclusion
and exclusion criteria. For each potentially eligible study, 2
reviewers assessed the full text. In cases of disagreement,
a decision was made by consensus or, if necessary, a third
reviewer was consulted.

Data extraction

A predesigned data extraction form was used to collect
relevant information. In case of multiple publications of
the same study, the most recent information was extracted.
For each study, the most-adjusted estimates were extracted.
When studies included both men and women, did not report
estimates separately for women, and reported no significant
interaction with sex (P > 0.05), we extracted the estimates of
the overall population.

Assessing the risk of bias

Bias within each individual study was evaluated by 2
reviewers. To assess the quality of RCTs we used The
Cochrane Collaboration’s tool for assessing risk of bias (22).
Studies are judged to be at low or high risk of bias on
the basis of criteria evaluating random-sequence generation,
allocation concealment, blinding of participants/personnel,
and outcome assessment, as well as incomplete outcome
data and selective reporting (22). Studies are considered to
have a low risk of bias if allocation concealment, blinding
of participants, and outcome assessors were all coded “yes”;
if a compliance assessment was done; and if the number
of dropouts and reasons for dropout were reported. In
case that >3 quality criteria were not met, the study was
classified as having a high risk of bias; others were classified
as having moderate (meeting 2 quality criteria) and low
(meeting <2 quality criteria) risk of bias (Supplemental
Table 2; 27-35, 37-45). The validated Newcastle-Ottawa
scale, a semiquantitative scale designed to evaluate the quality
of nonrandomized studies, was used to evaluate bias within
each observational study (23). The assessment of the study
quality was based on the selection criteria of participants,
comparability of cases and controls, and exposure and
outcome assessment. Studies that received a score of 9 stars
were judged to be of at low risk of bias; studies that scored
7 or 8 stars were considered at medium risk; and studies
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that scored <6 stars were considered at high risk of bias
(Supplemental Table 3; 14-16, 46-52).

Data synthesis and analysis

Intervention effects were defined as the differences in
outcomes (glucose, insulin, HOMA-IR) between the inter-
vention and placebo groups at the end of the trial. For
continuous outcomes (e.g., glucose), summary measures
were presented as mean differences; and for dichotomized
outcomes (incident diabetes, yes or no), we presented RRs.
In case of crossover trials, the data from the first period
only were used. To enable a consistent approach to the
meta-analysis and to improve interpretation of the findings,
units of measurement were converted to common units. For
observational studies, we used previously described methods
(24) to transform estimates, which were often differentially
reported by each study (e.g., comparing quartiles or thirds),
to estimates corresponding to comparison of the top with
the bottom quintile of the baseline phytoestrogen intake
distribution in each study.

Briefly, we transformed the log RR by assuming a normal
distribution, with the comparison between extreme quintiles
being equivalent to 2.80 times the log risk ratio for 1-SD
increases (or, equivalently, as 2.54/2.80 times the log RR for
a comparison of extreme quartiles). We calculated SEs of
the log RR by using published CIs and standardized them
in the same way. Furthermore, when a study reported >1
risk estimate (e.g., for different types of phytoestrogens),
the pooled RR (e.g., for any type of phytoestrogen) from
the study to be used in meta-analysis was obtained using
fixed-effects models. The inverse variance-weighted method
was used to combine RRs to produce a pooled RR using
random-effects meta-analysis models to allow for between-
study heterogeneity. In addition, as a sensitivity analysis,
we reported the estimates using fixed-effects models as
shown in the forest plots. Heterogeneity was quantified
using the I? statistic, classified as low (I? < 25%), moderate
(P > 25% and <75%), or high (I > 75%) (25). In addition, a
Q-statistic was used to assess the presence of heterogeneity.
Pq_tatistic = 0.05 was considered to indicate no significant
heterogeneity among the included studies. Study characteris-
tics including geographic location, study population, median
number of participants, median duration of intervention,
median dosage of intervention, difference threshold between
the lowest and highest phytoestrogen quintile intake, route
of administration, menopausal status, median baseline age
and BMI of participants, risk of bias, and RCT/observational
design were prespecified as characteristics for the assessment
of heterogeneity and were evaluated by using stratified
analyses and random-effects meta-regression if >10 studies
were included in the meta-analysis (26). To assess the
influence of each individual study on the overall estimates
of the rest of the studies, leave-one-out sensitivity analysis
was performed iteratively removing one study at a time to
confirm that our findings were not driven by any single
study. Publication bias was evaluated through a funnel plot,
and asymmetry was assessed using the Egger’s test. All tests
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were 2-tailed and P values <0.05 were considered significant.
STATA release 14 (StataCorp) was used for all statistical
analyses.

Results

The search strategy identified 4724 references. After initial
screening on the basis of titles and abstracts, the full texts of
68 articles were retrieved and evaluated further. As shown in
Figure 1 after full-text assessment, 40 studies were excluded.
The remaining 28 articles (based on 27 unique studies) were
included in the review and meta-analysis. Of those, 18 were
RCTs and 9 were observational prospective studies.

Clinical trials

Characteristics of the 18 trials included in this review can
be found in Supplemental Table 4 (27-35, 37-45). In
total, 1687 women (1006 in intervention group and 681
in the control group) with a baseline age ranging from 18
to 75 y were included. Fifteen RCTs were conducted in
postmenopausal women, 2 included women regardless of
their menopausal status, and 1 RCT was conducted in women
and men but reported no sex interaction. Five RCTs were
performed in North America, 5 in Europe, 5 in Asia, 2
in South America, and 1 in Australia. The included RCTs
reported data on different types of isoflavones (isoflavone
mixture supplementation: 9 RCTs; soy-derived isoflavones: 6
RCTs; isolated genistein supplementation: 4 RCTs; isolated
daidzein: 2 RCTs; flaxseed: 1 RCT) and glucose homeostasis
(glucose: 17 RCTs; insulin: 15 RCTs; and HOMA-IR: 11
RCTs), but none reported data on the risk of T2D. Thirteen
of the RCTs included healthy women, 2 RCTs included
women with metabolic syndrome, 2 included women with
prediabetes, and 1 clinical trial included women 6 mo after
treatment for breast cancer. None of the women included in
our meta-analysis used glucose-lowering medications. De-
tails on average changes between baseline and intervention
on serum glucose, insulin, and HOMA-IR can be found in
Supplemental Table 5 (27-35, 37-45).

