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Altered immune cell phenotype and chronic inflammation are key features shared by various chronic diseases. Evidence from nutritional
interventions aimed at alleviating inflammation could be a promising approach for the prevention of adverse health outcomes. We therefore
aimed to conduct a systematic review and meta-analysis of randomized controlled trials (RCTs) to summarize the recent evidence on the effects
of dietary patterns on inflammatory and immune-related biomarkers in humans. PubMed, Medline, and Web of Science databases were searched
for publications up to October 2020. In total, 22 RCTs were included in the meta-analysis conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines. The Mediterranean diet appeared as the dietary pattern that showed the most prominent
reductions of inflammatory biomarkers such as IL-6 [mean difference (MD): ~1.07 pg/mL (95% Cl: ~1.94,-0.20); /*: 96%], IL-1 8 [MD: ~0.46 pg/mL (95%
Cl:-0.66,-0.25); 1 0%], and C-reactive protein [MD: ~1.00 mg/L (95% Cl: -2.02,0.01); *: 100%]. No substantial effects were observed for the additional
dietary patterns studied in intervention research, including the Dietary Adherence to Stop Hypertension diet, and the vegetarian or vegan diets.
Future large-scale multifactorial intervention studies are warranted to allow direct comparison of various dietary patterns in relation to a range of
biomarkers reflecting multiple inflammatory and immune-related pathways. Adv Nutr 2022;13:101-115.

Statement of Significance: The overall evidence highlights the beneficial anti-inflammatory effects of the Mediterranean diet in adults.
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Introduction

Altered immune cell phenotype and chronic inflammation
are key features shared by various chronic diseases, in-
cluding cardiovascular disease, diabetes, and cancer (1).
Compromised immune system function has proven to be
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one of the main determinants of disease severity and fatality
(2), in particular during the COVID-19 pandemic. The
pandemic has infected >133 million people worldwide (as
of April 2021) and accounted for 2.8 million deaths (3), with
unprecedented consequences on the global economy and
public health (4, 5).

As opposed to acute inflammation, chronic inflammation
is not resolved over time and is characterized by the sustained
production of proinflammatory molecules with detrimental
actions on various organ and system levels (1). Phenotypes
associated with chronic inflammation can include aging
and immune senescence, dysfunctional mitochondria and
sustained oxidative stress, autoimmune reactions, obesity-
induced immune cell dysregulation and inflaimmasome
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activation, and infections (e.g., SARS-CoV-2), amongst
others (1, 6-8). As an example, both older and obese
individuals are particularly prone to increased production of
proinflammatory molecules and reduced production of anti-
inflammatory molecules, i.e., increased macrophages that
are responsible for cytokine production including TNF-«
and IL-6 (9). Common to all phenotypes, inflammation and
disturbed immune balance are associated with more severe
clinical outcomes (1, 10). Thus, in COVID-19 patients, excess
cytokine production was shown to lead to a deficiency in
control of viral replication and a prolonged proinflammatory
response (11). Elevated concentrations of IL-6 and C-reactive
protein (CRP) are present in mild and severe COVID-19
patients, regardless of their comorbidities (12). Interventions
targeted at modifying circulating biomarkers of immune
response and inflammation may therefore provide valid
means for preventing disease development and progression.

In this context, a number of dietary factors with anti-
inflammatory potential have been explored in mechanistic
and/or epidemiologic studies, including specific nutrients,
e.g., w-3 fatty acids (13), polyphenols (14), or individual
food groups such as whole grains, fruits, and vegetables
(15). However, in those studies the synergistic or interactive
effects of food components could not be taken into account
(16, 17). Evaluation of dietary patterns represents a real-life
approach towards examining diet-health associations (16)
and the development of contemporary dietary guidelines
(18). In recent years, nutrition research has shifted towards
examining the effects of composite dietary patterns instead
of focusing on single nutrients. Consequently, the number of
studies that have explored various dietary patterns in relation
to inflammatory biomarkers has constantly grown (17, 19-
21). Several meta-analyses have assessed the relation between
individual food components or specific dietary patterns (15,
21-25); however, to our knowledge, to date, there has not
been a comprehensive study that reviews the effects of various
dietary patterns on biomarkers of immune response and
inflammation. Therefore, we conducted a systematic review
and a meta-analysis of randomized controlled trials (RCTs)
to summarize the recent evidence on the effects of dietary
patterns on inflammatory and immune-related biomarkers in
humans.

Methods

This systematic review and meta-analysis was guided by the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (26). The protocol for the
current review was registered at PROSPERO (registration
number: CRD42021218829).

