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Findings on the effect of whole-grain consumption on inflammatory biomarkers are conflicting. This study aimed to summarize available studies on
the effects of whole-grain consumption on inflammatory biomarkers in adults. Online databases including PubMed, Scopus, ISI Web of Science, and
Google Scholar were searched for relevant studies published up to January 2018, using relevant keywords. We included randomized controlled trials
(RCTs) investigating the effect of whole-grain foods or diets high in whole-grain foods on markers of inflammation. Studies were selected if they
had a control diet low in whole grains or diets without whole grains, whether calorie restricted or not. We did not include studies that examined the
effect of individual grain components, including bran or germ, or fiber-based diets. Overall, 14 RCTs, with 1238 individuals aged >18Yy, were included.
Pooling 13 effect sizes from 11 RCTs on serum C-reactive protein (CRP) concentrations, we found no significant effect of whole-grain consumption on
serum CRP concentrations [weighted mean difference (WMD): —0.29 mg/L; 95% Cl: —1.10,0.52 mg/L]. However, the beneficial effects of whole-grain
intake on serum CRP concentrations were observed in studies in individuals with elevated serum concentrations of CRP and studies with isocaloric
diets. Combining 11 effect sizes from 10 RCTs, we found no significant effect of whole-grain consumption on serum IL-6 concentrations (WMD:
—0.08 pg/mL; 95% Cl: —0.27,0.11 pg/mL). Nevertheless, we observed a significant effect of whole-grain consumption on serum IL-6 concentrations
in studies in unhealthy individuals. A nonsignificant effect of whole-grain intake on circulating serum TNF-ox concentrations was also seen when
we summarized effect sizes from 7 RCTs (WMD: —0.06 pg/mL; 95% Cl: —0.25, 0.14 pg/mL). Such a nonsignificant effect was observed for serum
concentrations of plasminogen activator inhibitor-1 (PAI-1) (WMD: —3.59; 95% Cl: —1.25, 8.44 kU/L). Unlike observational studies, we found no
significant effect of whole-grain consumption on serum concentrations of inflammatory cytokines, including serum concentrations of CRP, IL-6,
TNF-, and PAI-1. However, beneficial effects of whole grains were found in some subgroups. Given the high between-study heterogeneity, deriving
firm conclusions is difficult. Adv Nutr 2020;11:52-65.
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Introduction

Whole grains contain high amounts of bioactive compounds
including fiber, vitamins B and E, magnesium, antioxidants,
and phytoestrogens (1). Greater consumption of whole grains
is associated with reduced risk of mortality and morbidity
(2). However, it is not clear if the effect of whole-grain intake
on reduced risk of chronic diseases is mediated through
the effects of whole grains on inflammation (3). The anti-
inflammatory properties of components of whole grains—
through influencing gene regulation and cell signaling—have
been shown (4). Earlier observational studies showed an

inverse association between whole-grain consumption and
serum concentrations of proinflammatory cytokines (5-7);
however, this relation was attenuated after controlling for
other lifestyle factors (7). In contrast to overall favorable links
between whole-grain intake and subclinical inflammation
found in observational studies, discrepant findings were
reported from clinical trials (8-16). Whereas some studies
reported a beneficial effect of whole-grain consumption on
inflammatory cytokines (17, 18), others failed to demonstrate
a significant effect (19-21). In 2 recently published meta-
analyses summarizing previous clinical trials (22, 23), a

52 Copyright © American Society for Nutrition 2019. All rights reserved. Adv Nutr 2020;11:52-65; doi: https://doi.org/10.1093/advances/nmz063.


https://doi.org/10.1093/advances/nmz063

favorable effect of whole-grain consumption on systemic
inflammation was observed; however, several limitations of
these meta-analyses make their findings misleading (24).
For instance, despite the different nature of inflammation
in children and adults (25), both studies combined investi-
gations in children and adults (22, 23). In addition, several
relevant studies (11, 18, 26-28) were not included in their
analyses.

Therefore, a comprehensive meta-analysis examining this
issue by summarizing all available studies was lacking. Hence,
the current comprehensive systematic review and meta-
analysis of published randomized controlled trials (RCTs)
was conducted to examine whether consumption of whole
grains can ameliorate inflammation in adults.

Methods

Search strategy

We performed a systematic review and meta-analysis of
RCTs that assessed the effects of whole-grain consumption
on inflammatory markers. The Preferred Reporting Items
for Systematic Reviews and Meta-Analysis guidelines were
followed in reporting this meta-analysis (29). We searched
PubMed, the Cochrane Library, Scopus, Clarivate-Web
of Science, and Google Scholar databases up to January
2019. Detailed information about specific search strategy is
provided in Supplemental Table 1. In addition, a manual
search was performed to complete the electronic search.
No language or time restriction was applied. Two reviewers
screened each report independently, and a third author was
consulted in case of disagreements (provided below).