Observational prospective studies

Detailed study characteristics of the 10 articles based on
prospective observational studies, which included 2 case-
cohort (46, 47) and 8 population-based cohort (14-16,
48-52) studies, included in this review can be found in
Supplemental Table 6 (14-16, 43-46, 48-50). Of the 9
studies included in meta-analysis, 4 studies were from Asia, 3
from North America, and 2 from Europe. One study included
postmenopausal women only (50), whereas the other studies
did not specify the menopausal status. Three studies reported
estimates for men and women combined; however, they
reported that the interaction with sex was not significant.
The baseline age of participants included in the 9 studies
ranged from 32 to 80 y (median: 53.87 y). The period of
follow-up ranged from 4 to 15 y (Supplemental Table 6).
All of the included observational studies reported data on
phytoestrogens and the risk of T2D, and none reported on
prospective glycemic traits. All 9 studies reported on dietary



FIGURE 1

phytoestrogen intake, and some of these reported different
types of phytoestrogens (overall isoflavones: 7 studies; genis-
tein: 3 studies; daidzein: 3 studies; soy products: 3 studies;
soy protein: 2 studies; flavonoids: 4 studies). In the study by
Ko et al. (46), in addition to dietary phytoestrogens, serum
concentrations of genistein and daidzein were measured. The
overall number of subjects in the 9 observational studies
included in our meta-analysis was 212,796 with 9721 incident
T2D cases. Details on exposure and outcome assessment can
be found in Supplemental Table 7 (14-16, 43-46, 48-50).

Association between phytoestrogens and glucose
homeostasis from RCTs

Data from 17 RCTs (including 1658 subjects), 15 RCTs
(including 1186 women), and 11 RCTs (including 909
women) contributed to the meta-analysis on the effects of
phytoestrogen supplementation on fasting serum glucose

'
4724 Potentially relevant citations identified
1893 Embase
c 365 Medline Ovid
2 1114 Web of Science
;§ 58 Cochrane Central
b= 132 Google scholar
3 1162 Elsevier’s Scopus
A
'
4656 unique citations excluded on the basis of title and abstract:
Review, letter, editorial, or case reports
In vitro, ecological, functional, or animal studies
No relevant population (e.g. pediatric, men only)
No relevant exposure or intervention or outcome
2
c
§ 68 Full-text articles retrieved for
& more detailed evaluation
(48 RCTs;
20 Observational studies)
o
40 excluded due to:
3 study design not relevant
4 inappropriate placebo group
13 inappropriate intervention (phytoestrogens in
= combination with specific diet or exercise and phytoestrogen
% supplementation)
& 4 male and female population (gender-specific estimates
- missing)
7| 5women had T2D or were receiving antidiabetic drugs
11 duplicates
_J
)
28 articles
-8 Cohort studies
E -2 Case-cohort studies
2 -18 Clinical trials
[

Flow diagram of studies of included in the current review. RCT, randomized controlled trial; T2D, type 2 diabetes.

concentrations (27-35, 38, 39, 41-45), fasting insulin (27-
35, 37-40, 42-44), and HOMA-IR (27-30, 33, 34, 39, 40,
42-44), respectively. Compared with placebo, phytoestro-
gen supplementation was associated with a reduction in
serum glucose concentration (pooled mean difference in
changes: —-0.12 mmol/L; 95% CI: -0.20, -0.03 mmol/L)
(Supplemental Figure 1). In the subgroup analysis by type
of phytoestrogen, soy-derived isoflavones were significantly
associated with a reduction in serum glucose concentration
(pooled mean difference in changes: —-0.24 mmol/L; 95% CI:
-0.42, -0.06 mmol/L), whereas no significant associations
were observed between other subgroups of phytoestrogens
(isoflavone mixture, isolated daidzein, and genistein) and
changes in glucose concentrations (Figure 2). Compared
with placebo, overall phytoestrogen supplementation was not
associated with a decrease in insulin concentrations (pooled
mean difference in changes: -0.99 pmol/L; 95% CI: -4.65,

Phytoestrogens and diabetes risk in women 729



Author, No. No. Intervention
publication intervention placebo  type \WIMD (85% CI)
year arm arm
Soy derived isoflavones :
Liu et al, 2010 (34} 60 60 Whole soy e 2 -0.05 (-0.09, -0.01)
Simao et al, 2014 {28) 15 15 Soy isoflavonee———fp—— 1 -0.85 (-1.28, -0.64)
Bakhtiary et al, 2011 (43) 25 25 Soy nut —_— -0.25 (-0.44, -0.08)
Bakhtiary t al, 2011 (42) 25 25 TSP . : -0.28 (-0.54,-0.18)
Liu et al, 2010 (24) 60 60 Soy | * 0.10 (0.05, 0.15)
I\ Subtotal (l-squared = 84.7%. p = 0.000) < -0.02 (-0.05. 0.01)
D+L Subtotal L -0.24 (-0.42, -0.06)
|
Isolated Daidzein [
Liu et al, 2014 (45) 60 60 Daidzein +— -0.05 (-0.00, -0.01)
Khaodhiar et al, 2008 (38) a7 45 Daidzein | - 0.19 (0.15, 0.24)
I\ Subtotal (l-squared = 88.1%. p = 0.000) 1© 0.06 (0.03, 0.08)
D+L Subtotal _ 0.07 (-D.17, 0.31)
|
Isoflavone mix !
Kim et al, 2013 {44) 42 43 Isoflavones + -0.04 (-0.08, 0.01)
Choquette et al, 2011 (30) 23 22 |zoflavones -r‘b— -0.01 {-0.08. 0.07)
Liu et al, 2014 (45) 60 80 Izoflavanes 4 0.00 (-D.06, 0.06)
Charles, 2008 [40) 32 43 Izoflavanes I 0.10 (0.08, 0.15)
Aubertin-Leheudre et al, 2008 (31) 25 25 Izoflavones —- -0.11 {-0.18, -0.03)
Ho et al, 2007 (35) 135 68 Izoflavanes - ! -0.23 (-0.29, -0.16)
Hall et al, 2006 {33} 17 117 Isoflavones * -0.08 (-0.10, -0.06)
Colacurci f al, 2005 (41) 28 28 |zoflavones & | -0.20 (-0.24, -0.186)
Mikander et al, 2004 (32) ] 25 Isoflavones | —— 0.50 (0.31, 0.68)
Blakesmith et al, 20032 (27) 12 13 Izoflavones —T— 0.1 (-0.19, 0.41)
1 Subtotal (l-squared = 84.0%. p = 0.000) { -0.07 (-0.09, -0.06)
D+L Subtotal d;:- -0.03 (-0.10, 0.05)
Other :
*Hutchins et al, 2013 (42) 25 25 Flaxseed —— | -0.47 (-0.64, -0.20)
IV Subtotsl (l-squared = 3%, p= ) _ I -0.47 {-0.64. -0.30)
D+L Subtotal _ : -0.47 (-0.64, -0.30)
Isolated Genistein :
Villa et al, 2009 (38) 30 20 Genistein L -0.08 (-0.50, 0.32)
Crisafulli et al, 2005 (28) 30 30 Genistein —— | -0.74 (-0.84. -0.64)
I Subtotal (l-squared = 59.2%. p = 0.002) <= [ -0.71 (-0.80, -0.61)
D+L Subtatal —{:‘:__—‘:—:— -0.45 (-1.08, 0.18)
Heterogeneity between groups: p = 0.000 !
I Overall (l-squared = 856.6%, p = 0.000) é -0.08 (-0.07, -0.05)
D+L Overall <> -0.11 {-0.18, -0.04)
|
|
| |
-1.26 0 1.26

