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a systematic review and dose-response
meta-analysis of prospective cohort studies
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Abstract

Purpose Whole grains have recently been promoted as beneficial to diabetes prevention. However, the evidence
for the glycemic benefits of whole grains seems to conflict between the cohort studies and randomized control trials
(RCTs). To fill the research gap, we conducted a meta-analysis to determine the effects of whole grains on diabetes
prevention and to inform recommendations.

Methods We searched PubMed, Clarivate Web of Science, and Cochrane Library until March 2024. We used the risk
ratio (RR) of type 2 diabetes to represent the clinical outcomes for cohort studies, while the biomarkers, including
fasting blood glucose and insulin, HbA, -, and HOMA-IR, were utilized to show outcomes for RCTs. Dose-response
relationships between whole grain intakes and outcomes were tested with random effects meta-regression models
and restricted cubic splines models. This study is registered with PROSPERO, CRD42021281639.

Results Ten prospective cohort studies and 37 RCTs were included. Cohort studies suggested a 50 g/day whole grain
intake reduced the risk of type 2 diabetes (RR=0.761, 95% Cl: 0.700 to 0.828, F=72.39%, P<0.001) and indicated a
monotonic inverse relationship between whole grains and type 2 diabetes rate. In RCTs, whole grains significantly
reduced fasting blood glucose (Mean difference (MD) = -0.103 mmol/L, 95% Cl: -0.178 to -0.028; F=72.99%, P<0.01)
and had modest effects on HbA, (MD =-0.662 mmol/mol (-0.06%), 95% Cl:-1.335 t0 0.010; P =64.55%, P=0.05)

and HOMA-IR (MD = -0.164, 95% Cl: -0.342 to 0.013; ¥ =33.38%, P=0.07). The intake of whole grains and FBG, HbA,,
and HOMA-IR were significantly dose-dependent. The restricted spline curves remained flat up to 150 g/day and
decreased afterward. Subgroup analysis showed that interventions with multiple whole-grain types were more
effective than those with a single type.

Conclusion Our study findings suggest that a daily intake of more than 150 g of whole grain ingredients is
recommended as a population approach for diabetes prevention.
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Introduction

Type 2 diabetes is a major global concern for human
health and life expenditure. According to the Interna-
tional Diabetes Federation, an estimated 536.6 million
people have been living with the rising burden of dia-
betes since 2021 [1]. Type 2 diabetes has several causes,
among which unhealthy diets have been recognized
as one of the most paramount contributors to the cur-
rent global epidemic. In particular, individuals consum-
ing carbohydrates of poor quality are linked to a higher
risk of developing type 2 diabetes with the estimation
that grains contribute approximately half of daily calorie
intakes [2]. Thus, whole grains, often considered higher-
quality sources of carbohydrates, have been highly pro-
moted for their glycemic benefits [2, 3]. Defined by the
HEALTHGRAIN Consortium, whole grains are intact,
ground, cracked, or flaked grain kernels that contain all
three anatomical components (endosperm, bran, and
germ) in their original proportions [4]. To date, dietary
strategies that focus on grain intake are still limited, espe-
cially for whole grains. While the current guidelines are
only available to a general population and are irrespective
of the risk level of individual health outcome [5-10], spe-
cific recommendations targeting type 2 diabetes preven-
tion and management are urgently needed.

Shaping the population-level whole grain guidelines
into a preventive recommendation for type 2 diabetes
is a challenging goal that demands building an evidence
base for observational studies and interventions. Previ-
ous reviews have evaluated evidence from prospective
cohort studies and RCTs, proposing that the strength
of the evidence from observational studies should sup-
port promoting whole grains for type 2 diabetes preven-
tion [11-14]. However, the intervention effects in RCTs
remain conflicting and not as pronounced as in cohort
studies [15—19]. The variations in the doses and types of
whole grains (mixed vs. single) and the health status of
participants (healthy vs. metabolically abnormal) con-
tribute to considerable variations in glycemic impacts.
For example, consuming different types of whole grains
might result in diverse metabolic outcomes because
B-glucan in oats may barely slow the absorption of car-
bohydrates. At the same time, arabinoxylan rich in rye
and wheat may increase the gut energy excretion [20].
Besides, the postulated dose-dependency of whole grains
has rarely been investigated in RCTs to capture a suffi-
cient dose on glycemic control, mostly due to ununified
calculations of whole grain ingredients across products
[13, 21]. Considering the contextual complexity of whole
grain interventions, while numerous efforts have been
made in intervention evaluations [22-26], the evidence to

date would not be sufficient to reshape the dietary guide-
lines to reduce population type 2 diabetes risk. Thus, a
combination of systematic and dose-dependent evalua-
tions that elucidate the effectiveness and heterogeneity of
RCTs would greatly help the continuing development of
whole grain recommendations for type 2 diabetes.

