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ABSTRACT

The effect of berry polyphenols on glucose metabolism has been evaluated in several studies; however, the results are conflicting. A systematic
review and meta-analysis was therefore conducted to evaluate the effect of berry polyphenol consumption on glucose metabolism in adults with
impaired glucose tolerance or insulin resistance. PubMed/MEDLINE, Cochrane Central Register of Controlled Trials, CINAHL (EBSCO), and Scopus
were searched for randomized controlled trials published by June 2019. Of the 3240 articles found, 21 met inclusion criteria. Study-specific effects
were calculated as mean differences, which were pooled using fixed-effect, inverse-variance weighting. Overall, berry polyphenol consumption did
not have a clear effect on biomarkers of glucose metabolism compared with placebo or no treatment. Although some analyses showed statistically
significant effects, these effects were too small to be of clinical relevance. The review protocol was registered in the PROSPERO International
Prospective Register of Systematic Reviews as CRD42019130811.  Curr Dev Nutr 2020;4:nzaa100.
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Introduction

The International Diabetes Federation has declared that diabetes melli-
tus (DM) affects >425 million people worldwide (1). They also project
that by 2030, the number of persons affected by DM will increase to 552
million (2). Diabetes is also a major cause of blindness, kidney failure,
heart attack, stroke, and lower limb amputation. In addition, coupled
with the growing global problem of overweight and obesity among the
populace, and the strong association between obesity and the risk of di-
abetes, there is a cause for concern (3).

There are numerous observational and experimental accounts of
suggested health benefits of phenolic compounds, and berry fruits are
believed to be a significant source of these compounds in the diet
(4-7). The most predominant berry polyphenols include tannins and
flavonoids, with the latter group accounting for approximately two-
thirds of all the phenolics in the diet (8, 9). Anthocyanins are a subgroup
of flavonoids and are responsible for the bright colors of berries and
some other plants. They are also reported to possess significant health-
promoting effects (10).

Diets rich in polyphenols have been suggested to aid in the manage-
ment of DM through various mechanisms. These include their potential
ability to modulate carbohydrate and lipid metabolism, enhance insulin
production, improve glucose uptake in muscles and adipocytes, reduce
apoptosis and facilitate the protection and proliferation of pancreatic
cells, improve adipose tissue metabolism, alleviate oxidative stress and
stress-sensitive signaling pathways, and exert anti-inflammatory effects
(11-15).

Although there are numerous reports on the positive effect of
polyphenols on glucose metabolism and diabetes management, the
results of human clinical trials have been inconsistent. Of 3 recent
meta-analyses, 1 study showed that only 1 outcome related to glucose
metabolism (HOMA-IR) was significantly impacted by anthocyanin
consumption in patients with varying health status (16). The other 2
meta-analyses showed that the consumption of berries and polyphe-
nols of various origins by a similar population significantly lowered
several glucose-related parameters [BMI (in kg/m?), hemoglobin Alc
(HbAIc), and fasting blood glucose (FBG)]; however, the studies dif-
fered in terms of which parameters were lowered (17, 18). In addition
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to showing conflicting results, these reviews included studies of differ-
ent interventions in populations of varying health status and, for some
outcomes, included only a limited number of studies. We therefore con-
ducted a more targeted systematic review and meta-analysis of random-
ized trials, including only trials studying the effects of berry polyphe-
nols, specifically (compared with no treatment or placebo) on glucose
metabolism in adults with impaired glucose tolerance or insulin resis-
tance, a high-risk and more homogeneous population. Furthermore, we
conducted several subgroup analyses to examine whether effects var-
ied by study quality, type of intervention, dose of polyphenol or antho-
cyanin, study duration, and restrictions on polyphenol from noninter-
vention food and medications affecting glucose metabolism or insulin.
The previously mentioned studies only considered a possible effect from
a maximum of 3 of these factors.

Methods

The systematic review and meta-analysis performed was selective
for berry polyphenols. Berries considered include botanical berries
such as blueberries, cranberries, gooseberries, lingonberries, Caucasian
whortleberries, and currants; and nonbotanical berries such as straw-
berries, raspberries, blackberries, mulberries, cloudberries, and acai
berries. The Preferred Reporting Items for Systematic Reviews and
Meta-analyses guidelines were used to conduct this systematic review
(19). The review protocol was registered in the PROSPERO Interna-
tional Prospective Register of Systematic Reviews as CRD42019130811.
The protocol was amended once, before any statistical analysis was per-
formed.

Eligibility criteria

Published randomized trials were screened based on their titles, ab-
stracts, and full texts to determine if they met the following inclusion
criteria: I) the study population was adults (aged >18 y) suffering from
insulin resistance or impaired glucose tolerance, with the exception of
pregnant and lactating women; 2) the intervention was sustained for at
least 2 wk; 3) the intervention was oral berry supplementation as puri-
fied isolates, crude extracts, juices, or whole berries, where the source of
the berry was botanical or nonbotanical as outlined previously; 4) the
comparator was no treatment or a placebo void of polyphenols; 5) the
paper reported atleast 1 of the primary outcomes of HbAlc, HOMA-IR,
FBG, fasting blood insulin, or postprandial glucose/postprandial serum
insulin following an intervention duration of >2 wk with meals con-
taining polyphenols; 6) the study design was parallel-group or crossover
randomized controlled trial (RCT); and 7) the paper was published in
English. These inclusion criteria address each component of the PI-
COS (Population, Intervention, Comparison, Outcome, Study) model,
which was used to formulate the research question. Studies were ex-
cluded if participants had end-stage diseases (e.g., carcinoma or or-
gan failure) or hormone-related disorders (e.g., polycystic ovary syn-
drome), if participants engaged in strenuous exercise, and if trials ap-
plied multistage interventions. Studies that included other biologically
active dietary components (e.g., fish oil) or any other source of polyphe-
nols in combination with the berry polyphenols of interest were also
excluded.

