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Abstract: Abstract: Backgroundlt has been theorized that folic acid supplementation improves
inflammation. However, its proven effects on inflammatory markers are unclear as clinical studies on
this topic have produced inconsistent results. To bridge this knowledge gap, this systematic review
and meta-analysis of randomized controlled trials (RCTs) aimed to evaluate the effects of folic acid
supplementation on serum concentrations of the inflammatory markers C-reactive protein (CRP),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-o). Methods: To identify eligible RCTs,
a systematic search up to April 2021 was completed in PubMed /Medline, Scopus, Web of Science,
EMBASE, Cochrane databases, and Google Scholar using relevant keywords. A fix or random-effects
model was utilized to estimate the weighted mean difference (WMD) and 95% confidence interval
(95% CI). Results: Twelve RCTs were included in the present meta-analysis. The pooled analysis
revealed that serum concentrations of CRP (WMD: —0.59 mg/L, 95% CI —0.85 to —0.33, p < 0.001)
were significantly reduced following folic acid supplementation compared to placebo, but did not
affect serum concentrations of IL-6 (WMD: —0.12, 95% CI —0.95 to 0.72 pg/mL, p = 0.780) or TNF-a
(WMD: —0.18, 95% CI —0.86 to 0.49 pg/mL, p = 0.594). The dose-response analysis demonstrated a
significant relationship between an elevated dosage of folic acid supplementation and lower CRP
concentrations (p = 0.002). Conclusions: We found that folic acid supplementation may improve
inflammation by attenuating serum concentrations of CRP but without significant effects on IL-6 and
TNEF-a«. Future RCTs including a larger number of participants and more diverse populations are
needed to confirm and expand our findings.
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1. Introduction

Inflammation is a protective reaction by an organism in response to injury, irritation,
or infection, eliminating harmful stimuli and initiating the healing process [1]. Harmful
agents activate inflammatory cells, such as neutrophils and macrophages, and induce the
release of proinflammatory molecules, including C-reactive protein (CRP), tumor necrosis
factor-alpha (TNF-«), and interleukin-6 (IL-6). Although inflammation is an essential
component for a proper immune response and the maintenance of homeostasis in the
body [2,3], chronic inflammation plays a key role in the onset and progression of several
chronic diseases, including diabetes [4], cardiovascular diseases [5], neurodegenerative dis-
eases [60], rheumatoid arthritis [7], and cancer [8]. Popular approaches suggest controlling
inflammation through pharmacological [9-11] and dietary interventions [12,13]. Despite
the considerable benefits of pharmacological therapies, these may exert undesirable side
effects and may not be tolerated by certain individuals [14]. Therefore, it is essential to find
nutraceuticals and natural compounds with anti-inflammatory effects that may serve as
alternative therapies to pharmacological interventions.

Numerous studies have found the effective role of dietary supplements on human
health [15-17]. Folate, a family of water-soluble B vitamins, is a generic term used for
natural folates in food and folic acid, with the synthetic form available in fortified foods
and supplements [18]. Folate is essential for one-carbon metabolism, which plays a role
in various cellular reactions such as deoxyribonucleic acid (DNA) synthesis, repair, and
methylation [19]. Mammals cannot synthesize folate de novo and depend entirely on
absorption from the diet or supplements [18]. However, the bioavailability of natural food
folates is approximately 50% of that of the synthetic form of folic acid [19].

Folate deficiency has been implicated in numerous adverse health conditions, includ-
ing cardiovascular disease, cognitive dysfunction, neural tube defects, and cancer [20,21].
Recently, evidence from several clinical studies [22-25] focused on the beneficial effects of
folic acid supplementation on inflammation; however, these studies yielded inconsistent
results. Moreover, these studies used different sample sizes, study durations, and supple-
ment dosages, which makes it challenging to draw a firm association between folic acid
supplementation and inflammatory markers. Therefore, we performed the present system-
atic review and meta-analysis to establish the overall effects of folic acid supplementation
on inflammatory markers.

2. Materials and Methods

The present systematic review and meta-analysis was performed in accordance with
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) proto-
col [26].