Hence, this systematic review and meta-analysis aimed
to evaluate the association between whole grain intake
and incidence of type 2 diabetes in prospective cohort
studies and then the effects of whole grains on the mark-
ers of glycemic control for RCTs. Subgroup analysis and
dose-response curve would also be formulated to help
illustrate the differences between cohort studies and
RCTs and derive a quantitative recommendation for the
daily consumption of whole grain ingredients to prevent
type 2 diabetes.

Materials and methods

Protocol and data collection

We performed a systematic review and meta-analysis of
prospective cohort studies that assessed the effects of
whole grains on the occurrence of type 2 diabetes and
RCTs that evaluated whole grain consumption on glyce-
mic control. The protocol of the systematic review has
been published on the PROSPERO register (http://www.
crd.york.ac.uk/prospero/) under registration number
CRD42021281639. PICO strategy (Supplementary Table
1) and detailed methods are presented in the electronic
supplementary material (ESM) Methods. To summarize,
we searched PubMed, Clarivate Web of Science, and
Cochrane Library until March 2024. Eligible studies were
those that examined the effect of whole grains on the
risk of type 2 diabetes for prospective cohort studies or
intermediate glycemic biomarkers for RCTs. The quality
of the cohort studies was assessed using the well-estab-
lished Newcastle-Ottawa Scale (NOS) tool [26], while
the Cochrane Risk of Bias Assessment tool [27] was uti-
lized to evaluate the quality of the RCTs (Supplementary
Tables 2 and 3).

Data synthesis

Random-effects models were utilized to calculate the
overall effect size using risk ratios (RRs) and hazard
ratios (HRs) for assessing the occurrence of type 2 dia-
betes and mean differences for glycemic biomarkers. I?
statistic was used to assess between-study heterogene-
ity; a value over 50% indicated a significant level of het-
erogeneity. One-study-removed sensitivity analyses were
obtained to determine whether removing any study could
cause significant changes to the results. The possibility of
a publication bias was examined by the visual inspection
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of funnel plots and the application of Begg’s test. For
the dose-response analysis, all whole grain intakes were
transformed into whole grain ingredients in g/day and
tested with random effects meta-regression models and
restricted cubic splines models [13, 14].

For RCTs, we did further subgroup analysis to detect
probable sources of heterogeneity with a random effects
model. Subgroup analyses included stratification for
lengths of intervention (<12 weeks or 212 weeks), types
of study design (parallel or crossover), whole grain prod-
ucts variety (1-2 types or =5 types of whole grain prod-
ucts), types of whole grain (wheat, rice, mix or others),
health status (generally healthy or unhealthy), baseline
BM]I, baseline age, baseline triglycerides and quality of
studies (low risk, uncertain and high risk). Types of whole
grain products refer to several major food categories con-
taining whole grain ingredients, including bread (bread
rolls, muffins, biscuits, etc.), cereal (ready-to-eat and
hot cereal), grains (pasta, rice, etc.), grain-based desserts
(cookies, cakes, pies, chips, etc.) and mixed dishes (pizza,
salads, etc.). The “Generally healthy subgroup” included
healthy individuals as well as overweight or obese people,
and the “unhealthy subgroup” had studies on individuals
with pre-diabetes, diabetes, metabolic syndrome, or at
risk of metabolic disease (participants with at least one
impaired glucose, lipid, or blood pressure). All analyses

Titles and abstracts identified
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were conducted using R 4.0.2 software with “metafor”
and “dosresmeta” packages. P values<0.05 were consid-
ered statistically significant.

Results

Flow and characteristics of the included studies

A flow chart of study identification was shown in Fig. 1.
Ten prospective cohort studies with 473,019 adults [27-
34] and 37 RCTs with 3136 participants [22—24, 35-68]
were included in the meta-analyses. Characteristics of
the included studies were shown in Tables 1 and 2. For
cohort studies, 6 studies were performed in the United
States [27, 29, 33, 34], 2 in the Sweden Field [30, 32], 1
in the Finland Field [28], and 1 in the Denmark [32]. Fol-
low-up years ranged from 6 to 40 years, and whole grain
ingredient consumption ranged from 0.15 g/day to 151 g/
day. There were 7 cohort studies classified as low risk
of bias and 3 with moderate risk of bias (Supplemental
Table 1).