Search strategy

Relevant studies were identified by systematically searching
for publications between January 2015 to October 2020 in
the following electronic databases: PubMed, Medline, and
Web of Science. The following combination of Medical
Subject Heading (MeSH) terms and text words were used:
(“Eat-Lancet diet”[All Fields] OR “planetary health diet”[All
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Fields] OR “portfolio diet’[All Fields] OR “DASH”[All
Fields] OR “Dietary Approaches to Stop Hypertension”[All
Fields] OR “Dietary Inflammatory Index”[All Fields] OR
“Nordic diet”’[All Fields] OR “paleolithic diet”[All Fields]
OR “plant-based diet”[All Fields] OR “vegetarian diet”[All
Fields] OR “vegan diet”[All Fields] OR “Mediterranean
diet”[All Fields] OR “dietary patterns”[All Fields] OR “eating
patternx”[All Fields] OR “food patternx”[All Fields] OR
“diet index”[All Fields] OR “dietary index”[All Fields] OR
“diet score”[All Fields] OR “dietary score”[All Fields]) AND
(“immun="[All Fields] OR “inflammatx”[All Fields] OR
“CRP”[AIl Fields] OR “C-reactive protein”[All Fields] OR
“IL”[All Fields] OR “interleukins”[All Fields] OR “TNF”[All
Fields] OR “tumor necrosis factor’[All Fields] OR “acute-
phase protein#”[All Fields] OR “adipokin«”[All Fields] OR
“cytokinex”[All Fields]).

Eligibility criteria

Studies were included if they reported on the effect (in-
tervention studies) of dietary patterns (as exposure) with
biomarkers of inflammation (as outcome). The inclusion cri-
teria were as follows: 1) assessment of dietary patterns (based
on whole foods) as the main exposure; 2) plasma/serum
measurements of biomarkers as main outcome measures; 3)
enrolled humans at adult and old age (>18 y); 4) RCTs with
parallel or crossover design; 5) studies written in English and
published in peer-reviewed journals, and 6) reported data to
allow calculation of the mean difference (MD) in biomarker
concentrations in intervention and control groups.

The exclusion criteria were: I) no original research (e.g.,
reviews, editorials, nonresearch letters); 2) observational
studies (cross-sectional, case-control, or prospective cohort
studies) and nonrandomized intervention studies; 3) case
reports or case series; 4) ecological studies; 5) lack of
data on dietary patterns (e.g., examined only individual
nutrients or did not examine all dietary components); 6) no
repeated measurements of biomarkers; 7) short duration of
intervention (<4 wk); 8) studies not conducted in humans;
9) studies not conducted in an adult population (<18 y);
10) studies conducted in pregnant women; and 11) studies
without reported data to allow the calculation of effect
estimates. Additionally, intervention studies were excluded
if they used lifestyle interventions in conjunction with diet
intervention (e.g., exercise or behavioral management). The
exclusion of short-duration interventions was applied to
allow characterizing the potential effect of habitual diet on
changes of biomarker concentrations over a longer period
of time rather than acute effects of initial drastic dietary
change.

Study selection and data extraction

Identified records were imported into EndNote referencing
software (version X7,2013; Thomson Reuters) and their titles
and abstracts were screened by 2 independent reviewers (LK
and TH). Full-text articles were retrieved if the article was
considered eligible and subjected to a second evaluation by
the 2 independent reviewers (LK and TH). Any discrepancies



and disagreements were discussed and resolved by 2 other
independent reviewers (CER and KA). After retrieval of
full-text articles, the reference lists of the articles and other
reviews on dietary patterns and inflammation were checked
to identify additional potentially relevant articles that could
be included.

Data extraction was performed by 2 independent re-
viewers (LK and TH) using a predefined data extraction
form. The following information was extracted: first author,
publication year, country, study design (parallel or crossover
RCT) and duration of the intervention, participant charac-
teristics including sample size, mean age, proportion male,
mean BMI, health status of participants, dietary patterns
in intervention and control groups, biomarkers measured,
and main findings (pre-/postintervention values and/or net
change values wherever possible).

Risk-of-bias judgment and quality assessment

The assessment of study bias was done using the Cochrane
Risk-of-Bias Tool for RCTs (27). Risk of bias was judged
as low, high, or unclear for individual elements: 1) random
sequence generation (selection bias); 2) allocation conceal-
ment (selection bias); 3) blinding of outcome assessment
(detection bias) and self-reported outcomes; 4) incomplete
outcome data addressed (attrition bias); 5) selective reporting
(reporting bias); 6) other bias (other sources of bias that have
been detected by the reviewer). Two figures were generated
to demonstrate the risk-of-bias assessment of individual and
overall studies that have been included in the systematic
review and meta-analysis.

Meta-analyses

Meta-analyses were performed with the “meta” package in
R (version 3.4.3, R Foundation for Statistical Computing)
after assessing comparability and risk of bias of the included
RCTs. MDs in changes of biomarkers, comparing diet
intervention and control groups, were used to calculate
the overall effect size. A standardized data-extraction tool
suggested by Cochrane Collaboration (Review Manager)
was used to calculate pre-post changes in the means, and
where necessary, we converted reported SEs, 95% Cls, and
IQRs to SDs using relevant formulas. The units of the
biomarkers were standardized to make the results of the
studies comparable. Log-transformed values were converted
back to crude/normal values.

In the case of intervention studies with multiple interven-
tion arms, results on 1 intervention were reported, and if
the interventions differed substantially from each other, the
control group was pooled with the other intervention arm.
In the case of publications reporting biomarker data from the
same trial, the study with the larger sample size was included
in the analysis. In the case of studies reporting stratified
analyses within the intervention and control groups, the
results were merged within the group. Crossover studies were
dealt with as though the interventions were paired.