Inclusion criteria

We included RCTs investigating the effect of whole-grain
foods or diets high in whole-grain foods on markers of
inflammation. Studies were selected if they had a control
diet low in whole grains or diets without whole grains,
whether they were calorie restricted or not. If in a given study
several interventions had been performed, we included that
study only when the effect of whole grains was separately
reported. Moreover, we excluded studies that examined the
effect of individual grain components, including bran or
germ, or fiber-based diets. Studies with 3 eligible arms were
considered as 2 separate studies.
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Exclusion criteria

We excluded letters, comments, short communications, re-
views, meta-analyses, ecological studies, and animal studies.
We found 4295 publications in our initial search, from which
4238 studies were identified as unrelated after reviewing
for titles and abstracts. After excluding cohort (n = 7) and
cross-sectional (n = 6) studies, 30 relevant clinical trials
remained for further investigation. Of these 30 RCTs, 5
studies, in which individuals in the control group had also
taken whole grains, were excluded (28, 30-33). The study
of Vanegas et al. (34) was excluded because of reporting
data for fecal cytokines instead of blood cytokines. One
quasiexperimental study that had no control group was
also excluded (35). Two studies were excluded because they
had assessed the effects of whole-grain consumption on
postprandial inflammatory biomarkers or the duration of
intervention was very short (<3 d) (5, 36). One study, in
which whole-grain foods were only part of a Mediterranean-
style diet, was not included (37). The study of Giacco et al. (6)
was excluded because only the final values of inflammatory
cytokines were reported. Due to lack of reporting the baseline
values, we were not able to compute mean differences of
cytokines. We also did not include the study of Meydani et
al. (16) because it was published only as an abstract in a
journal supplement, without reporting required information.
Both Giacco et al. (6) and Meydani et al. (16) were contacted
several times to obtain required information, but we got no
response. We also excluded the study of Wang et al. (27)
due to reporting concentrations of peripheral mononuclear
cell lysate rather than serum concentrations of TNF-«. Two
clinical trials in children and adolescents were also excluded
(38, 39). Finally, 16 studies remained for inclusion in the
systematic review, of which 14 were included in the meta-
analysis. The flow diagram of the study selection is provided
in Figure 1. Among these 14 RCTs, 13 studies had provided
data for serum concentrations of CRP (8, 10-15, 17-21,
26), 10 for serum concentrations of IL-6 (8-12, 14, 15, 17,
19, 20), 7 for serum concentrations of TNF-o (9-12, 15,
17, 19), and 3 for serum concentrations of plasminogen
activator inhibitor-1 (PAI-1) (10, 20, 21). Data on other
inflammatory biomarkers—IL-18 (n = 2), IL-10 (n = 2),
IL-8, (n = 1), and IL-1RA (n = 2)—were insufficient for a
meta-analysis.

Data extraction

We collected data on first author’s name, year of publication,
mean age £ SD of participants in each group, health
status of study subjects, sample size, number and gender of
participants in each group, length of intervention (weeks),
study design (parallel, crossover), types and amounts of
whole grains, control diet, and feeding status (feeding or
free-living) (Table 1). When a cytokine concentration was
reported in different units, we converted them to the most
frequently used unit.
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Did not meet our inclusion criteria

\4
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Y
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13 Articles excluded for the following reasons:
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o Reported data for fecal cytokines (2= 1)
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® Reported levels of peripheral mononuclear cell
lysate (2=1)

e Were conducted on children and adolescents (2= 2)

2 studies excluded because of missing

Studies included in quantitative synthesis
(meta-analysis) (2= 14)

FIGURE 1 Flow diagram of study selection process.

Risk-of-bias assessment

Each study was assessed for risk of bias by 2 independent
authors using the Cochrane Risk of Bias Assessment tool.
Domains of assessment included: 1) described the method
used to generate the allocation sequence?, 2) described the
method used to conceal the allocation sequence?, 3) was
the analysis in an intent-to-treat population?, and 4) was
the article selective in its reporting of the outcome? (40).
Studies were considered as “high risk” if they contained
methodological flaws that could have affected the results,
“low risk” if the flaw was deemed inconsequential, and
“unclear risk” if information was insufficient to determine. In
the current meta-analysis, studies that were “low risk” for all
domains were considered as high quality or having a low risk
of bias (Table 1). Disagreements were resolved by consensus.

Statistical analysis

The mean differences in changes of cytokine concentrations,
comparing whole-grain and control groups, were used to
calculate the overall effect sizes. When mean differences were
not reported, we calculated them by considering changes
in each cytokine concentration throughout the study. We
converted reported SEs, 95% ClIs, and IQRs to SDs. For
2 studies that had 2 different arms of intervention, we
considered each arm of intervention as a separate study. In
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information

the study of Brownlee et al. (21), there were 2 intervention
arms with different doses of whole grains: in 1 arm the
intervention was 60 g/d of whole grains for 16 wk, whereas
in the other arm it was 120 g/d of whole grains for 8 wk.
After consultation, we decided to include this study in the
meta-analysis as 2 separate studies. Similarly, the study of
Tighe et al. (14) had 2 arms of intervention with different
types of whole grains. When we extracted data from the study
of Kondo et al. (18), we found that the values reported for
serum CRP concentrations were 10 times lower than those in
other studies. Because we got no answer after communicating
with the authors via e-mail, we resolved this disagreement by
deciding to multiply this value by 10 and then included the
findings in our meta-analysis.