2.1. Search Strategy

To find relevant prospective studies, we executed a systematic literature search in elec-
tronic databases including PubMed/Medline, Scopus, Web of Science, EMBASE, Cochrane
databases, and Google Scholar from inception until April of 2021. The combination of
MESH and non-MESH terms were used for the search, as follows: (“folate” OR “folic acid”
OR “Vitamin M” OR “Vitamin B9” OR “Folacin” OR “Folvite” OR “Pteroylglutamic Acid”
OR “folates” OR “tetrahydrofolates” OR “Formyltetrahydrofolates”) AND (“Inflamma-
tion” OR “inflammatory” OR “Tumor necrosis factor” TNF-o OR TNF OR “C-Reactive
protein” OR “c reactive protein” OR “high-sensitivity CRP” OR hs-CRP OR CRP OR
hsCRP OR hs-CRP OR “Cytokine” OR “Interleukin” OR “IL-6") AND (Intervention OR
“Intervention Study” OR “Intervention Studies” OR “controlled trial” OR randomized
OR randomized OR random OR randomly OR placebo OR “clinical trial” OR Trial OR
“randomized controlled trial” OR “randomized clinical trial” OR RCT OR blinded OR
“double blind” OR “double blinded” OR trial OR “clinical trial” OR trials OR “Pragmatic
Clinical Trial” OR “Cross-Over Studies” OR “Cross-Over” OR “Cross-Over Study” OR
parallel OR “parallel study” OR “parallel trial”). There were no language restrictions.
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Moreover, the bibliographies of related studies were scrutinized to find potential missing
studies.

2.2. Inclusion Criteria

We included studies that satisfied the following criteria: (1) randomized placebo-
controlled trials (RCTs) with either parallel or crossover designs, (2) those carried out on
adult cohorts (>18 years), (3) examined the effects of folic acid supplementation on serum
concentrations of CRP, IL-6, and TNF-«, and (4) RCTs that provided sufficient data (number
of participants per intervention, means, and standard deviations (SDs)) for baseline and
post-intervention outcome measures.

2.3. Exclusion Criteria

Studies were excluded when: (1) no placebo-controlled trial was utilized, (2) there was
a lack of information for the outcomes in the intervention or control groups, (3) they were
performed on children, pregnant women, or animals, (4) they were grey literature such as
conference papers, dissertations, and patents, and (5) the effect of folic acid supplementa-
tion in combination with other supplements and exercise interventions was examined.

2.4. Data Extraction

Data were independently extracted from eligible studies by two researchers (OA and
MR), and a chief investigator (DA) made a final assessment on any inconsistencies to
reach a consensus. The following data were included: first author’s last name, year of
publication, study location, study duration, type and dosage of folic acid supplements,
mean age, body mass index (BMI), gender, study design, health status of participants,
number of participants in each group, as well as the means =+ SDs of the outcome measures
in the intervention and control groups at baseline and post-intervention (or change values)
for inflammatory markers. If any studies reported inadequate data for meta-analysis,
authors were contacted through e-mail.

2.5. Quality Assessment

The risk of bias in qualified studies was assessed via the Cochrane scoring system [27].
Each included study was evaluated based on seven items: the random sequence genera-
tion, blinding of participants, investigator and outcome assessment, concealed allocation,
selective reporting, incomplete outcome data, and other biases (Table 1).

2.6. Data Synthesis and Statistical Analysis

The meta-analysis was carried out using Stata, version 14 (StataCorp, College Station,
TX, USA). Means and SDs of the outcome measures (CRP, IL-6, and TNF-«) reported
for the intervention and control groups were used to obtain the overall estimates. If the
SD of the mean difference was not reported in the studies, we calculated it using the
following formula: SD change = square root ([SD baseline]? + [SD final]®> — [2R x SD
baseline x SD final]) [28]. Effect sizes for all variables were listed as weighted mean
differences (WMDs) and 95% confidence intervals (CI) [29]. We calculated heterogeneity
between study-specific estimates using the Q-test and the I index (I? > 40% considered as
considerable heterogeneity). A sensitivity analysis was carried out to determine the effect
of each study on the overall effect size [30]. Publication bias was measured by the funnel
plot inspection as well as the Egger’s test. Moreover, we performed a one-stage robust error
meta-regression (REMR) model, which is based off inverse variance weighted least squares
regression and cluster robust error variances for the dose-response analysis between folic
acid supplementation and inflammatory markers [31]. The overall certainty of evidence
across the studies was graded according to the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) guidelines working group. The quality of evidence
was classified into four categories, based off the corresponding evaluation criteria: high,
moderate, low, and very low [32].
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Table 1. Quality assessment.