The overall effect sizes were calculated using random-
effects models to determine the association between dietary

patterns and concentrations of inflammatory biomarkers,
taking individual study variations into account. Forest plots
were generated to illustrate the study-specific effect sizes with
95% CI. A P value of <0.05 was considered as statistically
significant.

Subgroup analyses were further conducted to detect
probable sources of heterogeneity. Subgroup analyses were
based on stratification of the following categories: age
(<60 y compared with >60 y), sex (male compared with
female), geographic region (Americas, Asia, Europe, or Ocea-
nia), participants’ health conditions (healthy, with prevalent
metabolic syndrome, cardiovascular disease, type 2 diabetes,
or other), BMI (<30 compared with >30 kg/m?), duration of
intervention (<6 mo compared with >6 mo; <1 y compared
with >1 y), study design (parallel compared with crossover
trial), and weight loss (in both intervention and control
groups, in the intervention group only, in the control group
only, or in neither intervention nor control groups).

In sensitivity analyses, the extent to which inferences
may depend on study effect size (i.e., with smaller sample
size) were explored. In studies with multiple follow-up mea-
surements, sensitivity analyses were done including earlier
follow-up values. Potential publication bias was examined
by visual inspection of funnel plots for meta-analysis with
n >10 studies included, and asymmetry was tested using
Egger’s test. Duval and Tweedie’s trim-and-fill procedure
was performed to estimate what the actual effect size would
be had the small studies been published. This procedure
assumes that the initial results were overestimated due to
publication bias and calculates the true effect after controlling
for selective publication.

Results

Search results

In Figure 1, the PRISMA flow diagram including the
identification, screening, eligibility, and number of studies
included is shown. The initial search yielded a total of 2497
studies. After title and abstract screening, 216 publications
were included in full-text evaluation. Following the screening
of the full text, articles were excluded because of the following
reasons:

1) inappropriate study design (no RCT); 2) no data on
inflammatory biomarkers as outcomes (n = 163); 3) no
reports on dietary patterns as intervention (n = 20); 4)
inappropriate intervention duration (<4 wk) (n = 2); 5)
inappropriate study population (aged <18 y or pregnant
women) (n = 5); 6) inappropriate or invasive sampling
(n = 1); 7) inappropriate publication format (n = 2); 8)
animal studies (n = 1). Among these, 22 articles were
identified as meeting the eligibility criteria. In addition, 1
study was found through the manual searching of reference
lists of selected studies. A total of 23 articles have been
included in the systematic review. For the meta-analysis, 1
additional study was excluded due to insufficient data to
calculate mean biomarker differences. In total, 22 studies
were eligible for performing a meta-analysis.
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Records identified in PubMed and other databases
(n =2497)

l

Title and abstract screened
(n =2497)

Records excluded

A4

Full-text articles assessed for eligibility
(n =216)

(n = 2281)

Full-text articles excluded:
Inappropriate study design and do not include:
inflammatory biomarkers (n = 163)

Do not include dietary patterns (n = 20)

A 4

Inappropriate intervention duration (< 4 wk) (n = 2)
Inappropriate study population (n = 5)
Inappropriate/invasive sampling (n = 1)
Inappropriate publication format (n = 2)
Animal studies (n = 1)

Studies identified from reference lists of selected studies

s

Studies included in systematic review
(n=23)

and further databases search screening (e.g., Google
scholar, Web of Science)
(n=1)

> Insufficient data to calculate mean differences

A 4

Studies included in meta-analysis
(n=22)

FIGURE 1
excluded studies.

Characteristics of included studies

Table 1 summarizes the main characteristics of the studies
from the systematic literature search. Overall, there were
23 RCTs on dietary pattern interventions and inflammatory
biomarkers that measured between-group effect (28-50). Of
these, 20 studies had a parallel design (28-30, 32-35, 37-
42, 44-50) and 3 studies used a crossover design (31, 36,
43). The studies were conducted in 11 different countries,
including Australia (n = 5), Spain (n = 4), Poland (n = 3),
USA (n = 3), Iran (n = 2), Greece (n = 1), United Kingdom
(n=1), Italy (n = 1), Sweden (n = 1), Denmark (n = 1), and
Brazil (n = 1) (28-50). The study size among included studies
ranged from 23 to 1139 participants (28-50). Nineteen
studies included both sexes, with prevailing proportions of
participating women than men (28, 29, 31, 33-36, 38-46, 49,
50), whereas 4 studies included only women (32, 37, 48) or
men (30), respectively. With regards to prevalent diseases,
3 studies included adults with cardiovascular disease (28,
33, 34), whereas 11 studies included adults characterized
by existing cardiovascular disease risk factors (including
obesity and type 2 diabetes) (31, 32, 36, 37, 39, 43-45, 50).
Within all studies included in the meta-analysis, 4 included
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(n=1)

Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram of the study selection and number of

older participants (aged >55 y) (38, 40, 42, 46) among
which 2 studies included only healthy participants (38, 40)
and the other 2 included older adults with a high risk of
cardiovascular disease (42, 46). Duration of interventions
ranged from 4 wk to 5y (28-50). Among the dietary patterns
assessed, the Mediterranean diet was the most investigated
diet (n = 16) (30-33, 35-44, 46, 47), followed by the Dietary
Adherence to Stop Hypertension (DASH) diet (n = 4) (28,
29, 45, 48). Other studies assessed a vegan diet (n = 1) (34),
a vegetarian diet (n = 1) (29), the New Nordic Diet (n = 1)
(49), and the Nordic prudent diet (n = 1) (50) collectively
categorized as “vegetarian/vegan diet” in the current meta-
analysis.