The overall effect size was calculated using a random-
effects model, which takes between-study variation into
account. Cochran Q test and I? statistic were used to assess
between-study heterogeneity. In addition, we used subgroup
analysis to detect probable sources of heterogeneity with
the use of a fixed-effects model. These subgroups included
mean baseline serum concentrations of CRP (<3 mg/L
compared with >3 mg/L), participants’ health condition
(healthy compared with unhealthy individuals), duration of
intervention (>8 wk compared with <8 wk), study design
(parallel compared with crossover), participants’ compliance,
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hypocaloric compared with isocaloric diets, adjustment for
baseline levels of the outcome variable, type of intervention
(whole-grain—containing diet compared with specific types
of whole-grain foods), and risk of bias (low risk compared
with others) (Table 2). In these analyses, studies conducted in
healthy individuals were combined with those in overweight
or obese people, and the term “healthy subgroup” was used
for these studies. Other remaining studies were defined as
the “unhealthy subgroup.” When the intervention was based
on a mix of different types of whole-grain foods, we called
it “whole-grain—containing diets.” When specific types of
whole-grain foods like brown rice, whole wheat, and so
forth were used as intervention, we defined these in the
“specific types of whole-grain foods” category. Furthermore,
we applied metaregression to determine the contribution of
whole-grain doses to between-study heterogeneity (Table 3).
Sensitivity analysis was used to explore the extent to which
inferences might depend on a particular study or group of
studies. Publication bias was examined by visual inspection
of funnel plots and the application of the Egger and Begg
tests. All statistical analyses were conducted using Stata,
version 11.2 (StataCorp). P values <0.05 were considered
statistically significant.

Results

Findings from the systematic review

Characteristics of the included studies are shown in Table 1.
These trials were published between 2002 and 2018. A total of
1334 participants, aged >18 y, were included in these studies.
Most studies were conducted on both sexes, but 2 studies
were performed on women only (8, 9). Three studies were
performed in the United States (10, 11, 16), 1 in an Asian
population (18), and the remainder in Europeans (6, 8, 9,
12-15, 17, 19-21, 26). Of 16 clinical trials, 6 had a crossover
design (6, 12, 15, 19, 20, 26) and the others were parallel (8-
11, 14, 16-18, 21).

Seven studies had enrolled individuals with overweight
or obesity (6, 8, 9, 17, 20, 21, 26), 4 had recruited healthy
individuals (13, 14, 16, 19), 4 studies were in persons with
the metabolic syndrome (10-12, 15), and 1 was in patients
with type 2 diabetes (18). Three studies were hypocaloric
(8, 10, 11), and the remainder were isocaloric with energy
requirements (9, 12-15, 17-21, 26). Ten studies provided
whole-grain—containing diets (10, 12-15, 17, 19-21, 26),
whereas the other studies were limited to specific types
of whole-grain foods (8, 9, 18). All included studies were
conducted in a free-living environment. Fourteen studies
were feeding trials, in which whole grains were provided to
study participants (6, 8, 9, 11-16, 18-21, 26). Two studies
were behavioral counseling studies in which participants
received dietary advice on whole-grain intake (10, 17).
Except for 2 studies (14, 18), all reported good compliance
of subjects with the treatment. The duration of intervention
in included clinical trials varied from 2 to 16 wk. Five studies
had controlled their analysis for baseline concentrations of

inflammatory biomarkers (13, 14,17, 18, 26). Five studies had
a low risk of bias in all aspects of the Cochrane method (9,
12-14, 21), whereas others had a high risk of bias or unclear
risk in at least 1 aspect of this method (6, 8, 10, 11, 15-19,
21, 26).

Among 15 studies of serum CRP concentrations,
4 studies reported a significant reduction in serum CRP
concentrations following whole-grain intake (10, 12, 17, 18),
whereas others revealed no significant change (6, 8, 11, 13-
16, 19-21, 26). In terms of serum IL-6 concentrations, only
2 clinical trials reported a significant reduction in the whole-
grain group compared with the control group (9, 19), whereas
others failed to find any significant effect (8, 10-12, 15, 17,
19, 20). Of 7 studies that examined the effects of whole-grain
consumption on serum TNF-¢, only 1 study reported a
beneficial effect (9) whereas the remaining 6 studies revealed
no significant change in serum TNF-« concentrations after
whole-grain consumption, compared with the control group
(10-12, 15, 17, 19). With regard to serum concentrations of
PAI-1, 2 studies reported a lowering effect in the whole-grain
group compared with the control group (10, 21), whereas
1 study demonstrated a positive effect (20).

Findings from the meta-analysis

Of the 16 studies in our systematic review, 14 clinical trials
were included in the current meta-analysis (8-15, 17-21,
26). We considered studies that administered whole grains
in the framework of a diet as well as those that administered
whole-grain products individually. In addition, studies that
compared brown rice with white rice, and whole-wheat
products with refined-wheat products, were considered as
specific whole-grain foods in the analysis. These studies
included 1238 individuals aged >18y.

The effect of whole grains on serum CRP concentrations.
Overall, 15 effect sizes from 13 clinical trials in the overall
population of 1170 individuals were included in this analysis
(8, 10-15, 17-21, 26). Two clinical trials had a third arm
with a different dose of whole grains (21, 14). We considered
each arm as a separate study. Combining effect sizes from
13 studies, we found no significant effect of whole-grain
consumption on serum CRP concentrations [weighted mean
difference (WMD): —0.29 mg/L; 95% CI: —1.10, 0.52 mg/L]
(Figure 2). However, between-study heterogeneity was sig-
nificant (I*: 97.0; P < 0.001). When we excluded the study of
Kondo et al. (18), which had a very different mean for serum
CRP concentrations compared with other publications, the
findings did not change (WMD: —0.28 mg/L; 95% CI: —1.15,
0.59 mg/L).