Search strategy and study selection

The systematic literature search ~was performed using
PubMed/MEDLINE, Cochrane Central Register of Controlled Trials,
CINAHL (EBSCO), and Scopus from inception until June 2019. The
search strategy was executed using Medical Subject Heading, Boolean
operators, and text words (Supplemental Methods). The reference lists
of retrieved systematic reviews and included studies were also hand
searched to find additional articles. Retrieved articles were downloaded
and merged in EndNote (version X9 for Windows; Clarivate Analytics)
and Rayyan software (HBKU Research Complex) to enable the review
process. All retrieved articles were read independently by 2 reviewers
(TFR and AN). Any disagreements were discussed and resolved by
consensus or by a third independent reviewer (PN) if necessary.

Risk of bias

Risk of bias in the included studies was assessed using Covidence sys-
tematic review software (Veritas Health Innovation), which is recom-
mended by Cochrane as part of its author support toolkit. The method-
ological quality of the studies was assessed to determine if their risk of
bias was low, high, or unclear as it relates to the methods used to generate
arandom sequence, conceal allocations, blind participants and person-
nel, blind outcome assessors, and to determine the chances of incom-
plete outcome data and selective outcome reporting. The risk of bias
assessment was done in duplicate by TFR and AN, and discrepancies
were settled by PN.

Data extraction

The following data from eligible studies were extracted and entered into
a spreadsheet: general study characteristics (first author, year of publi-
cation, country, type of berries consumed, type of supplement adminis-
tered, polyphenol and anthocyanin dose, and study duration), charac-
teristics of the participants (study population, number of participants,
percentage of male participants, and mean age or age range of partici-
pants and control group), primary outcome results, and funding. Sec-
ondary outcome data including weight, waist circumference, and BMI
were also extracted provided all other inclusion criteria were met. Data
extraction was done in duplicate by TFR and JB.

Statistical analyses

We calculated study-specific effects of berry polyphenol consumption
by taking the difference in postintervention means between the inter-
vention group and the control group. The original protocol stated that
standardized mean differences would be used, but before the analysis
was performed, this was changed to ordinary (unstandardized) mean
differences because the included studies used the same measurement
scales (20). If a study had multiple intervention groups, each receiving a
different quantity of berry supplementation, we combined these groups
by calculating an overall mean and SD so that the study provided only 1
effect estimate. This approach is recommended because a meta-analysis
may be biased if the same study is included twice (21). If postinterven-
tion means were not available, we used change-from-baseline scores.
For crossover studies, we used the postintervention and post-control
means and analyzed these as independent groups, a conservative ap-
proach (22), because none of the included crossover studies reported
information necessary to derive SDs of changes at the individual level.
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For study-specific effects, SEs were calculated using group-specific
SDs or SEs, without assuming equal variability within groups. If SDs
or SEs were not available, P values or CIs were used. We calculated CIs
for study-specific effects under the assumption of t-distributions, with
degrees of freedom estimated using the Satterthwaite approximation.

Study-specific mean differences were pooled using fixed-effect,
inverse-variance weighting. The original protocol stated that random-
effect weighting would be used, but this was changed prior to the anal-
ysis because the fixed-effects model provides an estimate of the aver-
age effect among the included studies rather than the average effect in a
conceptual population of studies (20). Another advantage of the fixed-
effects model is that it does not assume that the included studies are
randomly sampled from a population of studies (20). For the pooled ef-
fects, CIs were derived based on the normal distribution. Heterogeneity
in effects across studies was assessed using the I statistic and the x?* test
based on the Q statistic. I was interpreted as indicative of low (<40),
moderate (40-59%), or substantial (>60%) heterogeneity, similar to the
recommendations of the Cochrane handbook (20). Publication bias was
assessed using funnel plots and Egger’s test.

When necessary, blood glucose was converted from milligrams per
deciliter to millimoles per liter (1 mg/dL = 1/18 mmol/L), and HbAlc
was converted from the units of the Diabetes Control and Complica-
tions Trial (DCCT) to millimoles per mole [mmol/mol = 10.929 x
(% DCCT - 2.15)] (23). Insulin was converted from picomoles per
liter to micro international units per milliliter (1 ©IU/mL = 6 pmol/L)
(24). Body weight was converted from pounds to kilograms (1 kg =
0.4536 Ib).

Subgroup analyses were conducted for the outcome of FBG because
this was the most frequently reported outcome (>90% of included stud-
ies). The subgroups were defined according to the following study char-
acteristics: polyphenol dose (low: <400 mg/d; medium: 400-899 mg/d;
high: >900 mg/d), anthocyanin dose (low: <300 mg/d; high: >300
mg/d), study duration (<12 or >12 wk), risk of bias (low on all parame-
ters or high/unclear on >1 parameter), type of intervention (fresh/dried
berries or berry extract), restriction on the use of medication affect-
ing glucose metabolism or insulin, and restriction of polyphenols from
nonintervention foods and drinks. The subgroups based on polyphenol
dose, anthocyanin dose, and duration were defined after inspection of
the characteristics of the included studies, but all subgroups were de-
fined independent of outcome results. Differences in treatment effects
across subgroups were tested using the x? Q statistic (25).