FIGURE 2 Subgroup analysis by type of phytoestrogen and changes in serum glucose. Error bars indicate 95% Cls. Solid vertical line
represents no effect; the dotted line drawn through the diamond represents the summary measure with its Cls (lateral tips of diamond).
Heterogeneity assessment: 2, P values are derived from Q-statistics; in subgroup analysis, we used multiple estimations from the same trial
(for different phytoestrogen type), which may result in slight variations in overall estimates in this figure compared with Supplemental
Figure 1. *No significant relations between sex, body weight, BMI, or percentage fat mass and changes, or lack of changes, in glucose,
insulin, HOMA-IR, and inflammatory or anti-inflammatory biomarkers were found; therefore, all further analyses were conducted based on
the intervention. D+L, random-effects model; I-V, fixed-effects model; TSP, texturized soy protein; WMD, weighted mean difference (the
mean difference refers to mean difference of changes between treatment groups).

2.67 pmol/L) (Supplemental Figure 2). In the subgroup
analysis, isolated genistein was associated with a decrease in
insulin concentrations (pooled mean difference in changes:
-16.66 pmol/L; 95% CI: -21.45, -11.87 pmol/L) (Figure 3),
whereas isoflavone mix was associated with an increase in
insulin concentrations (pooled mean difference in changes:
3.12 pmol/L; 95% CI: 0.67, 5.57 pmol/L). No association
was observed between soy-derived isoflavones and insulin
concentrations. Furthermore, we observed a reduction in
HOMA-IR in phytoestrogen users as compared with placebo
(pooled mean difference in changes: —0.24; 95% CI: —0.45,
—0.03) (Supplemental Figure 3). However, in the subgroup
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analysis, there was an indication for an increased HOMA-
IR with the use of isoflavone mix (pooled mean difference
in changes: 0.12; 95% CI: 0.02, 0.23), whereas there was
significant decrease with isolated genistein as compared to
placebo [pooled mean difference of changes: —0.83 (95% CI:
—0.94 to —0.73)] (Figure 4).

Association between phytoestrogens and risk of T2D
from prospective observational studies

Data from 9 observational studies (14-16, 46-48, 50-52)
contributed to the meta-analysis on phytoestrogen intake and
the risk of T2D. The meta-analysis of fully adjusted RRs,



Author, No. No.

publication intervention placebo Bicorenion
— arm arm type WND (95% C1)
T
Isoflavone mix [
Simao et al, 2014 (28) 15 15 Isofiav & : -22.06 (-38.50, -7.42)
Kim et al, 2013 (44) 42 43 Isofiavones -r’— 2.08 (-0.26, 4.42)
Choquetts et al, 2011 (30) 23 22 Isofiavones | + 8.00(1.02, 15.88)
Liuetal, 2014 (45) 60 60 Isofiavones '{'0— 220(0.31, 4.89)
Charles, 2009 (40) 3z 43 Isofiavones —’— 1.18 (-2.23, 459)
Aubertin-Leheudre et al, 2008 (31) 25 25 Isofiavones | —— 11.94 (5.94,17.04)
Hall et al, 2008 (33) "7 u7 Isofiavones * 1.41 (024, 2.58)
Garrido et al, 2006 (37) 15 14 Isofiavones —_— -2.80 (-11.70. 6.10)
Mikander et al, 2004 (32) 28 28 |soflavones ! —— 7.80 (4.30, 11.30)
Blakesmith et a.2003 (27) 12 13 Isofiavones 4‘— 0.70 (-11.08, 12.48)
1V Subtotal (l-squared = 75.9%, p = 0.000) i 222 (1.34, 3.00)
D+L Subtosal K> 2.12 (0.67, 5.57)
|
Other !
*Hutchins et al, 2013 (42) 25 25 Flaxseed + : -17.01(-24.88, -0.15)
Khaodhiar et al, 2008 (38) a7 45 Daidzein \ <+ 22.71(9.81, 3581)
1V Subtotal (l-squared = 86.2%, p = 0.000) | -6.26 (-12.07, 0.45)
D+L Subtotal ' 251(-38.42, 41.43)
+—
Soy derived isoflavones :
Bakhtiary et al, 2011 (43) 25 25 Soy nut . S : -16.53 (-21.48, -11.57)
Bakhtiary et al, 2011 (43) 25 25 TsP —— | 847 (-1252,-4.42)
Liu et al, 2010 (34) 80 80 Soy —— 3.68(1.18,6.18)
|-V Subtotal (l-squared = 88.8%, p = 0.000) O : -2.30 (4.26, -0.35)
D+L Subtotal _ .07 (-19.06, 5.12)
I
Isolated Genistein :
Villa et al, 2009 (39) 0 20 + -17.74 (38.19, 2.71)
Crisafulli et al, 2005 (28) 30 a0 Genistein —— : -16.60 (-21.53, -11.67)
1V Subtotal {l-squared = 0.0%, p = 0.915) <> | -18.66 {-21.45, -11 87)
D+L Subtotal O [ -16.66 (-21.45, -11 87)
!
Heterogeneity between groups: p = 0.000 |
1V Overall (l-squared = 82.1%. p = 0.000) 0.87 (0.08, 1.85)
D+L Overal Cg -1.43 (4.84,1.98)
|
1
I [
-41.4 0 414