Out of 37 RCTs, 14 studies were performed in Asia
[22, 23, 38, 42, 46, 50, 55, 58, 61, 63, 65-68], 10 in the
North America [24, 35-37, 41, 48, 49, 51, 56, 60], 12 in
Europe [40, 43-45, 47, 52-54, 57, 59, 62, 64], and 1 in
Australia [39]. Intervention duration was from 3 weeks
to 2 years, and whole grain ingredient consumption
ranged from 22.5 g/day to 207 g/day. Some RCTs had

and screened (n=10688)

Full text articles

Did not meet our inclusion

v Duplicates removed (n=1719)

criteria (n=8880)

assessed for eligibility (n=89)

v °

44 Articles excluded for the following reasons:
* Whole grains was part of a diet (n = 15)
* Did not provide required outcome measures (n = 18)
* Not RCTs or cohort studies (n = 6)
* Examined the effect of added bran (n = 3)
* Duration of the study was too short (n = 1)
Were conducted on children and adolescents (n = 1)

Studies included in the
quantitative synthesis (n=45)
10 prospective studies
37 RCTs

Fig. 1 Flow chart indicating the process by which eligible prospective cohort studies and RCTs were identified
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high-performance bias because they failed to implement
blind intervention on subjects, and no other significant
sources of bias were observed (Supplemental Table 2).

The association of whole grains and type 2 diabetes
Ten cohort studies were included in the analysis of whole
grains and type 2 diabetes risk, in which 47,023 diabetic
cases were reported among 473,019 participants. The
summary RR for 50 g/day intake of whole grain ingre-
dient was 0.761 (95% CI: 0.700 to 0.828, I’=72.39%,
P<0.001, Fig. 2). According to the Begg’s test (Kendall’s
tau = -0.20, P=0.48) and the visual inspection of the fun-
nel plot (Supplemental Fig. 1), no evidence of publication
bias was found. A sensitivity analysis revealed that the
overall estimate did not depend on any single study.
Dose-response analyses indicated that the risk of type
2 diabetes was dose-dependent (B = -0.0052 (g/day)™;
95% CI: -0.0067 to -0.0037). A nonlinear, inverse associa-
tion (P,,,,_jineariy = 0-01) was observed between the whole
grain ingredient intake and type 2 diabetes occurrence
(Fig. 3), with a reduction in risk lower than 50 g/day and
the association was attenuated for higher values. Given
the limited number of cohort studies, the subgroup anal-
ysis was not performed.

The association of whole grains and fasting blood glucose
In total, 37 RCTs accounting for 3116 subjects reported
FBG changes for the whole grain interventions. FBG after
intervention was significantly lower compared with the
control groups (MD = -0.103 mmol/L, 95% CI: -0.178 to
-0.028; P=72.99%, P<0.01; Fig. 4). According to Begg’s
test (Kendall’s tau = -0.12, P=0.30) and the visual inspec-
tion of the funnel plot (Supplemental Fig. 2), no evidence
of publication bias was found. A sensitivity analysis
revealed that the overall estimate did not depend on any
single study. Replacing the baseline to follow-up correla-
tion with either 0.5 or 0.9, the relationship between FBG
and the whole grain intervention did not change (MD
= -0.091 mmol/L, 95% CL: -0.162 t0-0.020; I’=61.37%,
P<0.01; MD = -0.124 mmol/L, 95% CI: -0.208 to-0.004;
P=88.02%, P<0.01, respectively). Replacing studies with
the most extended follow-up years or the latest data to
shorter and earlier ones in studies based on the same
group of participants, the relationship between FBG and
the whole grain intervention did not change.

In subgroup analysis (Table 3), we found that whole
grain product variety, whole grain types and health sta-
tus contributed to the between-study heterogeneity.
Significant reductions in FBG were observed in studies
conducted with >5 whole grain products (MD = -0.101
mmol/L; 95% CIL: -0.154 to -0.048; F=19.41%, P<0.001),
those intervened with mixed whole grain (MD = -0.092
mmol/L; 95% CI: -0.148 to -0.035; =22.95%, P=0.03),
and those intervened with brown rice (MD = -0.305
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mmol/L; 95% CI: -0.564 to -0.045; P=86.66%, P=0.02).
We observed a marginally significant effect in stud-
ies conducted with 1-2 whole grain products (MD =
-0.144 mmol/L; 95% CI: -0.287 to -0.001; I’=80.60%,
P=0.048), but no significant effect was observed in stud-
ies conducted with wheat (MD=0.019 mmol/L; 95% CI:
-0.130 to 0.168; ’=68.27%, P=0.80) and other whole
grain types (MD = -0.164 mmol/L; 95% CI: -0.434 to
0.106; I°=59.92%, P=0.23). We also observed significant
reductions in FBG in studies with low risk (MD = -0.153
mmol/L; 95% CI: -0.254 to -0.053; =77.37%, P<0.01),
compared to those with uncertain (MD = -0.091 mmol/L;
95% CI: -0.189 to 0.007; ’=24.51%, P=0.07) and high
risk (MD = -0.082 mmol/L; 95% CI: -0.059 to 0.223;
P=37.73%, P=0.12). Furthermore, linear regression indi-
cated that the FBG improvement was dose-dependent
(B=-0.0011 mmol/L*(g/day)~"; 95% CI: -0.0021 to -0.0001,
P=0.04). We found a significant non-linear association
between whole grain and FBG (Fig. 58 P, jinearity =
0.04), and greater reduction was demonstrated at doses
more than 150 g/day.