Four sensitivity analyses were performed to examine whether
changes in the analysis would affect overall conclusions. First, pooled ef-
fects were recalculated using the DerSimonian-Laird method, which as-
sumes random effects instead of fixed effects (26). Second, analyses were
rerun based on change-from-baseline scores, instead of postinterven-
tion scores, because using change-from-baseline scores can increase sta-
tistical power (20). In instances in which change-from-baseline scores
were not accessible, we used postintervention scores, as in the main
analysis. Third, we examined the sensitivity of the results to changes
in included studies by rerunning results with 1 study excluded at a time.
Fourth, the effect on FBG was recalculated after excluding crossover
trials, as these can be biased by carryover effects (22). These sensitiv-
ity analyses were not prespecified in the original protocol, but the first
sensitivity analysis (assumption of random effects) was specified in the
revised protocol. The 3 other sensitivity analyses were not prespecified.
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All statistical analyses were performed in Stata (version 15). Forest
plots were made using the user-written forestplot command.

Results

Literature search

The detailed process of study selection is shown in Figure 1. The initial
search yielded 3240 publications, and 3 articles were identified by hand
search. Removal of duplicates resulted in 1240 articles being removed.
The title and abstract of the remaining 2003 articles were screened, and
this resulted in 75 articles for full-text review. An additional 54 articles
were excluded for the following reasons: the full text was unavailable be-
cause it was a conference abstract or poster or because the study results
were unpublished, the polyphenols used in the intervention were not of
berry origin or were from a mixture of antioxidant-rich fruits, the study
duration was less than the required minimum of 2 wk, the participants
were healthy, only a single dose of polyphenol was administered, the
full text was not available in English, or the control treatment contained
polyphenols. With these exclusions, a total of 21 articles were included
in the qualitative synthesis and in the meta-analysis.

Study characteristics

The characteristics of the included studies are outlined in Table 1. The
studies were published between 2006 and 2019 in the United States
(n=7),Iran (n = 5), China (n = 2), and a single study in each of the fol-
lowing countries: United Kingdom, Canada, India, Iraq, Korea, Russia,
and Taiwan. The duration of the polyphenol intervention ranged from
4 to 24 wk.

A total of 1172 participants were included in the 21 eligible studies,
with 17-160 participants each. There was a mixture of both men and
women in all studies with the exception of 1 study that used women
participants only and another study for which the converse was true.
Participants were aged 18 y or older, and their medical conditions in-
cluded type 2 DM/prediabetes (n = 13), metabolic syndrome (n = 4),
coronary artery disease with elevated FBG (n = 1), overweight/obesity
and insulin resistance (n = 2), and diabetic nephropathy (n = 1).

The berry supplements used in the trials were of several forms, in-
cluding fresh whole fruits, dried fruit powder, juice (neat and diluted),
crude extracts, and purified isolates (Table 1). Most of these supple-
ments were derived from blueberries (n = 5), cranberries (n = 4), rasp-
berries (n = 2), Caucasian whortleberry (n = 2), or mulberries (n = 2).
Each of the following berries was used by 1 study: acai berries, straw-
berries, and gooseberries. One study used a mixture of bilberries and
blackcurrants, another used a mixture of mulberries and blackcurrants,
and yet another used a combination of strawberries and cranberries.

Supplements were administered in the form of tablets (n = 1), cap-
sules (n = 10), powders from dried fruits or extracts (n = 7) (which
were incorporated into beverages or other food items), juices (n = 2),
and frozen whole fruits (n = 1). Where polyphenol (#n = 8) and antho-
cyanin (n = 11) contents were reported, daily intake was 333-2006 mg
and 9-668 mg, respectively. Of the included 21 studies, 8 clearly out-
lined an imposition on any sources of polyphenol-rich foods in the diet
throughout the trial (27-29, 30, 31, 32, 33, 34), whereas 1 study imposed
a polyphenol restriction in the diet 48 h before each study visit (35). In
addition, of the included studies that reported FBG outcome, all except
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FIGURE 1 Flow diagram of included studies for the systematic review and meta-analysis of the effect of berry polyphenols on glucose
metabolism. CENTRAL, Cochrane Central Register of Controlled Trials.

7(29,32, 36,37, 38, 39, 40) placed restrictions on the use of medications
affecting glucose metabolism or insulin.

Funding sources varied across the studies (Supplemental Table 1).
Eight studies received nonindustry funding from universities, govern-
ments, or nonprofit organizations (30, 34, 39, 40, 41, 42, 43, 44), 2 re-
ceived industry funding (28, 45), and 9 received both industry and non-
industry funding (27, 29, 31, 32, 33, 35, 38, 46, 47). Two studies did not
disclose their source of funding (36, 37).

Supplemental Tables 2-9 provide the outcome data that were ex-
tracted for the meta-analysis. Postintervention means were available in
17 studies, and change-from-baseline means were available for 10 stud-
ies (6 studies reported both).

Data quality

The risk of bias assessment for all included studies is summarized graph-
ically in Supplemental Figure 1. The individual parameters that con-
stitute the risk of bias assessment revealed that there was a mixture of
low (n = 9) and unclear (n = 12) risks of bias for the methods used to
generate the randomization sequence. For the methods used to assess
allocation concealment (selection bias) and the blinding of participants

and personnel (performance bias), there were an equal number of low
(n = 9), unclear (n = 9), and high risks of bias (n = 3) for both pa-
rameters for the 21 studies. Detection bias recorded the highest level
of risk, with >25% of the included studies receiving a high risk of bias
for the blinding of outcome assessment. One study had an unclear risk
of attrition bias, and another had an unclear risk of reporting bias. No
other biases were found within the studies. The details of the risk of bias
assessment are outlined in Supplemental Table 10.