FIGURE 3 Subgroup analysis by type of phytoestrogen and changes in serum insulin. Error bars indicate 95% Cls. The solid vertical line
represents no effect; the dotted line drawn through the diamond represents the summary measure with its Cls (lateral tips of diamond).
Heterogeneity assessment: /2, P values are derived from Q-statistics; in subgroup analysis we used multiple estimations from the same trial
(for different phytoestrogen type), which may result in slight variations in overall estimates in this figure compared with Supplemental
Figure 2. *No significant relations between sex, body weight, BMI, or percentage fat mass and changes, or lack of changes, in glucose,
insulin, HOMA-IR, and inflammatory or anti-inflammatory biomarkers were found; therefore, all further analyses were conducted based on
the intervention. D+L, random-effects model; I-V, fixed-effects model; TSP, texturized soy protein; WMD, weighted mean difference (the
mean difference refers to mean difference of changes between treatment groups).

based on 212,796 subjects and 9721 incident cases of T2D,
showed that women who reported high intakes of any type
of phytoestrogen had a lower risk of developing T2D (pooled
RR: 0.90; 95% CI: 0.85, 0.96; for the highest compared with
the lowest quantiles of phytoestrogen intake) (Figure 5).
In addition to dietary intake, 2 longitudinal studies also
measured phytoestrogen biomarkers in relation to incident
T2D. Findings from the Nurses’ Health Study, not included
in our meta-analysis, showed that for each SD increase in
urinary concentrations of total lignans metabolites, the OR of
developing T2D was 0.70 (95% CI: 0.53, 0.92) (49). The study
by Ko et al. (46) reported that higher plasma concentrations
of genistein were associated with a decreased risk of T2D
(comparing extreme quintiles—OR: 0.58; 95% CI: 0.35, 0.95)

in women, whereas no association was observed between
plasma glycitein or daidzein and the risk of T2D.

Assessments of bias, heterogeneity, and sensitivity
analysis

Four RCTs showed a high risk of bias in 2 domains; however,
for most of the RCTs (n = 14) the risk of bias could not
be classified in >1 domains (Supplemental Table 2). Most
included observational studies were considered to be at low
risk of bias (n = 8) and one considered to be at medium risk
of bias (Supplemental Table 3). The 3 meta-analyses of RCTs
showed high between-study heterogeneity, with an I* esti-
mate >75% and Pq_gatistic < 0.05 (Figures 2-4). High hetero-
geneity observed in our meta-analyses could be explained by
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Author, No. No.  intervention
blication i i
P:'e;*! |nte;vne1:1tmn pla;:.lbn type WD (% G
Soy derived isoflavones
Simao et al, 2014 (28) 15 15 Soy i -+ -1.43 (-2.03,-0.83)
Bakhtiary et al, 2011 (43) 25 25 Soy nut —— -0.88 (-1.00, -0.67)
Bakhtiary et al, 2011 (43) 25 25 TSP e -0.38 (-0.56, -0.20)
Liu et al, 2010 {34) 60 80 Soy —— 0.21 (0.08, 0.34)
Charleset al, 2008 (40) a2 43 Soy isoflavones —— 0.17 (0.05, 0.20)
I-V Subtotal (l-squared = 96.7%, p = 0.000) Q -0.06 (-0.14, 0.01)
D+L Subtotal <j>|. -0.40 (-0.85, 0.04)
Isoflavone mix
Kim et al, 2012 (44) 42 43 Isoflavones . 0.10 (0.01, 0.18}
Choguette et al, 2011 (20) 23 22 Isoflavones —— 0.41(0.21,0.81)
Liu et al, 2014 (45) 60 60 Isoflavones - 0.0 (-0.02. 0.20)
Hall et al, 2006 (33) "7 117 Isoflavones » 0.02 (-0.00. 0.04)
Blakesmith et al,2002 (27) 12 13 Isoflavanes B . 0.20 (-0.20, 0.60)
IV Subtotal (l-squared = 79.0%, p = 0.001) o 0.03 (0.01, 0.05)
D+L Subtota <> 0.12 (0.02, 0.23)
Other
“Hutchins et al, 2013 (42) 25 25 Flaxseed —_—— -0.70 (-0.96. -0.44)
|-V Subtotal (l-squared = %, p=.) <> -0.70 (-0.96, -0.44)
D+L Subtotal O -0.70 (-0.98, -0.44)
Isolated Genistein
Villa et al, 2000 (30) 30 20 Genistein —_— -0.71 (-1.20,-0.22)
Crisafulli et al, 2005 (29) 20 30 Genistein —- -0.84 (-0.85,-0.73)
|-V Subtotal (l-squared = 0.0%, p = 0.608) <> -0.83 (-0.84,-0.73)
D+L Subtotal O -0.83 (-0.04, -0.73)
Heterogeneity between groups: p = 0.000
I\ Owerall (l-squared = 87.1%, p = 0.000) 4 -0.01 (-0.03, 0.01)
D+L Overall <> -0.24 (-0.44,-0.04)
I T
203 0 203

FIGURE 4 Subgroup analysis by type of phytoestrogen and changes in HOMA-IR. Error bars indicate 95% Cls. The solid vertical line
represents no effect; the dotted line drawn though the diamond represents the summary measure with its Cls (lateral tips of diamond).
Heterogeneity assessment: /2, P values are derived from Q-statistics; in subgroup analysis we used multiple estimations from the same trial
(for different phytoestrogen type), which may result in slight variations in overall estimates in this figure compared with Supplemental
Figure 3. *No significant relations between sex, body weight, BMI, or percentage fat mass and changes, or lack of changes, in glucose,
insulin, HOMA-IR, and inflammatory or anti-inflammatory biomarkers were found; therefore, all further analyses were conducted based on
the intervention. D+L, random-effects model; |-V, fixed-effects model; TSP, texturized soy protein; WMD, weighted mean difference (the
mean difference refers to mean difference of changes between treatment groups).