In the subgroup analysis, we found that mean baseline
serum concentrations of CRP, duration of intervention,
study design, hypocaloric compared with isocaloric diets,
adjustment for baseline concentrations, and risk of bias
could explain between-study heterogeneity. Whole-grain
intake resulted in a significant reduction in serum CRP
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TABLE 2 Subgroup analysis based on fixed-effects models for the effects of whole-grain consumption on inflammatory biomarkers in

adults aged >18y

Effect size, n Mean (95% ClI) P-within 2, % P-between
Whole-grain consumption on serum concentrations of C-reactive protein
Overall 15 —0.29(—1.10,0.52) 0.48 97.0
Baseline concentrations <0.001
Normal (<3 mg/L) 8 0.04 (—0.12,0.20) 0619 84.2
High (=3 mg/L) 7 —1.10(—=1.30, —0.90) <0.001 98.2
Health condition 0.006
Healthy 10 —0.35(—048,-0.22) <0.001 979
Unhealthy 5 —0.97 (—1.39, —0.55) <0.001 772
Duration of intervention <0.001
<8 wk 6 0.94 (0.67,1.22) <0.001 95.9
>8 wk 9 —0.76 (—0.90, —0.62) <0.001 96.5
Study design <0.001
Parallel 10 —0.74 (—0.88, —0.60) <0.001 96.0
Crossover 5 147 (1.15,1.80) <0.001 95.2
Calorie restriction 0.265
Hypocaloric diet 3 —022(-0.57,0.14) 0.232 533
Isocaloric diet 12 — 043 (=057, —0.30) <0.001 976
Type of intervention 048
Whole-grain—containing diet! 12 —0.33(—1.36,0.70) 0.524 976
Specif ic whole-grain product 3 —029(=1.10,0.52) 0.083 0.0
foods?
Adjustment for baseline values 0.013
Nonadjusted 9 —0.10(—0.37,0.17) 0.462 91.2
Adjusted 6 — 049 (—0.63, —0.35) <0.001 97.6
Risk of bias <0.001
Others 10 0.11(=0.10,0.31) 0316 94.5
Low 5 —0.70 (—0.86, —0.54) <0.001 98.5
Whole-grain consumption on serum concentrations of IL.-6
Overall 11 —0.08 (—0.27,0.11) 0.399 67.5
Baseline concentrations 0.84
Normal (<4.4 pg/mL) 10 —0.03 (—=0.11,0.05) 0.445 70.7
High (>4.4 pg/mL) 1 0.50 (—4.67,5.67) 0.850 0.0
Health condition 0.026
Healthy 7 —0.00 (—0.09, 0.08) 0.935 0.0
Unhealthy 4 —0.33(-0.61,—0.06) 0.019 85.2
Duration of intervention <0.001
<8 wk 4 —0.62(—092, —032) <0.001 59.2
>8 wk 7 0.01 (-=0.07,0.10) 0.733 212
Study design <0.001
Parallel 8 0.01 (=0.07,0.10) 0.736 14.2
Crossover 3 —062 (=092, -0.32) <0.001 67.5
Calorie restriction 0413
Hypocaloric diet 3 0.07 (=0.19,0.32) 0.594 0.0
Isocaloric diet 8 —0.04 (=0.13,0.04) 0326 754
Type of intervention 0.399
Whole-grain—containing diet 8 —0.14 (=0.37,0.09) 0.243 759
Specific whole-grain product 3 0.10 (=0.16,0.36) 0.465 67.5
foods
Adjustment for baseline values 044
Nonadjusted 8 —0.05(—0.17,0.27) 0.659 0.0
Adjusted 3 —0.04 (—0.13,0.04) 0322 81.5
Risk of bias 0.355
Others 6 0.03(—0.12,0.18) 0.70 0.0
Low 5 —0.06 (—0.15,0.04) 0.25 843
Whole-grain consumption on serum concentrations of TNF-«
Overall 7 —0.06 (—0.25,0.14) 0.56 73.7
Baseline concentrations 0.67
Normal (<2.3 pg/mL) 5 —0.03(—0.10,0.04) 035 26.8
High (=2.3 pg/mL) 2 —0.24(—1.22,0.74) 0.63 942
Health condition 0.26
Healthy 3 —0.00 (—0.09, 0.09) 0.96 88.5
Unhealthy 4 —0.08 (—0.19,0.03) 0.14 27.8
(Continued)
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TABLE 2 (Continued)
Effect size, n Mean (95% Cl) P-within 2, % P-between

Duration of intervention 0.853
<8 wk 3 —0.01(—0.24,0.21) 091 88.5
>8 wk 4 —0.03 (—0.11,0.04) 033 443

Study design 0.83
Parallel 5 —0.04 (—0.11,0.04) 033 823
Crossover 2 —0.01(=0.24,0.21) 0.92 0.0

Calorie restriction 0.28
Hypocaloric diet 2 —0.09 (—0.22,0.04) 0.15 56.3
Isocaloric diet 5 —0.01(=0.09, 0.07) 0.82 794

Type of intervention 0.56
Whole-grain—containing diet 5 —0.05 (—=0.14, 0.04) 0.25 13.8
Specific whole-grain product 2 —50.25 (—154.84,54.33) 0.346 94.2

foods

Adjustment for baseline values 0.176
Nonadjusted 6 —0.39(-091,0.13) 0.143 76.6
Adjusted 1 0.03 (—0.10, 0.04) 0444 185

Risk of bias 0.78
Others 5 —0.04 (—0.11,0.04) 032 27.2
Low 2 —0.00 (—0.23,0.23) 0.98 94.2

"Whole-grain-containing diet: contained a mix of different types of whole-grain foods.