FBG

Effects on FBG were reported in 19 of the 21 studies. When the
results of these studies were pooled, berry polyphenol consumption
did not significantly reduce FBG [fixed-effects mean difference (MD):
—0.02 mmol/L; 95% CIL: —0.10, 0.06; 2= 71.1%; x2: P < 0.001)
] (Figure 2). Similar results were observed in a sensitivity analysis as-
suming random effects (random-effects MD: —0.13 mmol/L; 95% CI:
—0.34, 0.08; > = 71.1%; x* P < 0.001), in sensitivity analysis exclud-
ing crossover studies (fixed-effects MD: —0.01 mmol/L; 95% CI: —0.09,
0.07; I* = 74.0%; x*: P < 0.001), and in a sensitivity analysis of change-
from-baseline scores (Supplemental Table 11).
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(Continued)
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= =5 . . - . affecting glucose metabolism or insulin [medication restriction: MD:
o o O o
E ° g o8 g 28 o e 2 —0.03 mmol/L (95% CI: —0.12, 0.05); no medication restriction: MD:
T E = E 3 2o 3 i i i i
§ % §§ 5¢s § 53 3 g% 5 % 0.10 mmol/L (95% CI: —0.13, 0.33); P = 0.33 for interaction], in studies
:é 8:cf53 22598 g3 8E o 2 using different forms of berry polyphenol [fresh/dried berries: MD: 0.00
= 0 X o Q0 = 005 9 o
o i i 855 2 LS55 & % = 7 E 2 £ mmol/L; (95% CI: —0.09, 0.10); berry extract: MD: 0.05 mmol/L (95%
Q. O =2 » % =Zs X © c=®0a o . . . . .
2los<E¢ 0’% £¢ m% ?E 2°%32 g 2 % CI: —0.13, 0.24); P = 0.06 for interaction], in studies of different du-
£2838wn 338050253 8L55
s €2al< gadv~ E Eg28E5E0 rations [duration <12 wk: MD: —0.10 mmol/L (95% CI: —0.25, 0.05);
%) n < a
duration >12 wk: MD: 0.02 mmol/L (95% CI: —0.08, 0.11); P = 0.54
”g N IERN CE R for interaction], or in studies restricting polyphenol intake from nonin-
< < 8 g tervention foods and drinks [polyphenol restriction: MD: 0.00 mmol/L
(95% CI: —0.08, 0.09); no polyphenol restriction: MD: —0.15 mmol/L
® é S 3 ° Q8 3 (95% CI: —0.37, 0.06); P = 0.55 for interaction] (Supplemental Figures
4-8). A funnel plot suggested that smaller studies reported stronger ef-
A & 3 g 3 fects on FBG (Supplemental Figure 9), although this observation was
a © 8 not confirmed by Egger’s test (P = 0.12).
- = ©
= 9 o @ ©
2 8 > . oL £ 2
5 2 E °8 |2 =<3 HbA1c
& o) o © $Eal28 ©o
;S‘ % % E e o g% i‘j 5 £l s '%_% Effects on HbAlc were reported in 13 of the 21 studies. When pooled,
£ F S £ B > 3 . L .
sl 8 e 2323 859 2%ely I3 these studies demonstrated no reduction in HbA1c with berry polyphe-
“la ©3 06 ®cQ poo|N BY Y poy]
- O A o § ©o  nol consumption (fixed-effects MD: 0.31 mmol/mol; 95% CI: —0.24,
E @S 0.85) (Figure 3). However, there was substantial heterogeneity in re-
c 8 .
2z T 5 T T 5 58 = sults (I’ = 70.1%; x*: P < 0.001), and smaller studies tended to re-
sle © © T T © 55 i g
'50 5§ & g g 8 g g 2% port stronger effects, as ev1d'enced by a funnel plot and Egger’s test
®|E E £ £ € £ g 54 (P =0.018) (Supplemental Figure 10).
g & & RS & ° f& S No effect on HbA1c was observed when studies of durations <12 wk
3¢ @ § (3 of 13 studies) were excluded (fixed-effects MD: 0.55 mmol/mol; 95%
z 3 8 SES 5 CL—002, 111 P =625%; x* P=0.004). Sensitivity analyses demon-
§ = & ‘§ g _§ = strated small but statistically significant reductions in HbAlc when
© ks e © © 225 random effects were assumed (random-effects MD: —1.83 mmol/mol;
O Ew® 3
s = = T T c 259
= S =} = < 5 ‘? é % @ 95% CI: —3.56, —0.11; I* = 70.1%; x*: P < 0.001), when change-from-
e 2t53 baseline scores were used (fixed-effects MD: —1.26 mmol/mol; 95%
SN =53¢
T ~ 2 EEEtSQ CI: —1.84, —0.67; I* = 75.3%; x*: P < 0.001) (Supplemental Table 11),
= — — S - = 0 .S Q0
N P i Q g S gEQ a and when the trial by Curtis et al. (28) was excluded (fixed-effects MD:
0 L= ~ g < [N CRNC]
- I g g 3 (; g R —1.60 mmol/mol; 95% CI: —2.61, —0.60; I> = 46.5%; P = 0.04). When
o © S T o v own R
- _% g = 8 L; 5 > s555 the trial by Curtis et al. (28) was excluded, Egger’s test no longer showed
E5ls 3 3 e 3 £ bzzz significant small-study effects (P = 0.28).