differences between studies, including heterogeneous study
populations, methods, and effect estimates reported. We
attempted to explore sources of heterogeneity contributing
to our results, but none of the factors we considered [e.g.,
disease or menopausal status, route of administration, dosage
or duration of the intervention (for RCTs), study location,
or design of studies] could explain the heterogeneity. In
addition, the heterogeneity was not explained by baseline
characteristics of study participants, age, or BMI. However,
the quality of RCTs might be an important factor to influence
such high heterogeneity observed; RCTs with a low to
medium risk of bias that reported insulin and HOMA-IR
changes showed lower heterogeneity than RCTs with a high
risk of bias (Table 1). Meta-analysis of observational studies
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showed low heterogeneity, with an I* estimate of 19.2% and
a Pq_statistic = 2.27. Stratification by type of phytoestrogen
and difference between phytoestrogen intake in the highest
compared with the lowest quantile yielded similar results
as observed in the main analysis. In addition, stratification
by median BMI and age did not differ significantly from
the main observations (Table 2). Separate analysis excluding
studies that reported pooled estimates of both sexes, and
including only observational studies that investigated the
association between phytoestrogen intake and T2D risk
in female population, was in line with the main findings
(Table 3). In the leave-one-out analysis for glucose, our
pooled estimates remained stable, indicating that the pooled
results for glucose are not overly influenced by any single



Author, Year Study Ko No of

of Publication design participants Cases  Phyto ES (95% CI) )
|
Ding et al, 2016 (48) cohort USA 30202 1807 Isoflavones —_——— 0.92(0.85,099) 4254
1
Ko et al, 2015 (48) case-cohort  South Korea 633 317 Isoflavones < 1.14(0.75,1.71) 146
1
1
Mueller et al, 2012 (14) cohort China 610 00 Soy < : 076(058,1.00) 333
|
Zamora-Ros et al, 2013 (15) cohort Europe 16 835 778 Flavonoids —_——1— 0.90 (0.77, 1.04) 1085
1
|
Nettelton et al, 2006 (50} cohort UsA 35816 3375 Flavonoids —_—T 0.97 (0.86, 1.10) 16.32
|
1
Nanri et al, 2006 (47) case-cohort  Japan 6892 108 Isoflavones & 091(0.71,1.17) 396
I
1
Villegas et al, 2008 (16) cohort China 64191 898 Soy R : 0.72(0.59,0.86)  6.97
1
Song et al, 2005(51) cohort USA 38018 1614  Flavonoids —_— 092(0.78,1.09) 883
|
1
Knekt et al, 2012 (52) cohort Finland 9878 526 Flavonoids - 0.82(0.75, 1.14) 564
I
1V Overall (I-squared = 19.2%, p = 0.272) Q 0.91 (0.86, 0.95) 100.00
D+L Overall <> 0.90 (0.85, 0.96)
|
1
1
1
1
advantageous disadvantageous

1

FIGURE 5 Meta-analysis of prospective population-based studies on the associations between dietary phytoestrogen intake and risk of
type 2 diabetes in women. Sizes of data markers are proportional to the inverse of the variance of the OR. The solid vertical line represents
no effect; the dotted line drawn through the diamond represents the summary measure with its Cls (lateral tips of diamond).
Heterogeneity assessment: /%, P values are derived from Q-statistics. D+L, random-effects model; ES, effect size; -V, fixed-effects model;

Phyto, phytoestrogen.

study. However, in the pooled analysis of phytoestrogen
supplementation, insulin concentrations, and HOMA-IR,
the summary effect size did not reach significance in all
cases in the leave-one-out analysis, indicating no consistency
(Supplemental Figure 4). For the pooled analyses involving
>5 studies, publication bias was assessed visually by using
Begg’s funnel plots, which were approximately symmetrical.
The Egger’s test estimates were nonsignificant for all of these
analyses (P values ranging from 0.25 to 0.58) (Supplemental
Figures 5 and 6).

Discussion

In this systematic review and meta-analysis, we show that
overall phytoestrogen supplementation is associated with a
reduction in fasting glucose in nondiabetic women. However,
the results of clinical trials were not consistent for insulin
and HOMA-IR and an indication for increased levels of
these traits was observed with some specific types of
phytoestrogens, such as the use of an isoflavone mixture and
isolated genistein. Findings from observational studies were
consistent in showing higher dietary phytoestrogen intake to
be associated with a decreased risk of T2D in women.

Our findings of a protective effect of phytoestrogens
among women without previous T2D are in line with other
studies showing that phytoestrogens can improve glycated
hemoglobin concentrations and insulin sensitivity in patients
with metabolic syndrome and T2D (36, 53-57). Contrary
to previous meta-analyses, which focused on both men
and women (17) or on specific women populations (Asian
postmenopausal women) (18) included heterogeneous

studies (e.g., participants taking glucose-lowering
medications) (19), in our study we included the following: I)
studies in women of any ethnicity and menopausal status, 2)
studies in women not taking glucose-lowering medications
because these can effect glucose/insulin concentrations, and
3) trials comparing any type of phytoestrogen against placebo
(RCTs comparing an intervention with a lower dosage of
phytoestrogens or estradiol/hormone replacement therapy
were not included; all studies that investigated combined
interventions—exercise or diet with phytoestrogen
supplementation—were also not included). In addition,
our review did not restrict the search only to phytoestrogen
supplementation, but we also included studies reporting
dietary intake of phytoestrogens and phytoestrogens assessed
in blood and urine. Therefore, our meta-analysis provides a
more detailed assessment of the nature and magnitude of the
association between composite and specific phytoestrogens,
glucose homeostasis, and T2D in women.