2Specific types of whole-grain foods: limited to specific foods like brown rice, whole wheat, etc.

concentrations in studies in individuals with elevated serum
concentrations of CRP (WMD: —1.10 mg/L; 95% CI: —1.30,
—0.90 mg/L), in studies performed in healthy (WMD: —0.35
mg/L; 95% CI: —0.48, —0.22 mg/L) and unhealthy individu-
als (WMD: —0.97 mg/L; 95% CI: —1.39, —0.59 mg/L), as well
as those that had a duration of intervention eight weeks or
more (WMD: —0.76 mg/L; 95% CI: —0.90, —0.52 mg/L).
In addition, the beneficial effects of whole-grain intake
on serum CRP concentrations were observed in parallel
RCTs (WMD: —0.74 mg/L; 95% CI: —0.88, —0.60 mg/L),
studies with isocaloric diets (WMD: —0.43 mg/L; 95% CI:
—0.57, —0.30 mg/L), those that adjusted for baseline serum
concentrations of CRP (WMD: —0.48 mg/L; 95% CI: —0.63,
—0.34 mg/L), and studies with a low risk of bias (WMD:
—0.70 mg/L; 95% CI: —0.86, —0.54 mg/L). However, we did
not observe any significant effect in studies with hypocaloric
diets (WMD: —0.22 mg/L; 95% CL: —0.57, 0.14 mg/L).
Combining effect sizes from crossover studies (WMD:
1.47 mg/L; 95% CI: 1.15, 1.80 mg/L) as well as those with a
duration of intervention <8 wk (WMD: 0.94 mg/L; 95% CI:
0.67,1.22 mg/L) revealed a significant increase in serum CRP
concentrations following whole-grain intake.

The sensitivity analysis revealed that exclusion of any
single study did not alter the overall effect of whole-grain
consumption on serum CRP concentrations (range of sum-
mary 95% CI: —1.29, 0.69). In addition, visual inspection of
funnel plots revealed no evidence of substantial publication
bias (Supplemental Figure 1A). When we excluded 2 studies
in which participants received only dietary advice on whole-
grain intake (10, 17), no change in findings was seen (WMD:
—0.18 mg/L; 95% CI: —1.07, 0.71 mg/L). Moreover, after
excluding 2 studies with poor compliance (14, 18), the results
did not significantly change (WMD: —0.15 mg/L; 95% CI:
—1.05,0.75 mg/L).

The effect of whole grains on serum IL-6 concentrations.

Ten clinical trials (8-12, 14, 15, 17, 19, 20), including 903
people, were included in this meta-analysis. However, due to
the study of Tighe et al. (14) having 2 intervention arms we
had 11 effect sizes. Combining these effect sizes, we found
no significant effect of whole-grain consumption on serum
IL-6 concentrations (WMD: —0.08 pg/mL; 95% CI: —0.27,
0.11 pg/mL) (Figure 3). Significant between-study hetero-
geneity was found (I*: 67.5; P = 0.001). When we excluded

TABLE 3 Findings from metaregression on the effects of whole-grain consumption on serum inflammatory biomarkers by considering

dose of whole grains in adults aged >18y

Effect size, n B (95% CI) I residual P value
C-reactive protein 11 —0.002 (—0.044, 0.040) 34.29 0.90
IL-6 8 0.0008 (—0.015,0.015) 0 0.99
TNF-« 4 0.0001 (—0.034, 0.035) 2.19 0.98
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observations

name @) WMD (95% CD) Weight
1
Andersson et al. 2007 (20) 120 : — 0.87(0.36, 1.38) 730
Katcher et al. 2008 (10) 50 g E -2.60 (-4.90, -0.30) 467
Brownlee et al. 2010 (21) 185 —0;—— -0.50(-1.24,0.24) 7.06
[
Brownlee et al. 2010 (21) 185 —:-0— 0.20(-1.19, 1.59) 6.15
Tighe et al. 2010 (14) 136 - E -2.10(-2.34,-1.86) 746
Tighe etal. 2010 (14) 133 : - 0.30(0.06, 0.54) 746
[
Rossetal. 2011 (13) 34 : —_—— 1.88(0.67, 3.09) 6.43
Mello etal. 2011 (17) 68 —:b— -0.20 (-0.75, 0.35) 726
Kristensen et al. 2012 (8) 2 —:Q = -0.17 (-0.54, 0.20) 739
Jackson etal. 2014 (11) 50 —;—D— 0.00 (-1.39, 1.39) 6.15
1
Ampatzoglou et al. 2015 (19) 66 —0—!—- -0.70 (-1.58, 0.18) 6.90
Kirwan et al. 2016 (26) 66 E —_— 3.10(2.57,3.63) .27
Vetrani et al. 2016 (15) 40 —_—— : -2.00(-2.88,-1.12) 6.90
1
Roager etal. 2017 (12) 100 <+ : -4.00 (-6.54, -1.46) 431
Kondo et al. 2017 (18) 28 —Q-E— -0.50 (-1.04, 0.04) 721
Overall (I-squared = 97.0%, p = 0.000) €> -0.29(-1.10,0.52) 100.00
1
NOTE: Weights are from random effects analysis :
| ' |
-6.54 0 6.54

FIGURE 2 Forest plots for the effect of whole-grain consumption on serum CRP concentrations in adults aged >18y, expressed as mean
differences between intervention and control groups. Horizontal lines represent 95% Cls. Diamonds represent pooled estimates from
random-effects analysis. CRP, C-reactive protein; WMD, weighted mean difference.

the studies on specific whole-grain foods from the analysis,
the findings did not change (WMD: —0.08 pg/mL; 95% CI:
—0.27,0.11 pg/mL).