TABLE 1
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First Author
and Year (ref)

Abidov 2006 (46)
Al-Juhaishi 2017 (36)
An 2016 (41)

Basu 2010 (27)
Curtis 2019 (28)
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Mean Difference
(95% Cl)

Weight
(%)

-1.22 (-2.08, -0.36) 0.9
1.46 (0.81,2.12) 1.6
-0.05 (-0.37,0.28) 6.6
0.20 (-0.37, 0.77) 2.1
0.05 (-0.07,0.17)  45.1

Dohadwala 2011 (29) _— -0.33(-1.52,0.86) 0.5
Kianbakht 2013 (42) _— -1.50 (-2.57, -0.43) 0.6
Kim 2018 (37) o R 0.39 (-0.42, 1.19) 1.1
Lee 2008 (43) _ -0.20 (-1.69, 1.29) 0.3
Li 2015 (38) -0.60 (-5.30, 4.10) 0.0
Mirfeizi 2016 (39) —_— -0.67 (-1.92,0.59) 0.4
Moazen 2013 (30) -2.23(-4.79,0.34) 0.1
Paquette 2017 (31) 1 0.20 (-0.09, 0.49) 8.3

Schell 2019 (35) .

Shidfar 2012 (44) —_—
Stull 2010 (33) =1
Stull 2015 (32) =
Taghizadeh 2017 (40)

Yang 2017 (34) -

Total
(I-square = 71.1%, Chi-square: P < 0.001)

-0.61(-2.28, 1.06) 0.2
-1.02 (-1.62, -0.41) 1.8
-0.20 (-0.49, 0.09) 8.3
-0.10 (-0.39,0.19) 8.3
-1.59 (-3.66, 0.47) 0.2
-0.07 (-0.29, 0.15) 13.7

-0.02 (-0.10, 0.06) 100.0

T T
-4 -2 0
Favors treatment

T T
2 4
Favors control

FIGURE 2 Effects of berry polyphenol consumption on fasting blood glucose (millimoles per liter) in adults with impaired glucose
tolerance or insulin resistance. The total effect was estimated using fixed effect, inverse variance weighting.

Fasting blood insulin

Effects on fasting blood insulin were reported in 12 of the 21 studies.
When pooled, these studies showed that berry polyphenol consumption
slightly increased fasting blood insulin (fixed-effects MD: 1.10 uIU/mL;
95% CI: 0.69, 1.51; I* = 66.4%; x*: P < 0.001) (Figure 4). Such an effect
was, however, not confirmed in a sensitivity analysis based on the as-
sumption of random effects (random-effects MD: —0.15 uIU/mL; 95%
CL: —1.34, 1.04; I* = 66.4%; x* P < 0.001). A similar discrepancy in
the results of fixed-effect and random-effect analyses was observed in a
sensitivity analysis of change-from-baseline scores (Supplemental Table
11). Excluding the trial by An et al. (41) weakened the evidence of an
effect on fasting blood insulin (fixed-effects MD: —0.04 pIU/mL; 95%
CI: —0.66, 0.59; I = 56%; x%: P = 0.44).

In the main analysis, there was substantial heterogeneity in effect es-
timates (I* = 66.4%; x*: P < 0.001) (Figure 4). A funnel plot and Egger’s
test showed evidence of greater effects in small studies (P = 0.04) (Sup-
plemental Figure 11).

HOMA-IR
Results for HOMA-IR were reported in 10 of 21 studies. When the
results of the studies were pooled, there was no evidence that berry
polyphenol consumption reduces HOMA-IR (fixed-effects MD: 0.07;
95% CIL: —0.09, 0.23) (Figure 5). There was also no evidence of het-
erogeneity (I = 5.9%; x*: P = 0.39).

There was no reduction in HOMA-IR in a sensitivity analysis based
on the assumption of random effects (random-effects MD: 0.05; 95%
CI: —0.16, 0.26; I> = 5.9%; x*: P = 0.39). Furthermore, no reductions
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in HOMA-IR were observed in a sensitivity analysis of change-from-
baseline scores (Supplemental Table 11). No statistically significant ef-
fect was observed when any 1 study was excluded from the analysis
(data not shown). A funnel plot and Egger’s test showed no evidence of
greater effects on HOMA-IR in small studies (P = 0.20) (Supplemental
Figure 12).

Postprandial blood glucose

Effects on postprandial blood glucose were reported in 5 of 21 studies.
These studies showed substantial heterogeneity in effects (I* = 92.9%;
x%: P < 0.001) (Figure 6). When pooled, the studies showed a reduc-
tion in postprandial blood glucose with berry polyphenol consumption
(fixed-effects MD: —0.92 mmol/L; 95% CI: —1.41, —0.42). However,
this result was not confirmed in a sensitivity analysis assuming ran-
dom effects (random-effects MD: —0.60 mmol/L; 95% CI: —2.59, 0.39;
P =92.9%; x* P < 0.001). A discrepancy between the results of fixed-
effects and random-effects analyses was also observed in a sensitivity
analysis of change-from-baseline scores (Supplemental Table 11). Fur-
thermore, there was no evidence that berry polyphenol consumption
decreases postprandial blood glucose when the trial by Kianbacht et al.
(42) was excluded (fixed-effects MD: 0.53 mmol/L; 95% CI: —0.12, 1.19;
2 =70.9%; x*: P = 0.016). Due to the small number of studies, a fun-
nel plot and Egger’s test did not provide meaningful information about
small-study effects (P = 0.59) (Supplemental Figure 13).