Potential mechanisms linking phytoestrogens and glucose
metabolism and their potential role in T2D prevention have
been extensively studied (7). Phytoestrogens are thought
to affect glucose metabolism via estrogen-dependent and
nonestrogen-dependent pathways (7). Phytoestrogens mod-
ulate glucose and lipid metabolism directly (lipogenesis,
lipolysis, adipogenesis) and indirectly modulate appetite
and energy expenditure (7). Phytoestrogens regulate glucose
homeostasis-related metabolic processes at cellular levels in
intestinal cells, pancreatic islet cells, hepatocytes, and skeletal
muscle cells (10, 58, 59). In addition, phytoestrogens increase
the expression of genes involved in glucose homeostasis and
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TABLE 1 Subgroup analysis for RCTs included in our review'

Subgroups by study characteristics Number of studies Mean difference (95% Cl)? 12 for heterogeneity,® % P-heterogeneity*

Phytoestrogen use and mean serum glucose change”
Study population

Healthy women 12 —0.1(=0.19, =0.01) 973
Other women 5 —0.2 (—=0.54,0.13) 96.1

Median number of participants
<60 8 —0.14 (—0.3,0.02) 93.2 0.28
>60 9 —0.1(0.21, —0.003) 979

Menopausal status
Postmenopausal 14 —0.07 (=0.15,0.01) 97.2 0.17
Other 3 —044 (—0.94,0.07) 915

Age,y
<55.15 9 —0.06 (—0.18,0.07) 96.6 0.66
>55.15 8 —0.18 (=0.31, —0.05) 976

BMI, kg/m?
<25.77 9 —0.07 (—0.18,0.05) 97.5 044
>25.77 7 —0.23 (—0.43, —0.02) 97.1

Route of administration
Tablet/capsule 14 —0.07 (—0.15,0.01) 97.2 0.17
Other 3 —0.44 (—0.94,0.07) 91.5

Dosage, mg/d
<86 9 —0.17 (—=0.36,0.02) 96.8 0.29
>86 7 —0.02 (—0.11,0.07) 97.2
Other 1 NA NA

Intervention duration, wk
<16 7 —0.09 (—=0.24,0.07) 96.2 042
>16 10 —0.15 (—0.24, —0.06) 96.7

Location
Asia 6 —0.07 (—0.15,0.01) 90.2 0.81
Other 11 —0.15(—0.28, —0.02) 979

Risk of bias
High 8 —033(=0.5,-0.16) 97.1 0.62
Low to medium 9 0.03 (—0.06,0.12) 96.2

Design
RCT crossover 4 0.01 (=0.31,0.03) 94.8 0.33
RCT 13 —0.15(—0.26, —0.05) 974

Phytoestrogen use and mean serum insulin change®
Study population

Healthy women 10 1.51(=2.7,5.73) 89.1 0.64
Other women 5 —6.87 (—16.13,2.39) 95.7

Median number of participants
<50 6 —463(—11.17,192) 94.8 0.68
>50 9 1.51(—44.08,7.11) 90.2

Menopausal status
Menopausal 12 0.98 (—2.76,4.71) 926 0.20
Other 3 —12.77 (—25.8,0.25) 743

Age,y
<56.61 8 —2.31(—10.14,5.51) 92.1 0.33
>56.61 7 —0.28 (—4.85,4.29) 933

BMI, kg/m?
<26.25 8 1.51(—1.95,4.97) 90 013
>26.25 7 —5.36(—15.71,4.98) 91

Route of administration
Tablet/capsule 9 2.51(—4.15,9.17) 915 0.23
Other 6 —524(=10.31,-0.17) 937

Dosage, mg/d
<78 8 0.94 (—6.77, 8.66) 932 044
>78 6 —145 (—5.59,2.69) 90.3
Other 1 NA NA

Intervention duration, wk
<12 8 —232(—8.82,4.18) 932 033
>12 7 042 (—4.7,5.54) 918

(continued)
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TABLE 1 Continued

Subgroups by study characteristics Number of studies Mean difference (95% Cl)? I for heterogeneity,® % P-heterogeneity*

Location
Asia 4 —1.85 (—8.69,4.99) 94.1 0.88
Other Il —0.86 (—6.12,4.41) 92.1

Risk of bias
High 6 —11.95(—20.54, —3.35) 88 0.19
Low to medium 9 3.91(1.54,6.27) 76.2

Design
RCT crossover 4 —1.02(—82,6.17) 91.2 0.29
RCT Il —1.13(—6.43,4.18) 929

Phytoestrogen use and mean HOMA-IR change

Study population
Healthy women 4 —061(=1.2,-0.02) 97.3 0.27
Other women 7 —0.08 (—0.35,0.20) 97.8

Median number of participants
<60 6 —049 (—1.05,0.06) 96.5 0.11
>60 5 —0.02 (—0.18,0.13) 947

Menopausal status
Menopausal 8 —0.14 (—0.37,0.09) 979 0.15
Other 3 —0.62(—1.41,0.17) 915

Age,y
<60 6 —0.38 (—0.85,0.08) 979 0.17
>60 5 —0.13(=0.38,0.11) 96.4

BMI, kg/m?
<273 5 —0.09 (—0.38,0.2) 984 0.09
>273 6 —0.44 (—0.9,0.02) 96.1

Route of administration
Tablet/capsule 5 —0.16 (—0.371,0.39) 98.2 0.20
Other 6 —0.28 (=0.5, —0.05) 96

Dosage, mg/d
<93 5 —051(—1.1,0.08) 98 0.35
>93 5 0.02(—0.17,0.22) 954
Other 1 NA NA

Intervention duration, wk
<16 5 —043(—0.82, —0.03) 96.5 0.18
>16 6 —0.11(—0.44,0.21) 98.2

Location
Asia 3 —0.12 (—0.48,0.24) 97.8 0.34
Other 8 —0.32 (—0.65,0.02) 97.1

Risk of bias
High 6 —0.62(—1.07,-0.17) 916 0.10
Low to medium 5 0.1 (0.02,0.18) 75

Design
RCT crossover 3 —0.17 (—0.66, 0.33) 93.2 0.09
RCT 8 —0.3(—0.64,0.04) 979

T “Healthy women" are considered premenopausal or postmenopausal women included in an RCT; “Other women"are women with metabolic syndrome, glucose intolerance, or
unrecognized diabetes (without antidiabetic medications); women treated for breast cancer in the previous 6 mo; and osteopenic and obese women. “Median number of
participants”was calculated separately for each outcome. “Menopausal status”indicates postmenopausal women vs. adult women (above the age of 18y). “Median age”
was calculated separately for each outcome. "“Median BMI"was calculated separately for each outcome [Liu et at. (45) did not report BMI]. “Route of administration”includes the
use of tablets/capsules and other routes of administration (shake, powder, flower). “Dosage”indicates the mean dosage based on all included RCTs was 80 mg/d. “Intervention
duration”indicates that the median intervention duration was calculated on the basis of all included RCTs; we compared RCTs with durations of intervention of <14 and
>14 wk. "Location”refers to study location; studies done in Asia vs. studies done in Europe, America, and Australia. “Risk of bias” means that studies are considered to be low risk
of bias if allocation concealment, blinding of participants, and outcome assessors were all coded "yes"; if a compliance assessment was done; and the number of dropouts and
reasons for dropout were reported. In the case that >3 quality criteria were not met, the study was classified as having a high risk of bias; others were classified as having a
moderate risk of bias. “Study design”refers to RCT vs. RCT crossover design. NA, not applicable; RCT, randomized controlled trial.