We performed subgroup analysis based on mean base-
line serum concentrations of IL-6 (<4.4 pg/mL compared
with >4.4 pg/mL), participants’ health condition (healthy
compared with unhealthy individuals), duration of inter-
vention (>8 wk compared with <8 wk), study design
(parallel compared with crossover), hypocaloric compared
with isocaloric diets, type of intervention (whole-grain-
containing diet compared with specific types of whole-
grain foods), adjustment for baseline concentrations, and
risk of bias (low-risk compared with others) to find the
possible sources of between-study heterogeneity. We found
that participants’ health conditions, duration of interven-
tion, and study design explained between-study hetero-
geneity. We observed a significant effect of whole-grain
consumption on serum IL-6 concentrations in studies in
unhealthy individuals (WMD: —0.33 pg/mL; 95% CI: —0.61,
—0.03 pg/mL), those with <8 wk duration of intervention
(WMD: —0.62 pg/mL; 95% CI: —0.92, —0.32 pg/mL), and
studies with crossover design (WMD: —0.62 pg/mL; 95%
CI: —0.92, —0.32 pg/mL). However, we did not observe any
significant effect in studies with duration >8 wk (WMD: 0.01
pg/mL; 95% CI: —0.07, 0.10 pg/mL).
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Based on findings from sensitivity analysis, no single study
influenced the final findings on the effect of whole-grain
consumption on serum IL-6 concentrations (range of sum-
mary 95% CI: —0.35, 0.16). Although a moderate asymmetry
was visually seen in the funnel plot (Supplemental Figure 1B),
the Egger regression test (P = 0.74) rejected our hypothesis
about the presence of substantial publication bias. When we
excluded 2 studies in which participants received only dietary
advice on whole-grain intake (10, 17), no significant change
in findings was observed (WMD: —0.08 pg/mL; 95% CI:
—0.31,0.14 pg/mL). Without 2 studies with poor compliance,
the results did not alter much (WMD: —0.13 pg/mL; 95% CI:
—0.46, 0.19 pg/mL).

The effect of whole grains on serum TNF-o concentra-
tions.

Overall, 7 studies with a total sample of 442 people were con-
sidered to examine the effect of whole-grain consumption on
serum TNF-o concentrations (9-12, 15, 17, 19). Combining
estimates of these studies, we found no significant effect of
whole-grain consumption on serum TNF-a concentrations
(WMD: —0.06 pg/mL; 95% CI: —0.25, 0.14 pg/mL) (Figure
4). There was evidence of high between-study heterogeneity
(I?: 73.7;, P = 0.001). When we excluded the studies
on specific whole-grain foods, our findings did not alter
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1
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FIGURE 3

Forest plots for the effect of whole-grain consumption on serum IL-6 concentrations in adults aged >18y, expressed as mean

differences between intervention and control groups. Horizontal lines represent 95% Cls. Diamonds represent pooled estimates from

random-effects analysis. WMD, weighted mean difference.

(WMD: —0.04 pg/mL; 95% CIL: —0.12, 0.04 pg/mL); how-
ever, between-study heterogeneity was reduced (I*: 10.4,
P =0.34).

We conducted subgroup analysis based on mean baseline
serum concentrations of TNF-a (<2.3 pg/mL compared
with >2.3 pg/mL), participants’ health condition (healthy
compared with unhealthy individuals), duration of inter-
vention (>8 wk compared with <8 wk), study design
(parallel compared with crossover), hypocaloric compared
with isocaloric diets, type of intervention (whole-grain-
containing diet compared with specific types of whole-
grain foods), adjustment for baseline concentrations, and
risk of bias (low risk compared with others). We did not
observe any significant effect in studies performed on healthy
(WMD: —0.00 pg/mL; 95% CI: —0.09, 0.09 pg/mL) and
unhealthy individuals (WMD: —0.08 pg/mL; 95% CI: —0.19,
0.03). None of these variables explained between-study
heterogeneity.

We observed that the overall effect of whole-grain con-
sumption on serum TNF-«o concentrations did not depend
on a single study based on our sensitivity analysis (range of
summary 95% CIL: —0.41, 0.23). No evidence of publication
bias was seen (P = 0.12) (Supplemental Figure 1C). When
the analyses were repeated after exclusion of 2 studies in
which participants received only dietary advice on whole-
grain intake (10, 17), no significant change in findings was

observed (WMD: —0.11 pg/mL; 95% CI: —0.62, 0.40 pg/mL).
Moreover, after exclusion of 2 studies with poor compli-
ance, we did not observe any significant change (WMD:
—0.06 pg/mL; 95% CI: —0.25, 0.14 pg/mL).

The effect of whole grains on serum PAI-1 concentrations.
Overall, 4 effect sizes from 3 clinical trials in 540 individuals
were included in this analysis (10, 20, 21). The study by
Brownlee et al. (21) had a third arm with a different dose of
whole grains. We considered each arm as a separate study.
Combining these effect sizes, we found no significant effect
of whole grain consumption on serum PAI-1 concentrations
(WMD: —3.59 ku/L; 95% CIL: —1.25, 8.44 ku/L).

Dose-response effect of whole grains on inflammation.