Table 2 provides a summary of the results for all evaluated
biomarkers of inflammation, including information on sig-
nificant between-group differences in intervention compared
with control groups. Overall, CRP was the most commonly
evaluated inflammatory biomarker (n = 18) (28, 29, 31, 33-
37, 39,40, 43-50), followed by IL-6 (n =9), (30, 32, 35, 38, 39,
41-43, 46), TNF-a (n = 7) (32, 38, 41-43, 46, 49), and IL-8
(n=15) (30, 35,41-43). Remaining inflammatory biomarkers
that were evaluated in 2 or more studies include adiponectin
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TABLE2 Summary of pooled estimates for mean differences in biomarker concentrations after the Mediterranean diet, DASH diet, and

vegetarian/vegan diet

Total number of Mean difference

Diet Biomarker Number of studies participants (95% CI) ?
Mediterranean CRP, mg/L 11 1805 -1.00 (-2.02,0.01) 97%
IL-6, pg/mL 8 524 -1.07 (-1.94,-0.20) 96%
IL-8, pg/mL 5 229 -1.34(-2.96,0.14) 88%
TNF-a, pg/mL 4 335 -1.69 (-3.40,0.02) 89%
IL-18, pg/mL 3 178 -0.46 (-0.66,-0.25) 0%
E-selectin, ng/mL 3 206 -2.20(-7.43,3.02) 93%
IFN-y, pg/mL 3 178 -1.19(-2.91,0.53) 98%
DASH CRP, mg/L 4 348 -0.27 (-0.62, 0.08) 72%
\legetarian/vegan CRP, mg/L 4 413 -0.78 (-1.80, 0.25) 97%

CRP, C-reactive protein; DASH; Dietary Approaches to Stop Hypertension.

(n=13) (35, 44, 49), E-selectin (n = 3) (39, 42, 43), and IFN-y
(n = 3) (41, 43).

Pooled effects of Mediterranean diets on inflammatory

biomarkers

The Mediterranean dietary pattern was significantly associ-
ated with a reduction of IL-6 [MD: -1.07 pg/mL (95% CL:
~1.94, -0.20); %: 96%) and IL-18 [MD: -0.46 pg/mL (95%
CIL: -0.66, -0.25); I?: 0%] (Table 2). Biomarkers CRP, IL-
8, and TNF-« also showed a tendency to decrease after a
Mediterranean diet, albeit pooled estimates did not reach
statistical significance. No effects were revealed for the
remaining biomarkers E-selectin and IFN-y after following
a Mediterranean diet (Figure 2).

Pooled effects of DASH diets and vegetarian/vegan
diets on CRP concentrations

Figure 3 presents the pooled effects of the DASH diet (A) and
the vegetarian/vegan diets (B) on CRP concentrations. Both
dietary patterns led to a decrease in CRP concentrations, yet
pooled estimates did not reach statistical significance. Mean
differences in CRP concentrations between intervention and
control groups were —0.27 mg/L (95% CI: -0.62, 0.08; I*: 72%)
for the DASH diet and -0.78 mg/L (95% CI: -1.80, 0.25; I
97%) for the vegetarian/vegan diet.

Subgroup analysis and metaregression

All pooled studies showed considerable heterogeneity, except
for the effect of Mediterranean diet on IL-18 (Table 2).
In stratified analyses, studies conducted in the Americas,
Europe, and Oceania showed stronger effects in reducing
TNF-« (43), CRP (37, 39, 44, 46, 47), and IL-6 (30, 33),
respectively. Studies with a length of intervention over 1y
showed stronger effects for CRP (44, 46, 47) and IFN-y
(42) (Supplemental Table 1). Studies with a parallel design
showed stronger effects in reducing CRP [MD: -1.45 mg/L
(95% CI: -2.54, —0.37)] (33, 35, 37, 39, 40, 44, 46, 47)
compared with crossover studies [MD: -0.10 mg/L (95% CI:
-0.13, -0.07); P-group difference: 0.01] (31, 36, 43). Studies
with predominantly female participants showed stronger
effects of IL-8 and CRP after following the Mediterranean
diet (35, 41-43), and DASH (45, 48) or vegetarian/vegan diet
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(49, 50), respectively. In stratified analysis by weight loss, a
study reporting no weight loss following a Mediterranean
diet showed stronger effects for IL-6, IL-8, TNF-«, IL-18,
E-selectin, and IFN-y (43). Studies reporting weight loss in
intervention and control groups found significantly stronger
reductions of CRP (37, 39, 44). In the vegetarian/vegan diet,
stronger effects were observed in studies reporting weight
loss in the intervention group (35, 46). However, these
potential sources of heterogeneity should be interpreted with
caution due to the small size of the subgroups (Supplemental
Table 2).