2 Mean difference refers to mean difference of changes between treatment groups in serum glucose, insulin, and HOMA-IR (subjects using phytoestrogens as compared with

subjects from control/placebo group).

3 > describes the percentage of variation across studies that is due to heterogeneity rather than chance.
4P values for heterogeneity were evaluated by using random-effects meta-regression. P values were calculated between 2 or 3 groups that were considered to be source of
heterogeneity; the groups are indicated in the table.

® Glucose in mmol/L.
%Insulin in pmol/L.
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TABLE 2 Subgroup analysis for phytoestrogen intake and risk of T2D'

Subgroups by study characteristics Number of studies

Participants, n

T2D cases, n RR (95% ClI) P—heterogeneity2

Study population

Only women 7 183,919 8117 0.91 (0.83-0.99) 0.65
Men and women 3 28,927 1604 0.88(0.79,0.98)

Study design
Nested case-control 2 7950 425 0.97(0.78,1.20) 045
Cohort 7 204,896 9296 0.89 (0.83,0.96)

Type of phytoestrogen
Isoflavones 5 106,006 3428 0.86 (0.77,0.98) 0.30
Flavonoids 4 106,840 6293 0.93(0.86, 1.01)
Genistein 3 39,964 2232 0.87 (0.73,1.05) NA
Daidzein 3 39,964 2232 0.89 (0.84,0.95) NA
Soy products 3 72,997 1304 0.81(0.68,0.97) NA

Location
Asia 4 73,997 1621 0.83 (0.87,0.98) 0.05
Other 5 138,849 8100 0.93 (0.88,0.98)

Difference between phytoestrogen intake in

highest vs. lowest quantile

Median or less (5.33-fold) 5 123,123 3461 0.88 (0.78, 1.00) 0.49
Higher than median (5.33-fold) 89,723 6260 0.92 (0.87,0.999)

BMI, kg/m?
Median or less (<25.89) 5 80,551 4146 0.91 (0.86,0.97) 0.70
Higher than median (>25.89) 4 132,295 5575 0.88 (0.78, 1.00)

Age
Median or less (<53.87) 5 133,736 4131 0.88 (0.79, 0.98) 048
Higher than median (>53.87) 4 79,110 5590 0.92 (0.87,0.98)

! Study population”indicates studies conducted only in women: investigation performed only among female population, after excluding studies [Muller et al. (14), Zamora-Ros
etal. (15) and Knekt et al. (52)] that reported overall results for male and female subjects but stated that they tested the interaction term with sex. “Study design”indicates that
only prospective cohort and nested case-control studies were included. “Type of phytoestrogen”: “Soy products”estimates were pooled together for soy beans, soy milk, soy
flour, and other soy products. “Location”: “Asia” (South Korea, Japan, and 2 studies from China; “Other”: Europe and 2 studies from the United States). NA, not applicable; T2D, type

2 diabetes.

2 Pvalues for heterogeneity were evaluated by using random-effects meta-regression. P values were calculated between 2 or 3 groups that were considered to be a source of

heterogeneity; the groups are indicated in the table (if >5 studies were included).

lipid metabolism (7) and suppress genes that affect glu-
coneogenesis (60). Another possible protective mechanism
in T2D is the antioxidant activity of phytoestrogens (7).
Furthermore, clinical trials in humans found that isoflavone-
enriched soy products increased antioxidant capacity (7).
It is also possible that phytoestrogen’s antiobesity features
play a significant role in T2D prevention (61). A study
in normal-weight postmenopausal women showed that the
consumption of isoflavones was associated with lower BMI
and fasting insulin concentration (62).

To our knowledge, this is the first systematic review
and meta-analysis including >213,000 women to
comprehensively address the associations of phytoestrogens
with glycemic traits and the risk of developing T2D in
women. However, there are several limitations that need
to be taken into account. First, our overall findings
may have been affected by publication bias. Despite
conventional funnel plots and Egger’s test estimates
indicating minimal publication bias, these approaches
are limited by their qualitative nature. Second, although
the quality of observational studies was in general high,
the methodologic quality of the RCTs varied considerably,
which might have contributed to the heterogeneity we
observed in the meta-analyses presented in this study. The
factors that may have affected the quality of RCTs may
include the composition of supplements or the presence
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of menopausal symptoms, which is the main reason why
women take supplements and which is also linked to adverse
cardiometabolic health (63, 64). In addition, there were
only 4 RCTs with >100 participants and only 1 RCT with a
duration of the intervention of 1y, which might undermine
the precision of the estimates and limit our understanding
about long-term effects of phytoestrogen supplementation
on glucose homeostasis. Third, pooled estimates for the
association between phytoestrogen supplementation and
insulin and HOMA-IR levels should be taken with caution,
because our leave-one-out sensitivity analysis showed
that results were driven by individual studies. Fourth, the
ability to meta-analyze studies on insulin and HOMA-
IR is largely limited by the nonstandardization of insulin
assays. The mean insulin concentrations at baseline across
RCTs showed high variability; this was also the case for
HOMA-IR, which includes insulin in its calculation.
Fifth, a limitation of observational studies included in
our meta-analysis is the use of food questionnaires to assess
dietary intake of phytoestrogens. This method is prone to
measurement error due to recall bias, incomplete inclusion of
phytoestrogen-enriched food items in the questionnaire, and
incomplete data on phytoestrogen composition of foods from
food-composition tables. Sixth, numerous factors may
influence phytoestrogen metabolism and its plasma
concentrations. However, because the outcome in all



TABLE 3 Subgroup analysis for phytoestrogen intake and risk of T2D in studies conducted in women only’

Subgroups by study characteristics Number of studies

Participants, n T2D cases, n RR (95% Cl)

Study design
Nested case-control 2
Cohort 4
Type of phytoestrogen
Isoflavones 4
Other phytoestrogens 2

Difference between phytoestrogen intake in
highest vs. lowest quantile

Median or less (<5.33-fold) 3

Higher than median (>5.33-fold) 3
Location

Asia 3

Other 3
Age,y

Median or less (<53.35) 3

Higher than median (>53.35) 3
BMI, kg/m?