The association of whole grains and fasting blood insulin
In total, 25 RCTs accounting for 2142 subjects reported
fasting blood insulin for the whole grain interventions.
There was no significant reduction in fasting blood
insulin after the whole grain intervention (MD = -1.324
pmol/L, 95% CI: -3.611 to 0.963; ’=0% P=0.26; Supple-
mental Fig. 3). No evidence of publication bias was found
(Supplemental Fig. 4). A sensitivity analysis revealed that
the overall estimate did not depend on any single study.
Linear regression showed a negative but insignificant
relationship between whole grain ingredient intake and
FBI changes (B = -0.041 pmol/L*(g/day)~%; 95% CI: -0.097
to 0.015, P=0.14). When the restricted spline model was
implicated (Fig. 5b; P, jineariy =0.12), we observed an
inverted U-shaped curve.

The effects of whole grains on glycated hemoglobin

In total, 13 RCTs accounting for 1043 subjects reported
HbA . for the whole grain interventions. Pooling these
effect sizes (Supplemental Fig. 5), we found a mod-
est effect of whole grain consumption on HbA,- (MD
= -0.662 mmol/mol (-0.06%), 95% CI: -1.335 to 0.010;
PP=64.55%, P=0.053). According to Begg’s test (Kendall’s
tau = -0.44, P=0.04) and the funnel plot (Supplemental
Fig. 6), no evidence of publication bias was found. A sen-
sitivity analysis revealed the influence of a study by Kris-
tensen et al. [59], with the results demonstrating some
beneficial effects of whole grain on HbA,~ (MD = -0.820
mmol/mol (-0.08%), 95% CI: -1.585 to -0.051; ’=62.92%,
P=0.04). It was worth noting that in that study, a non-
compliance of 60% was reported.



Ying et al. Nutrition Journal (2024) 23:47

In subgroup analysis (Table 3), study design, inter-
vention duration and health status contributed to the
between-study heterogeneity. We observed a significant
effect of whole grain on HbA - in the studies with cross-
over design (MD = -1.889 mmol/mol (-0.17%); 95% CI:
-3.519 to -0.259; ’=72.61%, P=0.02), those conducted in
unhealthy participants (MD = -1.339 mmol/mol (-0.12%);
95% CI: -2.598 to -0.080; I’=71.58%, P=0.04) and those
with duration<12 w (MD = -2.018 mmol/mol (-0.18%);
95% CI: -3.683 to -0.353; ’=71.56%, P=0.02). We did not
observe any significant effect in the studies with parallel
design (MD=0.053 mmol/mol (0.01%); 95% CI: -0.322
to 0.428; ’=0%, P=0.78), those conducted in generally
healthy participants (MD=0.041 mmol/mol (0.004%);
95% CI: -0.369 to 0.452; ’=0%, P=0.83) and those with
duration>12 w (MD=0.055 mmol/mol (0.01%); 95% CI:
-0.319 to 0.428; =0%, P=0.78). Linear regression indi-
cated that the HbA, - improvement was dose-dependent
(B = -0.027 mmol/mol*(g/day)™’; 95% CI: -0.051 to
-0.003, P=0.02). We discovered a significant non-linear
association between whole grain and HbA,, (Fig. 5¢;
p = 0.04), and greater reduction was observed

non—linearity

at doses more than 120 g/day.