We used metaregression to assess the dose-response effect
of whole grains on inflammatory biomarkers. With regards
to serum CRP concentrations, pooling the information
from 9 studies (8, 11-14, 19-21, 26), we found no signif-
icant dose-response effect of whole-grain consumption on
serum CRP concentrations (8 = —0.002; 95% CI: —0.044,
0.040; P = 0.90). This was also the case for circulating
serum IL-6 concentrations. Combining information from
6 studies in the meta-regression (8, 9, 11, 12, 14, 19), no
significant dose-response effect was observed (8 = 0.0008;
95% CI: —0.015; 0.015, P = 0.99). With regards to serum
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FIGURE 4 Forest plots for the effect of whole-grain consumption on serum TNF-ax concentrations in adults aged >18y, expressed as
mean differences between intervention and control groups. Horizontal lines represent 95% Cls. Diamonds represent pooled estimates

from random-effects analysis. WMD, weighted mean difference.

TNF-o¢ concentration, 4 studies that provided required
information on whole-grain doses were included in the
metaregression (9, 11, 12, 19). This analysis revealed no
dose-response effect of whole-grain intake on serum TNF-
« concentrations as well (8 = 0.0001; 95% CI: —0.034, 0.035;
P =0.98).

Discussion

Opverall findings of the current study do not show beneficial
effects of whole-grain intake on serum concentrations of
CRP, IL-6, and TNF-a. However, we found a significant
reduction in serum concentrations of CRP among studies
with >8 wk of intervention, those that adjusted for baseline
outcome variable, studies with low risk of bias, those
that administered isocaloric diets, and those that enrolled
participants with elevated inflammation. Moreover, follow-
ing whole-grain intake, serum IL-6 concentrations were
significantly reduced in studies with <8 wk of intervention,
studies with a crossover design, and those that included
unhealthy participants. In addition, no dose-response effect
of whole-grain intake on serum concentrations of CRP, IL-6,
and TNF-« was seen. To the best of our knowledge, this study
is the first comprehensive meta-analysis that summarizes
prior publications on the effects of whole-grain consumption
on systemic inflammation. Moreover, 2 earlier meta-analyses
in this field (22, 23) have several limitations that make their
findings misleading.
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Observational studies indicated an inverse relation be-
tween whole-grain intake and inflammatory markers (5-7).
However, findings from the epidemiological studies should
be interpreted with caution, because different definitions
of “whole-grain foods” have been proposed across studies.
Besides, they might include some products that do not
meet the definition of whole grains (e.g., bran cereals),
or exclude potentially important sources of whole grains
(e.g., brown rice) (41). Despite significant effects in some
subgroups, we did not find any beneficial effect of whole-
grain consumption on serum CRP concentrations. Based
on a review of 13 epidemiological and 5 interventional
studies, Lefevre and Jonnalagadda (41) reported that con-
sumption of each serving of whole grains might reduce
serum CRP by ~7%. However, they did not demonstrate
a clear effect of increased whole-grain consumption on
markers of inflammation. In a meta-analysis of studies
investigating the effect of a whole-grain-rich Mediterranean-
style diet on inflammatory cytokines, no overall significant
effect on serum CRP concentrations was found (42). Unlike
our findings, 2 recent meta-analyses reported an overall
significant reduction in serum CRP concentrations in a het-
erogeneous group of participants allocated to receive whole-
grain intake (22, 23). Some methodological limitations in
these studies might explain the discrepant findings. In the
study of Hajihashemi and Haghighatdoost (22), 6 relevant
RCTs were not included (11, 14, 17-19, 26); of these 6 studies
4 publications failed to find any significant effect of whole-
grain consumption on serum CRP concentrations (11, 14, 21,



26). In addition, the authors included a quasiexperimental
study without any control group (35). Xu et al. (23) did not
include the study of Kirwan et al. (26) despite its meeting
all required criteria for inclusion. Furthermore, in both
above-mentioned meta-analyses, the investigators included
an RCT performed in children, in which whole-grain con-
sumption significantly reduced serum CRP concentrations
(43). Combining the effect sizes from studies performed in
children with those in adults can distort the findings, because
the nature of inflammation in children and adults might
have different origins: in particular, in children it might be
due to growth and development and changes in concentra-
tions of growth hormone and insulin-like growth factor I
(25).

In the current meta-analysis, we found a significant
reduction in serum concentrations of CRP in studies with
a duration >8 wk. This is in line with the findings of a
previous meta-analysis by Hajihashemi and Haghighatdoost
(22) and in contrast to the findings of Xu et al. (23) in
another meta-analysis. When we confined the analysis to
studies with elevated baseline serum CRP concentrations,
a significant reduction was seen following whole-grain
intake. Similar findings were also achieved in studies with
a duration of intervention >8 wk. In crossover studies,
whole-grain intake resulted in a significant increase in
serum CRP concentrations. Earlier publications suggested
that initial serum concentrations of CRP could be a predictor
of response to dietary interventions including whole-grain
foods (7). Because each mentioned category consisted of
studies with different baseline serum concentrations of CRP,
interpretation of the results was complicated. However, we
found a significant reduction in serum CRP concentrations
in studies that adjusted for baseline values of serum CRP.
Surprisingly, despite a significant decline in serum CRP
concentrations in studies with isocaloric diets, we did not
find any significant decrease in serum CRP concentrations
in studies with hypocaloric diets (WMD: —0.22 mg/L; 95%
CI: —0.57, 0.14 mg/L). However, in such studies, both whole-
grain and control groups had received calorie-restricted
diets (8, 10, 11). When we stratified studies by the health
status of the studied population, we observed a significant
reduction in serum concentrations of CRP following whole-
grain intake in both subgroups of healthy and nonhealthy
participants. This could be attributed to the high frequency of
overweight and obese individuals among apparently healthy
participants, in which slightly elevated levels of inflammation
are evident.