Postprandial insulin
None of the 21 studies reported effects on postprandial insulin.
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First Author Mean Difference Weight
and Year (ref) (95% ClI) (%)
Al-Juhaishi 2017 (36) —_— -7.43 (-13.01,-1.85) 1.0
An 2016 (41) —T -1.02 (-2.96, 0.92) 8.9
Basu 2010 (27) —_— -1.09 (-4.20, 2.02) 3.2
Curtis 2019 (28) - 1.09 (0.44, 1.75) 70.8
Kianbakht 2013 (42) —_— -5.46 (-8.77, -2.16) 2.8
Kim 2018 (37) 8.72 (-5.41, 22.85) 0.2
Lee 2008 (43) —_— -3.28 (-8.37, 1.81) 1.3
Li 2015 (38) -3.28 (-55.05,48.49) 0.0
Mirfeizi 2016 (39) -1.97 (-9.73, 5.80) 0.5
Moazen 2013 (30) -9.29 (-22.02,3.44) 0.2
Riche 2017 (47) -2.51(-21.38,16.36) 0.1
Usharani 2013 (45) — -3.61(-7.07, -0.14) 2.6
Yang 2017 (34) - 0.44 (-1.45, 2.33) 8.4
Total :) 0.31 (-0.24, 0.85) 100.0
(I-square = 70.1%, Chi-square: P < 0.001)
T T T T
-20 -10 0 10 20

Favors treatment

Favors control

FIGURE 3 Effect of berry polyphenol consumption on HbATc (millimoles per liter) in adults with impaired glucose tolerance or insulin
resistance. The total effect was estimated using fixed-effect, inverse-variance weighting.

Waist circumference

Effects on waist circumference were reported in 5 of the 21 studies.
When pooled, these studies showed an increase in waist circumference
with berry polyphenol consumption (fixed effects MD: 1.13 cm; 95% CI:
0.10, 2.17; I* = 59.4%; x*: P = 0.04) (Supplemental Figure 14). There
was no significant evidence of such an effect in a sensitivity analysis
based on random effects (random-effects MD: 1.04 cm; 95% CI: —0.93,
3.01; > = 59.4%; x*: P = 0.04). A similar discrepancy between the re-
sults of fixed-effect and random-effect analyses was observed in a sensi-
tivity analysis of change-from-baseline scores (Supplemental Table 11).
Furthermore, no increase in waist circumference with berry polyphe-
nol consumption and no heterogeneity were observed when the trial by
Anetal. (41) was excluded (fixed-effects MD: —0.12 cm; 95% CI: —1.48,
1.25; > = 0%; x%: P=0.52). Due to the small number of studies, a funnel
plot was difficult to interpret but suggested no skewness (Supplemental
Figure 15), which was confirmed by Egger’s test (P = 0.89).

Weight

Effects on weight were reported in 7 of 21 studies. When pooled, these
studies did not show a statistically significant reduction in weight with
berry polyphenol supplementation (fixed-effects MD: —0.24 kg; 95%
CL: —0.87, 0.38; I = 53.0; x* P = 0.05) (Supplemental Figure 16).
Similar results were observed in sensitivity analyses based on random
effects (random-effects MD: —0.52 kg; 95% CI: —2.09, 1.05; I = 53.0;
x%: P=0.05) and on change-from-baseline scores (Supplemental Table
11) and exclusion of any 1 study (data not shown). There was moderate
heterogeneity in effects (I> = 53.0; x*: P = 0.05). A funnel plot and Eg-
ger’s test did not show evidence of small-study effects (P = 0.37) (Sup-
plemental Figure 17).

BMI

Effects on BMI were reported in 9 of the 21 studies. Berry polyphe-
nol consumption did not significantly reduce BMI (fixed-effects MD:
—0.13; 95% CI, —0.30, 0.04; > = 11.9%; x* P = 0.34) (Supplemen-
tal Figure 18). This result was confirmed in sensitivity analyses based
on random-effects (random-effects MD: —0.14; 95% CI: —0.35, 0.07;
P =11.9%; x?: P=0.34) or change-from-baseline scores (Supplemental
Table 11). However, a significant reduction in BMI was observed when
the study by Stull et al. (32) was excluded from the analysis (fixed-effects
MD: —0.27;95% CI: —0.49, —0.06; I* = 0%; x *: P = 0.69). Smaller stud-
ies did not show greater effects on BMI, as evidenced by a funnel plot
and Egger’s test (P = 0.81) (Supplemental Figure 19).

Discussion

This meta-analysis did not show clear evidence that berry polyphenol
consumption improves glucose metabolism compared with placebo or
no treatment in individuals with impaired glucose tolerance or insulin
resistance. The results for most biomarkers were unstable, varying with
the type of analysis performed and with the specific trials included in
the analysis. Furthermore, none of these analyses showed an effect great
enough to be of clinical relevance. Unstable results were also observed
for weight-related outcomes.

The lack of effect on FBG is consistent with the results of a meta-
analysis by Daneshzad et al. (16) but not with a meta-analysis by Huang
et al. (17), which showed a reduction in FBG with berry interventions.
Compared with Huang et al. (17), we included a larger number of trials
(19 compared with 10), and we restricted the analysis to trials conducted