The association of whole grains and HOMA-IR

In total, 15 RCTs accounting for 1254 subjects reported
HOMA-IR for whole grain intervention. Pooling these
effect sizes (Supplemental Fig. 7), we observed a modest
effect of whole grain consumption on HOMA-IR (MD
= -0.164, 95% CI: -0.342 to 0.013; ’=33.38%, P=0.07).
According to Begg’s test (Kendall’s tau = -0.20, P=0.32)
and the funnel plot (Supplemental Fig. 8), no evidence of
publication bias was found. A sensitivity analysis revealed
the influence of a study by Xue et al. [67], with the results
demonstrating some beneficial effects of whole grain
on HOMA-IR (MD = -0.203, 95% CI: -0.373 to -0.032;
P=23.24%, P=0.02). However, in that study, poor com-
pliance in the whole grain group was reported by the
assessment of plasma alkylresorcinol.

In subgroup analysis (Table 3), we found that whole
grain product variety could contribute to the between-
study heterogeneity. We observed a significant effect on
HOMA-IR in studies conducted with =5 whole grain
products (MD = -0.229; 95% CI: -0.440 to -0.019; F=0%,
P=0.03) while we did not observe any significant effect
in studies that conducted with 1-2 whole grain prod-
ucts (MD = -0.120; 95% CIL: -0.413 to 0.174; I’=54.72%,
P=0.42). Linear regression indicated that the HOMA-IR
improvement was dose-dependent (B = -0.0049 (g/day)~;
95% CI: -0.171 to -0.031, P=0.01). We observed a signifi-
cant non-linear relationship between whole grain con-
sumption and HOMA-IR (Fig. 5d; P, jipeariey < 0.001),
with a greater reduction observed at doses exceeding
150 g/day.
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Discussion

Summary of findings

Our systematic meta-analyses demonstrated the probable
benefits of whole grain consumption for glycemic con-
trol. The summary from prospective cohort studies indi-
cated that a 50 g/day intake of whole grain ingredients
would protect against type 2 diabetes with a 25% reduc-
tion in the relative risks. Such findings were partially
supported by RCTs, which indicated that an all-around
improvement of glycemic markers could be obtained by
an intake of 150 g/day of whole grain ingredients. Spe-
cifically, whole grain intake could improve fasting blood
glucose, with modest effects on glycated hemoglobin
and insulin resistance. However, there was no significant
difference in fasting blood insulin. Furthermore, a com-
bination of whole grains should be encouraged because
participants who intervened with various whole grain
products achieved greater glycemic control in RCTs.

Comparisons with the existing literature

Evaluating evidence for nutritional guidance across mul-
tiple study designs might be challenging. The impacts
of such evaluations should be collected at a system level
from prospective cohort studies of clinical endpoints and
controlled trials of intermediate pathways [69]. Previ-
ous prospective cohort studies provided assessments of
whole grain consumption over the long term (from 6 to
40 years) in a large number of participants (n=473,019),
providing sufficient time for the etiologies of diet-related
chronic disease. However, these cohort studies were
carried out on participants from limited regions of the
world, namely America and the Nordics, who mainly
consumed whole grain wheat with narrow intake ranges.
Furthermore, the cohort studies on whole grains were
particularly susceptible to confounding. Whole grain
intake was associated with a healthy lifestyle, such as
low BMI, frequent participation in sports, and moderate
alcohol intake [70, 71]. Moreover, the lack of recognition
of whole grain ingredients in foods might bring a bias in
self-reporting whole grain intake in dietary assessments
[72]. On the contrary, RCTs were preferable to mini-
mize confounding effects and were more generalizable.
For example, this analysis included 37 RCTs conducted
in 14 countries, and only 11 of 37 were on American
and Nordics. In particular, 14 RCTs were conducted on
Asians with high rice consumption. However, RCTs were
challenging to detect notable effects in a short duration
(mainly 3 to 16 weeks) among a relatively small number
of participants (#=3116). With increased intervention
durations, more significant improvements in glycemic
control could be observed. Nevertheless, in our study,
prospective cohort studies showed a reduction in the
incidence of type 2 diabetes, while RCTs demonstrated
various improvements in glycemic biomarkers.
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Fig. 2 Forest plot for the effects of whole grains (50 g/day whole grain ingredient) on the risk of type 2 diabetes in adults. The area of each square is
proportional to the inverse of the variance of the risk ratio. Horizontal lines represent 95% of Cls. The X-axis scale is logarithmically transformed
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Fig. 3 Nonlinear dose-response relationships between whole grain ingredient intake and the risk of type 2 diabetes in adults

However, the results of previous meta-analyses and
ours did not always corroborate. For example, Li et al.
indicated significant effects of whole grains on FBG, FBI,
HbA,- and HOMA-IR. At the same time, Marventano
et al. observed no significant results in those measures
[18, 19]. One of the possible reasons for such controver-
sial results could be that Li et al. included 8 studies with
multiple arms conducted in the same population and
were analyzed in meta-analysis as separate studies, which
could bring a high risk of unit-of-analysis error. Further-
more, Marventano et al. excluded some crucial sources
of whole grains (e.g., brown rice) in their meta-analysis.