Median or less (<25.69) 3

Higher than median (>25.69) 3

7950 425 0.97 (0.78,1.20)
186,323 8218 0.89(0.81,0.99)
105,096 3128 0.88(0.76,1.02)
89,227 5515 0.95 (0.86, 1.05)
73,037 1321 0.86 (0.68, 1.10)
110,832 6796 0.93(0.88,0.99)
73,087 1321 0.86 (0.68,1.10)
121,236 7322 0.93(0.88,0.99)
105,669 2827 0.87 (0.69, 1.09)
78,200 5290 0.93 (0.88,0.99)
39,959 2232 0.93 (0.86,0.99)
143,910 5885 0.87(0.74,1.03)

!“Study population”indicates studies conducted only in women: investigation performed only among female population, after excluding studies [Muller et al. (14), and
Zamora-Ros et al. (15)] that reported overall results for male and female subjects but stated that they tested the interaction term with sex. “Study design”: only prospective
cohort and nested case-control studies were included. “Type of phytoestrogen”: “Soy products” estimates were pooled together for soy beans, soy milk, soy flour, and other soy
products. “Location”: “Asia” (South Korea, Japan, and 2 studies from China; “Other”: Europe and 2 studies from the United States). T2D, type 2 diabetes.

observational studies included in this systematic review
was assessed prospectively, the subjective measure of dietary
phytoestrogen intake would likely lead to nondifferential
misclassification with respect to the outcome, and
therefore would likely bias our estimates toward the
null in our analysis. Considering the limited available
evidence, prospective studies using objective biomarkers
of phytoestrogen exposure are needed in order to further
investigate the potential protective role of phytoestrogens
in the prevention of T2D in women. Last, this review
underscores a number of gaps in the literature concerning
types of phytoestrogens other than isoflavones on their
role in diabetes prevention. In light of these observations,
the overall results of this study should be interpreted with
caution.

This review may have several implications. On the basis of
the available evidence, phytoestrogen-based remedies might
be a safe choice with regard to T2D in the treatment
of menopausal symptoms in women. In addition, our
review addresses major literature gaps. It remains unclear if
specific phytoestrogen-rich foods are more favorable in the
prevention of T2D. Findings from the Singapore Chinese
Health Study showed inverse associations between unsweet-
ened soy product consumption and T2D risk; however, in
contrast to this, sweetened soybean drink consumption was
positively associated with T2D risk (13). In the current
review, we did not find differences in the effects of different
types of phytoestrogens and the risk of T2D; however,
we observed some differences in glucose homeostasis with
regard to phytoestrogen type. In our subgroup analysis,
soy-derived isoflavones were significantly associated with
lower concentrations of glucose, whereas isolated genistein

was associated with lower serum insulin and HOMA-
IR. Furthermore, an isoflavone mix significantly increased
insulin and HOMA-IR levels. Isoflavone mixtures contain
genistein, daidzein, and glycitein in various proportions
due to variations in isoflavone composition in primary raw
material. Therefore, when specific isoflavones (e.g., genistein)
are administered alone, they may have different metabolic
effects compared with when a mixture of different types of
isoflavones is administered. The content of genistein and
daidzein is approximately equal, whereas glycitein is present
in lower concentration in whole soy beans (19). Genistein has
10-fold more potent estrogenic activity compared with
daidzein (65), whereas glycitein has the highest estrogenic
potential in vivo (66). Daidzein can be metabolized into
equol, which has higher estrogenic potential than daidzein
(67), whereas genistein and glycitein can be biodegraded into
metabolites with no estrogenic activity (68). However, our
findings on subgroup analysis should be interpreted with
caution because the limited number of studies precluded
our ability to perform comprehensive analysis. Furthermore,
it is known that, in Asia, fermented soy products are part
of the traditional diet, with isoflavone intakes from 15
to 50 mg/d, with the highest intake in the Southeastern
region (69), whereas in the European population, isoflavone
intake has been reported to be <2 mg/d (70). The het-
erogeneity was moderate (P = 42.1%, Pq_statistics = 0.16)
for the association between phytoestrogens and the risk of
T2D in the meta-analysis including countries from Asia,
whereas no heterogeneity was observed in the meta-analysis
of studies from outside of Asia. Baseline phytoestrogen
intake in Asia is higher than in the Western world. In
addition, across Asia, phytoestrogen intake varies between
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different countries (1); thus, there might be more variation
and thereby more residual heterogeneity within this group.
Furthermore, there might be other factors contributing to
higher heterogeneity in Asian studies (2 studies were nested
case-control and 2 were prospective cohort studies, whereas
all non-Asian studies were prospective cohort or in diverse
genetic populations), which merit further investigation.

Emerging evidence shows that soy products may be more
effective in maintaining good health in equol-producing in-
dividuals (71). The gut microbiome modifies phytoestrogens
into metabolites that differ in biological activity from the
parent compounds (71). For example, Asian individuals have
greater ability than non-Asians to produce equol, which
is the metabolite of daidzein (1). Existing trials, although
they did not show ethnicity differences on associations
of phytoestrogens with glycemic traits, did not properly
address this issue. Thus, it is necessary for future trials and
observational prospective studies to investigate metabolites
that are produced by phytoestrogens, how these metabolites
contribute to the relation of phytoestrogens to human health,
and whether their levels and effects differ across populations.
Furthermore, future studies with adequate sample sizes
investigating different types and dosages of phytoestrogens
and that examine whether there are dose effects are needed.

In conclusion, the available body of literature suggests
that phytoestrogen dietary intake or supplementation might
have a beneficial effect in the prevention of insulin resistance
and T2D among women. However, the intervention studies
conducted up to date are of suboptimal quality and, thus,
further rigorous studies with long-term follow-up are needed
to determine the role of specific subgroups of phytoestrogens
in diabetes prevention.
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