We did not find any significant effect of whole-grain intake
on serum concentrations of IL-6 (WMD: —0.08 pg/mL; 95%
CI: —0.27, 0.11 pg/mL). This finding was not consistent with
the results of 2 recently published meta-analyses (22, 23), in
which a significant reduction in serum IL-6 concentrations
occurred following whole-grain intake. However, their find-
ings might be misleading because of several limitations. For
instance, in the study of Hajihashemi and Haghighatdoost
(22) 2 RCTs that reported no significant effect of whole-
grain consumption on serum IL-6 concentrations were

not included (11, 17). Moreover, Xu et al. (23) excluded
2 eligible studies in which nonsignificant effects of whole-
grain intake on serum IL-6 were reported (8, 12). In a
meta-analysis of studies of whole-grain-rich Mediterranean
diets, significant reductions in serum IL-6 concentrations
were seen (43). However, these reductions might also be
attributed to the high content of other components in the
Mediterranean diet such as fruits and vegetables. Despite the
lack of any significant effect of whole-grain intake on serum
IL-6 concentrations in this study (WMD: —0.08 pg/mL; 95%
CL: —0.27, 0.11 pg/mL), our stratified analysis revealed a
significant decline in this biomarker in studies conducted
on unhealthy individuals. In addition, we found a significant
reduction in serum IL-6 concentrations in studies with a
short duration of intervention (<8 wk). This would seem to
contradict our findings about CRP, in which the effect was
seen for studies with a long duration of intervention. The
discrepant findings about CRP and IL-6 might be explained
by the fact that most studies examining the effect on serum
IL-6 did not control for baseline concentrations of this
biomarker, whereas studies on CRP mostly adjusted for the
baseline concentrations (12, 13, 18, 26). Moreover, lack of
a significant effect for IL-6 in studies with a long duration
of intervention (>8 wk) might be due to changes in weight
between intervention and control groups (WMD: 0.01; 95%
CI: —0.07, 0.10 pg/mL). For instance, in 2 of 6 RCTs with
an intervention duration >8 wk, participants in the control
group had greater weight loss than those in the intervention
group (10, 11).

In the current study, we found no significant effect of
whole-grain consumption on serum TNF-a concentration
(WMD: —0.06 pg/mL; 95% CI: —0.25, 0.14 pg/mL). Such
a finding was also seen in our subgroup analyses. Recent
meta-analyses showed no significant effect of whole-grain
consumption on serum TNF-a concentration (22, 23). In
addition to missing some eligible RCTs in both meta-
analyses, Hajihashemi and Haghighatdoost (22) included a
quasiexperimental study in the analysis of serum concen-
trations of TNF-«. Furthermore, Xu et al. (23) included
a clinical trial that examined the influence of whole-grain
consumption on immune cell TNF-o production, not serum
concentrations. Lack of significant effects of whole-grain
intake on serum TNF-« concentration was also reported in
another meta-analysis in healthy individuals who received
a whole-grain-rich diet (42). Lack of a significant effect of
whole-grain consumption on serum TNF-« concentration
might be explained by the limited number of RCTs with a
low risk of bias. Overall, further studies are needed to reveal
the true effect of whole-grain consumption on serum TNF-o
concentration.

Although we found no significant effect of whole-
grain consumption on inflammatory biomarkers, the anti-
inflammatory properties of this food group have been shown
in previous studies (10, 17, 18). Whole-grain intake can
decrease insulin resistance through which it can reduce
elevated concentrations of inflammatory biomarkers (44).
Furthermore, whole-grain intake can decrease inflammation
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through weight loss (12). Whole grains contain high amounts
of fiber, polyphenols, and omega-3 fatty acids, all of which
have anti-inflammatory properties (1). In addition, whole
grains might influence inflammation through their effects on
the gut microbiome population (12).

As strengths of the current study, it must be noted that we
considered all clinical trials conducted on the effect of whole-
grain intake, whether as a whole-grain-rich diet or specific
whole-grain foods, on inflammatory biomarkers. However,
some limitations should be considered. For instance, differ-
ent methods of whole-grain prescription, calorie restriction
in a number of studies, different methods used for measuring
inflammatory biomarkers, lack of controlling for baseline
measures in some studies, and different study designs should
be taken into account.

Altogether, unlike observational studies, we found no
evidence of the favorable effect of whole-grain intake on
selected markers of subclinical inflammation when combin-
ing published data from interventional studies. However, a
significant reduction in serum concentrations of CRP was
seen for studies with >8 wk of intervention, those that
adjusted for baseline levels of inflammation, studies with
low risk of bias, those that administered isocaloric diets,
and those that enrolled participants with elevated inflam-
mation. Moreover, high intakes of whole grains resulted in
reduced serum IL-6 concentrations in studies with <8 wk
of intervention, studies with crossover designs, and those
that included unhealthy participants. It must be noted that
the current meta-analysis reveals significant heterogeneity
among the studies, overall and in subgroups, making it
inappropriate to derive firm conclusions (for or against) on
the effect of whole grains on systemic inflammation. Future
interventional studies recruiting homogeneous groups of
participants with a long period of intervention are required
in this area. Moreover, conducting future studies with higher
doses might not add much because we did not find any dose-
response effect in spite of the wide range of whole-grain doses
in the analyzed studies (60-160 g/d), which ranged higher
than the recommended amount of 75 g/d.
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