Moreover, these two meta-analyses both included studies
with crossover design but reported the outcomes in two
distinct phases.

What the study adds to the existing literature

In our meta-analysis, given prominence by the guidance
of the Cochrane Handbook [73], we selected the publica-
tions with the longest follow-up years or the latest data
from the publications based on the same group of par-
ticipants and created single pair-wise comparisons com-
bined with multiple arms in studies, and excluded studies
with crossover design which reported the outcomes by
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Fig. 4 Forest plot for the effects of whole grains on fasting blood glucose in adults, expressed as mean differences between intervention and control
groups. The area of each square is proportional to the inverse of the variance of the weighted mean difference. Horizontal lines represent 95% of Cis

two distinct phases [74, 75]. Also, we did not include
pseudo-grain (e.g. buckwheat, Quinoa, amaranth)
because people rarely eat whole grain products made by
pseudo-cereal grains [72]. We hope these methodologi-
cal developments could greatly help the current study,
further supporting our findings that whole grain intake
could significantly improve fasting blood glucose and
insulin sensitivity.

Another concern for evaluating evidence from both
cohort studies and interventions was the heterogeneity
in the meta-analysis, which existed in both types of stud-
ies on whole grains. While this heterogeneity could not
be adequately assessed for the cohorts as there were too
few cohort studies, subgroup analyses of the RCTs iden-
tified potential sources of heterogeneity. A significant
reduction in FBG and HOMA-IR was found in the stud-
ies with various whole grain products while whole grain
products only had a borderline significant effect on FBG.
In our study, participants provided with 25 whole grain
products were characterized to have a diet of various
whole grain products, in which participants consumed
whole grain products (e.g., bread, breakfast cereal, pasta,
rice, couscous, bars, snacks, et al.) in an ad libitum man-
ner or according to menus. It was reported that whole
grains could reduce hunger and increase fullness com-
pared to refined grains, which brought a high risk of
non-compliance in whole grain intervention studies [76].
Increases in whole grain choices could probably improve

compliance. Moreover, the diversity in nutrient composi-
tions of each whole grain would also lead to differential
effects on glycemic control. In our study, mixed whole
grains significantly reduced FBG. As for single whole
grain, brown rice, rather than whole grain wheat, had a
significant effect on FBG, while insufficient evidence was
available for the effects of oats, barley and rye. Wheat and
rye primarily contain non-viscous and poorly ferment-
able fibers, while oats and barley are rich in B-glucan,
which is viscous and fermentable [76]. There was appar-
ent evidence from RCTs that B-glucan could reduce gly-
cemic and insulinemic responses by slowing the digestion
of carbohydrates and promoting the growth of probiot-
ics, while the observations from non-viscous fibers were
not as apparent [77, 78]. Besides, numerous studies have
demonstrated that the phenolic compounds vary among
the husks of wheat, barley, oats and rice [79]. Brown rice
and barley are rich in hydroxybenzoic acids, while wheat
and oats are rich in hydroxycinnamic acids [80]. Also,
brown rice is a good source of y-oryzanol, phytosterols,
and aminobutyric acid [81]. These bioactive compounds
might help hamper oxidative stress, reduce subclinical
inflammation, and inhibit a-amylase and a-glucosidase
activities [11, 82]. Thus, such diversities in nutrient
combinations among whole grains could synergistically
impact the study outcomes. It was further argued that
similar dietary advice on whole grains should be applied
for both the prevention and management of type 2
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Table 3 Subgroup analysis on the effects of whole grains on fasting blood glucose, glycemic hemoglobin and homeostatic model
assessment for insulin resistance in adults