In sensitivity analysis with shorter follow-up measure-
ments, the pooled effect estimate of the Mediterranean diet
and TNF-« was stronger and significant [MD: -1.79 pg/mL
(95% CI: -3.52, -0.07)], whereas the effect estimate of the
Mediterranean diet and CRP attenuated towards null [MD:
-0.91 mg/L (95% CI: 1.99, 0.16)]. Results for IL-6 and IL-
1B remained stable (Supplemental Table 3). In sensitivity
analysis excluding a study on gene-diet interactions (47), the
effect estimate for CRP became stronger [MD: -0.71 mg/L
(95% CI: -1.34, -0.09)].

Multivariable metaregression yielded significant results
for the Mediterranean diet and CRP with regard to duration
of the study [B-coeflicient (SE): -0.01 (0.002); P <0.0001]
and study size [ B-coefficient (SE): —0.003 (0.001); P <0.0001]
(Supplemental Table 4). No significant results were seen for
study size, sex, BMI, or age. For the remaining biomarkers
and dietary patterns, the number of studies was too low to
conduct metaregression analysis (n <10).

Risk of bias and quality of included studies

Figure 4 shows the quality assessment results of the selected
studies and the estimated risk of bias. Above 90% and 85%
of the studies had adequate random sequence generation
and low risk of bias for allocation concealment, respectively,
rendering an overall low risk of selection bias for included
studies. Above 50% of the studies displayed unclear risk for
blinding of outcome assessment (detection bias), whereas
<40% of the studies presented an unclear risk of bias for
incomplete outcome data addressed (attrition bias). Above
80% of the studies had an unclear risk of bias for selective
reporting, rendering overall unclear risk of reporting bias in



A C-reactive protein

Study Mean Difference (mg/L) MD [95% CI] Weight
Jaacks, 2018 (35) -3.22 [-8.34; 1.90] 2.9%
Gomez-Delgado, 2015 (47) -3.13 [-3.46;-2.80] 10.3%
Casas, 2016 (46) -3.10 [-3.93;-2.27] 9.8%
Rallidis, 2017 (39) ~1.50 [-2.39; -0.61] 9.7%
Maiorino, 2016 (44) -0.78 [-1.45;-0.11] 10.0%
Dus-Zuchowska, 2018 (37) -0.40 [-1.81; 1.01] 8.7%
Davis, 2017 (40) -0.40 [-1.13; 0.33] 9.9%
Mayr, 2018 (33) -0.12 [-1.22; 0.98] 9.3%
MonfortPires, 2017 (43) -0.10 [-0.13;-0.07] 10.4%
Wade, 2018 (36) 0.13 [-0.90; 1.16] 9.4%
Wade, 2019 (31) 0.25 [-0.68; 1.18] 9.6%
Random effects model -1.00 [-2.02; 0.01] 100.0%
ity 2 2 _
Heterogeneity: /° = 97%, 1“ = 2.57, P <0.01_B 6 4 2 0 2 4
B Interleukin-6
Study Mean Difference (pg/mL) MD [95% CI] Weight
Monfort-Pires, 2017 (43) - -4.20 [-4.73;-3.67] 13.9%
Dyer, 2017 (41) —— -1.27 [-3.31; 0.77] 81%
Baguley, 2020 (30) /] -0.83 [-0.85;-0.81] 14.7%
Jaacks, 2018 (35) — -0.70 [-2.09; 0.69] 10.7%
Casas, 2016 (46) ; -0.62 [-1.09; -0.15] 14.1%
Mayr, 2018 (33) : -0.45 [-1.30; 0.40] 12.9%
Chmurzynska, 2019 (32) : -0.21 [-1.42; 1.00] 11.4%
Rallidis, 2017 (39) : -0.13 [-0.60; 0.34] 14.1%
Random effects model ’ -1.07 [-1.94; -0.20] 100.0%
Heterogeneity: P= 96%, “= 1.35, P <0.01
-6 2 0 2
C Interleukin-8
Study Mean Difference (pg/mL) MD  [95% CI] Weight
Dyer, 2017 (41) -32.60 [-89.22;24.02] 0.1%
Jaacks, 2018 (35) -26.01 [-63.68; 11.66] 0.2%
Monfort-Pires, 2017 (43) -2.35 [-3.34;-1.36] 31.7%
Casas, 2017 (42) -1.61 [-2.55;-0.67] 32.1%
Baguley, 2020 (30) -0.02 [-0.16; 0.12] 35.9%
Random effects model -1.34 [-2.96; 0.27] 100.0%

Heterogeneity: 2= 88%, #=1.88, P <0.01

-30 20 <10 0 10 20 30

D TNF-a
Study Mean Difference (pg/mL) MD [95% CI] Weight
Monfort-Pires, 2017 (43) - -3.53 [-4.14;-2.92] 28.6%
Casas, 2016 (46) —— -1.50 [-2.75; -0.25] 25.7%
Dyer, 2017 (41) - -0.68 [-1.70; 0.34] 26.9%
Chmurzynska, 2019 (32) — - -0.61 [-3.00; 1.78] 18.8%
Random effects model ——— -1.69 [-3.40; 0.02] 100.0%
Heterogeneity: /* = 89%, 1° = 2.56, P < 0.01 W > »