CURRENT DEVELOPMENTS IN NUTRITION
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First Author Mean Difference Weight
and Year (ref) (95% ClI) (%)
An 2016 (41) I‘ 1.98 (1.40, 2.55) 56.6
Curtis 2019 (28) - 0.36 (-0.39, 1.11) 31.1
Dohadwala 2011 (29) e -1.00 (-4.39,2.39) 1.5
Kim 2018 (37) 4.50(-3.43,12.43) 0.3
Lee 2008 (43) —_— -0.50 (-2.82,1.82) 34
Li 2015 (38) + -0.60 (-11.57, 10.37) 0.1
Mirfeizi 2016 (39) -4.95 (-9.04,-0.86) 1.0
Paquette 2017 (31) -1.83(-9.06,5.39) 0.3
Stull 2010 (33) + -1.33(-9.28,6.62) 0.3
Stull 2015 (32) -0.62 (-6.04,4.81) 0.6
Taghizadeh 2017 (40) -1.60 (-6.41,3.21) 0.8
Yang 2017 (34) —_— -0.75(-2.84,1.34) 3.9
Total <> 1.10 (0.69, 1.51) 100.0
(I-square = 66.4%, Chi-square: P < 0.001)

T T T T

-10 -5

Favors treatment

5
Favors control

10

FIGURE 4 Effect of berry polyphenol consumption on fasting blood insulin (micro international units per milliliter)in adults with impaired
glucose tolerance or insulin resistance. The total effect was estimated using fixed-effect, inverse-variance weighting.

in high-risk populations (patients with impaired glucose metabolism
or insulin resistance). Such a restriction would be expected to produce
a greater, not a weaker, effect. Furthermore, in the meta-analysis by
Huang et al. (17), the mean effect on FBG was only 0.1 mmol/L in a
healthier population. Thus, there is at best weak evidence that berry
consumption reduces FBG, and the magnitude of this effect is too small
to be of clinical relevance.

Although our main analysis did not show an effect on HbAlc, small
reductions of 1.26-2.62 mmol/mol (0.12-0.24%) were observed in sen-
sitivity analyses. Similarly, 3 previous meta-analyses reported that berry
supplements, anthocyanins, or polyphenols (the latter 2 not limited to
berry origin) reduced HbAlc by 0.20-0.53% (16-18), although with
borderline significance in 1 of the meta-analyses (16). The similarity
between these results and our results cannot be explained by an over-
lap in included trials because the largest of the previously stated meta-
analyses (18) included 36 trials, but none of the 12 we included. Al-
though the same meta-analysis showed evidence of publication bias, this
was not clear in our analysis. Overall, the results of our and previous
meta-analyses suggest that berry consumption can reduce HbAlc, and
the changes seen are similar to those seen in blood glucose. The more
stable effect on HbA1c is probably related to the fact that there is greater
day-to-day variability in blood glucose. Yet, as for blood glucose, the ef-
fects on HbAlc are too small to be of clinical relevance.

The absence of effect on HOMA-IR is not consistent with the re-
sults of a previous meta-analysis, in which Daneshzad et al. (16) found
that pure anthocyanin supplementation reduces HOMA-IR in adults.
A direct comparison with our results is not possible because we exam-
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ined the effects of polyphenols and not only anthocyanins, and these
polyphenols were from berries only. However, we included a larger
number of trials (12 instead of 3), and our results were confirmed in 3
sensitivity analyses. For these reasons, the evidence that berry polyphe-
nol consumption reduces HOMA-IR is not compelling.

The unstable effect on fasting blood insulin in the current meta-
analysis is consistent with the results of a previous meta-analysis of pure
anthocyanin supplementation, which did not show strong evidence of
an effect (16). Our analysis also showed an unstable effect on postpran-
dial blood glucose, but this outcome was reported in only 4 trials. The 3
previously mentioned meta-analyses did not study effects on postpran-
dial blood glucose (16-18), and currently available data are too limited
to permit a conclusion about the effects of berry consumption on this
biomarker. The same is true for postprandial blood insulin, which was
neither reported in any of the trials we included nor examined in pre-
vious meta-analyses.

The lack of clear effects on glucose metabolism could not be ex-
plained by limited sample sizes or a limited number of published trials
(i.e., statistical imprecision) because Cls were narrow for most pooled
effects. A different explanation could be that effects depend on trial
characteristics, as we observed considerable heterogeneity in effects on
several outcomes. However, we could not find an explanation for this
heterogeneity, despite conducting several subgroup analyses. Neverthe-
less, there were slightly, but not significantly, greater effects on FBG in
studies that administered high doses of polyphenol. Slightly but not sig-
nificantly greater effects were also observed in studies that had a high
or unclear risk of bias on at least 1 parameter. We found no evidence of
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First Author Mean Difference ~ Weight
and Year (ref) (95% Cl) (%)
An 2016 (41) —— 0.14 (-0.40,0.69) 9.3
Basu 2010 (27) o B G— 0.90 (-0.20, 2.00) 2.2
Curtis 2019 (28) = 0.10 (-0.08,0.28) 77.3
Dohadwala 2011 (29) -0.30 (-2.05, 1.45) 0.8
Kim 2018 (37) -0.37 (-3.42,2.68) 0.3
Lee 2008 (43) -0.30 (-1.61,1.01) 1.6
Li 2015 (38) . -0.48 (-2.47,1.51) 0.7
Mirfeizi 2016 (39) -2.29 (-4.38, -0.20) 0.6
Taghizadeh 2017 (40) -0.20 (-1.89, 1.49) 0.9
Yang 2017 (34) —_— -0.23 (-0.86, 0.40) 6.3
Total <:> 0.07 (-0.09, 0.23)  100.0
(I-square = 5.9%, Chi-square: P = 0.39)

T T T T T T

-3 -2 -1 0 1 2 3

Favors treatment

Favors control

FIGURE 5 Effect of berry polyphenol consumption on HOMA-IR in adults with impaired glucose tolerance or insulin resistance. The total

effect was estimated using fixed-effect, inverse-variance weighting.

greater effects on FBG in trials of longer durations, trials that restricted
polyphenol consumption from nonintervention sources, trials that re-
stricted the use of medication that can impact glucose metabolism, or in
trials administering extracts instead of fresh or dried berries. A possible
source of heterogeneity that we did not explore is variation in levels of
glycemic dysfunction across trials.