Subgroup FBG (mmol/L) HbA, . (mmol/mol) HOMA-IR
Study design parallel -0.116(-0.217,-0.014)* 0.039(-0.334,0412) -0.118(-0.308, 0.071)
N=24,1°=80.85 N=8,1°=0 N=11,1°=27.39
crossover -0.086(-0.165, -0.006)* -1.889(-3.519,-0.259)* -0.307(-0.766, 0.152)
N=13,1°=8.46 N=5,17=7261 N=4, ?=46.46
Intervention duration >12w -0.097(-0.199, 0.006) 0.041(-0.331,0413) -0.112(-0.338,0.114)
N=20,1°=73.83 N=8,1°=0 N=9,1°=4107
<12w -0.115(-0.233, 0.004) -2.018(-3.683,-0.353)* -0.281(-0.564, 0.001)
N=17,1°=71.89 N=5,1°=7156 N=6,1?=1475
Health status unhealthy -0.219(-0.409, -0.028)* -1.339(-2.598,-0.080)* -0.208(-0.453, 0.037)
N=14,1°=84.14 N=7,1°=7158 N=7,12=30.17
generally healthy -0.061(-0.136,0.014) 0.041(-0.369,0.452) -0.123(-0.397, 0.151)
N=22,1>°=5876 N=6,1°=0 N=8,1°=42
Baseline mean of BMI BMI < 30 kg/m? -0.102(-0.209, 0.005) -1.027(-2.036,-0.017)* -0.142(-0.349, 0.065)
N=23,1°=7601 N=10,1°=69.46 N=10,1°=26.83
BMI > 30 kg/m? -0.059(-0.143, 0.024) 0.062(-0.38,0.505) -0.222(-0.608, 0.164)
N=11,1°=39.98 N=3,1°=0 N=5,1?=537
Baseline mean of age age<50 -0.098(-0.199, 0.003) -0423(-1.071,0.225) -0.103(-0.441,0.236)
N=18,1°=69.85 N=6,1>=3375 N=6,1>=549
age>50 -0.121(-0.199, 0.003) -0.866(-2.177,0.446) -0.198(-0.405,0.01)
N=17,1°=7755 N=7,12=77.02 N=9,1?=17.24
Baseline mean of triglycerides 1G=1.7 -0.364(-0.737, 0.008) NA -0.347(-0.809,0.116)
mmol/L N=6, 1>=86.44 N=4,1°=56.94
TG<17 -0.061(-0.13, 0.009) -0.198(-0.674,0.277) 0.062(-0.148,0.272)
mmol/L N=8,1°=102 N=5,1?=2634 N=6,1?=0
Whole grain products variety 1-2 -0.144(-0.287,-0.001)* -0.836(-1.818,0.147) -0.120(-0.413, 0.174)
N=23,1°=80.60 N=10,1?=68.06 N=7,12=5472
>5 -0.101(-0.154, -0.048)*** -0414(-1.344,0516) -0.229(-0.440, -0.019)*
N=14,1°=1941 N=3,17=6171 N=8,1°=0
Whole grain types Rice -0.305(-0.564, -0.045)* -1.123(-2.922,0.675) -0.324(-0.729, 0.082)
N=11,1°=86.66 N=6,1>=78.87 N=4,1?=57.44
Wheat 0.019(-0.130, 0.168) NA -0.005(-0.267, 0.258)
N=8,1°=68.27 N=4,1?=0
Others -0.164(-0.434, 0.106) -0.439(-1.566,0.689) NA
N=6,1>=59.92 N=3,1°=0
Mix -0.092(-0.148, -0.035)** -0414(-1.344,0516) -0.261(-0.540, 0.019)
N=12,1°=22.95 N=3,17=61.71 N=6,12=2257
Study quality Low risk -0.153(-0.254,- 0.053)** -0.424(-0.899, -0.089(-0.251,
N=25,17=77.37 0.051) 0.073)
N=7,17=0 N=12,1°=19.23
Uncertain -0.091(-0.189, 0.007) -0.151(-0.429, NA
N=7,12=2451 0.127)
N=3,12=9043
High risk -0.082(-0.059, 0.170(-1.263 NA
0.223) 1.639)
N=5,12=3773 N=3,1°=34.18

***:P<0.001; **: £<0.01; *: P<0.05

?FBG: fasting blood glucose; HbA,: glycemic hemoglobin; HOMA-IR: homeostatic model assessment for insulin resistance

diabetes [69]. Our results from the subgroup analyses of
RCTs partially supported this claim. We found that par-
ticipants with or at risk of metabolic diseases achieved
better results on FBG and HbA - compared with gener-
ally healthy participants. We also included factors such as
baseline age and levels of triglycerides in subgroup analy-
sis. However, the results revealed that those factors were
not the primary sources of heterogeneity. All in all, our

analyses of RCTs, compliant with the prospective cohort
studies, suggested that the effectiveness of whole grains
might vary by different types and that consuming mul-
tiple whole grain products might exert mutually reinforc-
ing benefits on glycemic control.
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Fig. 5 Nonlinear dose-response relationships between whole grain ingredients and mean differences in glycemic and insulin biomarkers in adults. (a)
Fasting blood glucose (FBG). (b) Fasting blood insulin (FBI). (c) Glycated hemoglobin (HbA, ). (d) Homeostatic model assessment for insulin resistance