E Interleukin-18
Study Mean Difference (pg/mL) MD [95% CI] Weight
Monfort-Pires, 2017 (43) 4.* -0.52 [-0.75;-0.29] 81.1%
Dyer, 2017 (41) —_— -0.32 [-1.16; 0.52] 6.1%
Casas, 2017 (42) —— -0.11 [-0.69; 0.47] 12.7%
Random effects model ’ —-0.46 [-0.66; —0.25] 100.0%

| R B

Heterogeneity: /* = 0%, t* =0, P =0.41 _

15 -1 =05 0 05 1

F E-selectin
Study Mean Difference (ng/mL) MD [95% CI] Weight
Monfort—Pires, 2017 (43) -—m— —6.19 [-8.14; -4.24] 36.0%
Rallidis, 2017 (39) -0.80 [-5.99; 4.39] 27.6%
Casas, 2017 (42) : 0.67 [-1.01; 2.35] 36.5%
Random effects model ———m— 220 [-7.43; 3.02] 100.0%

. —r T T 1
Heterogeneity: /° = 93%, t° = 18.77, P < 0.01
8 6 -4 2 0 2 4

G IFN-y
Study Mean Difference (pg/mL) MD  [95% CI]  Weight
Casas, 2017 (42) —_— -9.40 [-15.93; -2.87] 6.1%
Monfort-Pires, 2017 (43) -1.53 [-1.79;-1.27] 47.1%
Dyer, 2017 (41) 0.22 [-0.08; 0.52] 46.9%
Random effects model -1.19 [-2.91; 0.53] 100.0%

Heterogeneity: /* = 98%, 1> = 1.62, P < 0.01
45 -0 5 0 5

FIGURE 2 Pooled estimates for mean differences in concentrations of (A) C-reactive protein, (B) IL-6, (C) IL-8, (D) TNF-e, (E) IL-18, (F)
E-selectin, and (G) IFN-y after interventions following a Mediterranean diet. Subcaption: single study effects are depicted as squares with
error bars indicating 95% Cls. Diamonds represent pooled estimates from the random-effects model for each biomarker. CRP, C-reactive

protein.

included studies. Other identified potential sources of bias
were the only source of high risk of bias, around 35% of the
studies presented a high risk of bias and ~65% a low risk of
bias.

Visual inspection of the generated funnel plot for Mediter-
ranean diets and CRP suggested a possible publication
bias (see Supplemental Figure 1). However, the Egger’s
regression test did not confirm it (P = 0.14). The trim-
and-fill procedure added 4 theoretically missing studies and
produced a pooled estimate of -0.15 mg/L (95% CI: -1.13,
0.83; I*: 98%).

Discussion

This systematic review and meta-analysis of RCTs published
in the last 5 y provides the most recent evaluation of
the effects of various dietary patterns on biomarkers of
immune response and inflammation. Overall, the findings
highlight that following a Mediterranean-type diet leads to a
pronounced reduction in the concentrations of the majority
of the evaluated inflammatory biomarkers, including IL-6,

IL-18, CRP, IL-8, and TNF-«. No such pronounced effects
could be observed for the DASH, vegetarian, or vegan diets.

This review is distinguished from previous reviews in
that it evaluates various dietary patterns and a wide range
of inflammatory and immune biomarkers studied in recent
RCTs conducted in real-world settings. Notably, the results
pointed to the Mediterranean diet as the dietary pattern
with the most pronounced anti-inflammatory potential. This
type of diet is well known both in research and among
the general public as a health-promoting diet with various
beneficial properties and is implicated in the prevention of
chronic diseases. The Mediterranean diet is characterized
by the high consumption of plant-derived foods including
vegetables, fruits, whole grains, nuts and seeds, and olive oil
as the main culinary fat (51). The dietary pattern further
consists of a moderate intake of seafood and dairy products—
especially yogurt and cheese, and poultry and eggs, whereas
low amounts of red and processed meats and sweet desserts
are consumed (51). In comparison to the DASH diet, the
consumption of fruit and fish is higher and dairy is lower,
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A C-reactive protein (DASH)

Study

Asemi, 2015 (48)
Razavi-Zade, 2016 (45)
Makarewicz-Wujec, 2020 (28)
Juraschek, 2020 (29)

Random-effects model

Heterogeneity: 1% = 72%, * = 0.0713, P = 0.01 .

B C-reactive protein (vegetarian/vegan)

Study

Fritzen, 2015 (49)
Adamsson, 2015 (50)
Shah, 2018 (34)
Juraschek, 2020 (29)

Random-effects model

Heterogeneity: /% = 97%, 8* = 0.8429, P < 0.01

Mean difference (mg/L) MD (95% Cl)  Weight
—a -143 (=245, -041)  9.2%
—— -0.90 (-1.74; -0.06) 12.5%
-0.06 (-0.13; 0.01) 43.7%
0.00 (-0.28; 0.28) 34.6%
0'[ -0.27 (-0.62; 0.08) 100.0%
T | T |
-2 0 2 4
Mean difference (mg/L) MD (95% Cl)  Weight
- -400 (-7.43;-057) 6.9%
-1.37 (-1.50; -1.24) 32.1%
-020 (-0.74; 0.34) 29.5%
0.00 (-0.28; 0.28) 31.5%
-0.78 (-1.80; 0.25) 100.0%
T T T |
6 -4 2 4