In contrast to the lack of clinically relevant effects in our meta-
analysis, basic research has provided strong evidence that berry
polyphenols have positive effects on glucose metabolism (11-13). Com-
mon berry polyphenols such as kaempferol, rutin, quercetin, and antho-
cyanins of the cyanidin, pelargonidin, and delfinidin types have been re-
ported to impact glucose metabolism via various mechanisms (48-51).
These flavonoids have demonstrated their ability to increase insulin se-
cretion, insulin sensitivity, and glucose uptake, and these effects have
been exhibited using various models. Some of the most commonly re-
ported mechanisms through which they are able to elicit these effects
include their ability to protect pancreatic S-cells by decreasing oxidative
stress, prevent f-cell death via the mitochondrial pathway and NF-«B
signaling, reduce caspase-3 activity in 8-cells, improve cAMP signaling,
lower TNF-« production, and influence the downregulation of inflam-
matory adipocytokines (48-53). Berry polyphenols have also been re-
ported to be able to inhibit dipeptidyl-peptidase 4 and hyperglycemia,
inhibit enzymes involved in the breakage of glucosidic linkages in car-
bohydrates, and inhibit intestinal glucose transporters (54-62). They
have also been reported to increase the population of specific gut micro-
biota, which can improve glycemic control, and scavenge reactive oxy-
gen species, which are involved in the progression of oxidative stress

and the promotion of inflammatory processes, which in turn are as-
sociated with diabetes (63-66). The physicochemical properties of the
compounds (among other factors), however, cause low solubility, poor
stability, inadequate permeation rates, or low bioavailability, and as a
result, the translation of effects in basic research to clinical outcome is
challenging (67, 68).

Although the role of berry polyphenols in glucose metabolism is
well documented in experimental research, the possibility of nonpheno-
lic berry phytochemicals in crude plant extracts also impacting glucose
metabolism cannot be ignored. In our analysis, 3 of the studies (46, 42,
45) that used fruit or leaf extracts as treatment reported the extracting
solvent used, which in all 3 cases was polar (aqueous/hydroalcoholic).
Some triterpenoids and the iminosugar, 1-deoxynojirimycin (present
in mulberry leaves), are soluble in a polar medium and have also been
reported to convey hypoglycemic or antidiabetic effects (69-72). This
indicates that their interference in the studies that utilized berry ex-
tracts as treatment is a possibility. For the 2 studies that used pure
anthocyanin isolates (38, 34), the possibility of this interference is
nullified.

A limitation of the current meta-analysis is that many trials did not
report polyphenol doses, and so it was difficult to search for a dose-
response relation. A second and related limitation is that most trials did
not examine the effects of pure berry polyphenol, so our analysis pro-
vides only indirect evidence of the effects of berry polyphenol. A third
limitation is that there were not enough data to examine whether the
effects of different types of berries differed; in addition, the duration
of the included studies was relatively short, with a range of 4-24 wk. A
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First Author

and Year (ref)

An 2016 (41)

Kianbakht 2013 (42) ~——%——

Kim 2018 (37) —

Mirfeizi 2016 (39)
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Mean Difference ~ Weight

(95% Cl) (%)
-0.35(2.12,1.42) 89
2.94 (-3.73,-2.16) 41.7
1.17 (-0.10, 2.45)

16.4

-2.06 (-4.01,-0.10) 6.7

Yang 2017 (34) —_— 1.09 (0.11,2.07) 26.3
Total <> -0.92 (-1.41, -0.42) 100.0
(I-square = 92.9%, Chi-square: P < 0.001)

T T T T

-4 2 0 2 4

Favors treatment

Favors control

FIGURE 6 Effect of berry polyphenol consumption on postprandial blood glucose (millimoles per liter) in adults with impaired glucose
tolerance or insulin resistance. The total effect was estimated using fixed-effect, inverse-variance weighting.

fourth limitation is the limited information on the carbohydrate content
of treatments administered, meaning that it was not possible to exam-
ine whether this impacted the outcome on biochemical variables linked
to glucose metabolism. A final limitation is that the results of the re-
view rely on the results of published studies, so any limitations of these
studies are necessarily limitations of our review as well. The strengths
of the current meta-analysis include the restrictions on study design (to
only RCTs) and study population (to high-risk individuals), which are
likely to increase the quality of evidence and the likelihood that any ex-
isting effects on glucose metabolism would have been detected. Other
strengths include the relatively large number of trials included in the
analyses of most main outcome measures and the large number of sen-
sitivity analyses conducted, altogether increasing the reliability of the
results.

In conclusion, this meta-analysis did not show statistically signif-
icant or clinically meaningful effects of berry polyphenol consump-
tion on most biomarkers of glucose metabolism. Although some anal-
yses did show a significant effect on HbAlc, these effects were also
too small to be of clinical relevance. This conclusion is further sup-
ported by the fact that higher doses also were not associated with statis-
tically significant or clinically meaningful effects. Future studies should
examine whether supplements (as crude materials or pure isolates)
with higher bioavailability are needed to observe an effect on glucose
metabolism.

The authors’ contributions were as follows—TFR and AN: de-
signed and conducted the review (conducted the systematic search and
screened the articles); TFR and JB: extracted the data and drafted the
paper; JB: performed the statistical analyses; PN and AN: critically re-
viewed the manuscript; TFR: had primary responsibility for final con-
tent; and all authors: read and approved the final manuscript.
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