(HOMA-IR)

Implications of our findings for policymakers

Despite the clear indications from evidence-based analy-
ses that whole grains could improve glycemic responses
in some form, dietary guidelines targeting individual
consumption are lacking to help stem the emerging pan-
demic of type 2 diabetes. The current statements aiming
at promoting whole grain consumption, such as “choos-
ing whole grain varieties whenever you can” from the
Eat Well guide from the UK government [7] and “make
at least half of grains whole grains” from dietary guide-
lines for Americans (DGA) [6], are commonly generic
and vague, and only a limited number of countries and
organizations proposed quantitative recommendations
ranged 45-232 g/day [9]. For instance, the EAT-Lancet
Commission on Healthy Diets from Sustainable Food
Systems recommended 232 g/day of whole grains to
maintain energy intake. DGA recommended 48 g/day
of whole grains to substitute half of daily grains [6, 8].
Indeed, the previous data might be insufficient to make
separate estimations on the effects of doses, nutrition
components, and processing methods. As far as we know,
the dose-response meta-analyses on reducing type 2 dia-
betes risk focused mainly on observational studies [12,
13] but not on RCTs, representing a greater variety of
intervention doses and populations. The lack of globally
recognized methods of ingredient calculations in whole
grain products has also made comparisons between stud-
ies challenging [72]. With the latest boom of whole grain
studies and improved methodology, we should come
closer to the ultimate answer: how much whole grains

should be consumed to reduce type 2 diabetes risks. In
this study, we conducted dose-response meta-analyses on
both cohort studies and RCTs and quantified the intakes
by whole grain ingredients rather than whole products.
It was conservatively estimated that whole grain prod-
ucts contained, on average, 51% of whole grain ingredi-
ents because most countries claimed that whole grain
products should contain 50~100% whole grain ingredi-
ents. Our results from cohort studies suggested that any
increase in whole grain intakes would benefit the preven-
tion of type 2 diabetes. However, the evidence from RCTs
indicated that the preventive efficacy of whole grain
ingredients on glycemic control could only be obtained at
doses>150 g/day. Moreover, dose-response analysis indi-
cated restricted generalization and residual confound-
ing in cohort studies. Therefore, from our perspective, a
feasible recommendation in type 2 diabetes prevention
could be the dose ranges where cohort studies and RCTs
aligned. To our knowledge, few studies reported adverse
effects of high whole grain intakes on health outcomes.
Collectively, advice on consuming>150 g/day whole
grain ingredients could be a low-risk public health strat-
egy for general populations, which would be affordable
and wide-reaching for country-specific cultural diets.

Strengths and weaknesses

The present study had several strengths. Arguably, the
most important one was the parallel evaluations of whole
grains in both prospective cohort studies and RCTs. The
former approach involved the examination of the effects
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on type 2 diabetes, and the latter accessed the biomark-
ers of type 2 diabetes as outcomes. Although the dose-
response effects of whole grains differed between the type
2 diabetes incidences and measures of glycemic control,
aggregated data from RCTs and cohort studies could pro-
vide a solid evidence base for updating whole grain rec-
ommendations. Secondly, all the cohort studies included
had a prospective design, reducing the risks of recall and
selection bias. Thirdly, whole grains were proven effec-
tive in lowering fasting blood glucose and HbA . in the
studies with crossover design, which met the gold stan-
dard for randomized controlled trials. However, sev-
eral limitations should also be acknowledged. Firstly, we
extrapolated the whole grain ingredients by the assump-
tion that whole grain foods contained 51% of whole grain
ingredients on average. It would slightly underestimate
the amount of whole grains, probably leading to under-
estimating the recommended whole grain intake. Future
applications of a standardized methodology to calculate
whole grain intake are needed. Secondly, the subgroup
analyses were less reliable in the subgroups with smaller
numbers of RCTs. Thirdly, testing the publication bias for
limited cohort studies might be hard. In addition, treat-
ing glycemic control as the secondary outcome, as well as
the small sample sizes of RCTs, might also contribute to
the heterogeneity of this meta-analysis.

Conclusion

This study suggests a significant beneficial effect of whole
grain consumption on glycemic control and reducing
type 2 diabetes risks. Consuming more than 150 g of
whole grain ingredients daily would be highly recom-
mended to prevent type 2 diabetes in general popula-
tions. This information provides a more comprehensive
evidence base for the revision of dietary recommenda-
tions on whole grains and contributes to improving pub-
lic health strategies targeting type 2 diabetes prevention
and management.
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