FIGURE 3 Pooled estimates for mean differences in concentrations of C-reactive protein after interventions following a (A) DASH diet

and (B) vegetarian/vegan diet. Subcaption: single study effects are d

epicted as squares with error bars indicating 95% Cls. Diamonds

represent pooled estimates from the random-effects model for each biomarker. DASH, Dietary Approaches to Stop Hypertension.

whilst in comparison to a vegetarian or vegan diet, animal-
based foods are limited but not eliminated. Our evidence
comes in support of previous research that demonstrated
significant reductions in inflammatory biomarkers following
the Mediterranean diet (19, 25, 52-55).

Despite increasing evidence on the protective inflam-
matory effects of vegan and vegetarian diets (20, 22, 56)
and DASH diet (24), CRP was not significantly reduced
following either. This may be explained by the small number
of studies included. The vegetarian and vegan diet groups
consisted of a combination of vegan, vegetarian, and Nordic
diets that encompass different combinations of food groups,
which may have further contributed to the attenuated effect
estimate.

The precise mechanisms by which diet could mod-
ulate and mitigate inflammatory processes and, accord-
ingly, decrease circulating concentrations of inflammatory
biomarkers remain unclear. There are a number of plausible
pathways through which a diet may favorably influence
immune function and modulate inflammation, including
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inhibition of proinflammatory mediators, promotion of
anti-inflammatory functions, modulation of cell-mediated
immunity, alteration of antigen-presenting cell functions,
and communication between the innate and adaptive im-
mune systems (57). In particular, the Mediterranean diet
and its components have been suggested to modulate pro-
and anti-inflammatory processes as well as oxidative stress
and antioxidant defenses through several complex and
interrelated mechanisms (58). Inflammation, on the one
hand, may lead to a significant increase in the secretion of
reactive oxygen species (ROS) (59), whereas ROS, on the
other hand, may activate signaling pathways that increase
proinflammatory gene expression (60). We have previously
reported that the Mediterranean diet is associated with
reduced concentrations of several biomarkers of oxidative
stress and with increased concentrations of antioxidant
defenses (52). The high antioxidant potential of this di-
etary pattern due to its components may represent a lead
hypothesis to explain this effect (52). Another plausible
explanation for the anti-inflammatory effect observed for
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(n = 23) and (B) bias summarized from all studies.
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the Mediterranean diet as compared with other evaluated
plant-based dietary patterns may be sought in the relatively
high proportion of MUFAs. Approximately one-third of total
calories in the Mediterranean diet is consumed in the form
of fats, with <3 times higher amounts of MUFAs compared
to SFAs (61). Although the high intake of SFAs is consid-
ered to be a proinflammatory factor, displaying induction
of the expression of cytokines such as IL-18, IL-6, and
TNF-« and activation of the NF-«x B proinflammatory signal-
ing pathways, MUFAs have been shown to be able to decrease
proinflammatory cytokine concentrations such as CRP, TNF-
o, monocyte chemoattractant protein 1 (MCP-1), IEN-y, IL-
18, and IL-6 and to inhibit NF-« B proinflammatory signaling
pathways (62). Moreover, the vast variety of phytochemicals
and bioactive compounds such as carotenoids, flavonoids,
and polyphenols may contribute directly or indirectly to
pro- and anti-inflammatory effects of the Mediterranean
diet (63, 64). Although the specific mechanisms have not
yet been fully elucidated, the synergy and the balanced
combination of all dietary components of the Mediterranean
diet undoubtedly possess strong anti-inflammatory and
immune-balancing properties that justify recommending its
application for sustaining strong immune health (21).

In contrast, evidence from observational studies suggests
that dietary patterns characterized by high amounts of
refined starches, sugar, processed meats, alcohol, salt, and
saturated and trans fatty acids and by low intakes of
fruits, vegetables, and whole grains may lead to innate
immune system activation and increased production of
proinflammatory cytokines (65, 66). Western-type dietary
patterns were particularly shown to contribute to metaflam-
mation, a state of disturbed immune-metabolic homeostasis,
predisposing chronic disease development and progression
(67). Moreover, accumulating evidence suggests that dietary
patterns high in processed and ultraprocessed foods aftect the
composition of the gut microbiota, leading to changes in low-
grade systemic inflammation (68). Further epidemiological
studies are still needed to better understand the interaction of
dietary patterns, the gut microbiome and systemic metabolic
immune-inflammatory mechanisms.

Our approach focused on the evaluation of whole-food di-
etary patterns as a suitable strategy for sustaining long-term
dietary modification. Other dietary approaches proposed to
exert effects in modulating inflammation take into account
the distribution of macronutrients, i.e., carbohydrates, pro-
teins, and lipids. In our literature search, we identified 2
RCTs that focused on low-carbohydrate (69) and ketogenic
(low-carb, moderate protein, higher-fat) (70) diets reporting
beneficial effects on inflammatory biomarkers after short and
long intervention periods, respectively. Further studies are
warranted to specifically evaluate the inflammatory response
associated with the intake of diets characterized by various
macronutrient composition.

Since weight loss may partly account for the reduction
in inflammatory levels and may thereby mask the effect of
dietary patterns alone (71), we explored to what extent the
studies accounted for change in weight of study participants.
The majority of the studies included in the current review
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did not report on substantial influence by weight loss.
These results were supported by the metaregression analysis
that did not suggest BMI change to have influenced the
results. These results are in contrast with some previous
reports, suggesting that dietary patterns per se may not
modify circulating markers of inflammation in weight-stable
individuals (72). However, those previous studies addressed
diets with higher calorie restriction that could have led to
stronger weight loss compared with the dietary patterns, i.e.,
the Mediterranean Diet, evaluated in the current review (72).
It should be noted that many of the evaluated studies fo-
cused on CRP as a proxy biomarker denoting inflammation,
which may limit the interpretation of the observed effects.
CRP is a nonspecific acute phase and proinflammatory
response biomarker that may not be fully capturing the
spectrum of inflammatory and immune responses important
for chronic disease pathophysiology (73). Indeed, there is
an ongoing debate whether CRP may be causally linked to
chronic disease etiology since the majority of Mendelian
Randomization studies did not support its causal role (74—
76). Also in healthy individuals, the intraindividual variation
in CRP measurements can be substantial and prone to
influence by various modifying factors such as individual
age, BMI, physical activity, and even season (77, 78). Only
a few studies in the current review evaluated a wider range
of inflammatory biomarkers, including cytokines that reflect
different pathways and are able to capture various aspects
of inflammation and immune response. To date, there is
a lack of established biomarkers that indicate a specific
inflammatory pathway and can differentiate between acute
and chronic inflammation and that can be used as target
endpoints in nutrition interventions (73). The research is
further challenged by a lack of reliability studies to ensure
that biomarkers are quantifiable and stable over time (79).
The studies included in the current review applied various
assessment methods to measure the inflammatory biomark-
ers with different kits with varying inter- and intra-assay
coeflicients of variability affecting the overall accuracy of the
reported effect estimates. Furthermore, multiple biomarkers
representing both pro- and anti-inflammatory pathways
may provide more useful insights when investigating anti-
inflammatory potentials of a diet. This calls for the need
of the development of a harmonized, standardized, and
accepted assay to measure a panel of biomarkers representing
a spectrum of immune-inflammatory pathways. Another
challenge to providing a concise evaluation of the dietary
patterns is the large variation of interventions amongst
studies and lack of standardized instruments for the quality
assessment of nutritional studies employing biomarkers.
A promising approach to overcome methodological issues
between studies, and to directly assess different diets in
relation to a specific outcome, is to conduct a single large-
scale intervention study with a strong multifactorial design.
The current study has a number of strengths. The results
go beyond previous meta-analyses and provide updated
evidence on the effect of dietary patterns on a wider range of
inflammatory biomarkers, including specific cytokines and
adhesion molecules, i.e., IL-18 and E-selectin. Wholefood



diets were evaluated instead of a focus on adjusting the
macronutrient ratio of diet, specific nutrients, or food groups.
We included RCTs only, so the study design and quality of
evidence is relatively high, and we provide a comprehensive
overview of the most recent studies within this field.

This study is also prone to limitations. Participants
included in the studies were mostly of older age, i.e., above
50 y, limiting the generalizability of our results. The studies
differed by design, characteristics of included participants,
and analyses, causing heterogeneity between studies and
limiting comparability. Differences in compliance of diets
or weight loss were not taken into account as a source of
heterogeneity. Weight loss is directly related to a decline
in CRP (80) so may be an important confounder. The
reduced concentrations of CRP may have resulted from
shifting to a “healthy” diet with less calories rather than
the components of the diet per se (80). However, most
studies designed the interventions and control groups to be
isocaloric and reported changes in biomarkers independent
of weight loss. Crossover studies were incorporated into the
meta-analysis as though the design was parallel, thereby not
taking time in the different intervention periods into account,
and the studies may have been underweighted. In addition,
some studies had multiple assessments of biomarkers over
the duration of the trial. We consistently included only
the last measurement to standardize the approach across
studies and remove selection bias related to the intermediate
measurements. Sensitivity analyses were performed with the
intermediate measurements to see whether different follow-
up times had an influence on the pooled effect estimate.
Finally, although the current review aimed to capture a
variety of dietary patterns, its results showed that the
research has been dominated by studies on the most popular
types of diets, i.e., the Mediterranean diet. This outlines
an important niche in research that requires building upon
novel hypotheses on specific anti-inflammatory diet plans
generated in observational epidemiologic research.

In conclusion, the current systematic review and meta-
analysis of RCTs published in the last 5 y highlighted the
beneficial anti-inflammatory effects of the Mediterranean
diet and suggested that these can be maintained in the
long term. Large-scale intervention studies with a strong
multifactorial design are warranted in future research to
enable the direct comparison of various dietary patterns
approached in relation to a range of biomarkers reflecting
multiple inflammatory and immune-related pathways. This
research would pave the way towards the development
of dietary strategies to alleviate inflammation and sustain
adequate immune balance in the battle against inflammation-
related chronic diseases.
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