Random

Blinding

Blinding

Studies Sequence Allocation Selecti.ve Other Sf)urces of (Participants and (Outcome Incomplete Overfﬂl
Generation Concealment Reporting Bias Personnel) Assessment) Outcome Data Quality
Mangoni et al., 2003 [23] L H H H H H L Fair
Spoelst;z—ocie[lgg?n etal., L H L H L H L Good
Durga et al., 2005 [34] L H H H L H L Good
Klerk et al., 2005 [35] L H H H L H L Good
Olini et al., 2006 L H H H H H L Fair
Title et al., 2006 [24] L H H H L L L Good
Moens et al., 2007 [36] L H H H L H L Good
Bahmani et al., 2014 [37] L H H H L H L Good
Asemi et al., 2016 [38] L H H H L H L Good
Chen et al., 2016 [39] L H H H H H L Fair
Talari et al., 2016 [22] L H H H L H L Good
Bahmani et al., 2018 [35] L H H H L H L Good

Abbreviations: L, low; H, high.
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3. Results
3.1. Study Selection

In our primary search, we identified a total of 2451 peer-reviewed studies. Among
these, 582 studies were excluded due to duplication. Consequently, 1869 relevant studies
remained for title and abstract evaluation, 1849 of which were excluded due to the following
reasons: unrelated titles and abstracts (n = 1498), animal studies (n = 241), and review
studies (1 = 110). The remaining 20 full-text studies were assessed for eligibility and out of
these, 8 studies were removed due to a lack of required information. Finally, 12 studies
were included in the current study. The selection process is summarized in Figure 1.

N
= Records identified through database searching:
-f‘:; PubMed (230), Scopus (670), Embase (728)
S and ISI web of science (823)
.:;) (n=2451)
=
| S
—
| Duplicate Records Excluded:
i (n=582)
A
o Records screened by title/abstracts
Z (n=1869)
=
3
5
%)
Records excluded:
(n=1849)
Unrelated title and abstract (n=1498)
"] Animal studies (n=241)
Review studies (n=110)
—
'
Full-text articles assessed
> for eligibility
= (n=20)
=
25
m
They did not report the required
information (n=8)
| S— A
PR, Sm@icsl included iljl
qualitative synthesis
(n=12)
h=]
o
k=]
2
2
= Studies included in
quantitative synthesis
(meta-analysis)
(n=12)
—

Figure 1. Flowchart of study selection for inclusion.

3.2. Characteristics of the Included Studies

The features of the included studies are shown in Table 2. There were 12 studies with a
total of 1392 participants. The studies were conducted between 2003 and 2018 and their sam-
ple size varied from 19 [24] to 530 [34] participants. The mean age of the participants ranged
from 24.1 [37] to 68.1 [39] years old and the mean baseline BMI varied from 23.256 [39]
to 30.7 [40] kg~m’2. Studies were conducted in The Netherlands [33-35], United King-
dom [23], Iran [22,37,38,40], Italy [41], Canada [24], Belgium [36], and China [39]. The
supplementation period ranged from 2 [24] to 52 [34,35] weeks. The daily mentioned
dosage of folic acid varied between 0.8 [34,35] and 10 [24,36] mg/d. Two studies used
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a crossover design [24,36], while the other ten investigations used a parallel-arm design.
Among the included studies, three studies used only females [37,38,40], while other studies
were performed on both sexes. Moreover, gender was not identified in one study [35]. Some
studies included participants with diseases and complications such as polycystic ovary
syndrome [35], type 2 diabetes mellitus [24,33], acute myocardial infarction [36], cervical
intraepithelial neoplastic grade 1 [38], Alzheimer’s disease [39], metabolic syndrome [22],
and endometrial hyperplasia [40], while other investigations used healthy smokers [23] as
well as overweight [41] and older adults [34,35].

3.3. Quality Assessment

All studies had a low risk for random sequence generation and incomplete outcome
data. Moreover, all studies had a high risk for allocation concealment and other sources of
bias. In addition, all studies had a high risk of bias regarding selective reporting except
for one [33]. Most studies had a low risk for blinding participants and personnel, with the
exception of three studies [23,39,41]. Furthermore, all studies but one [24] had a high risk
for blinding outcome assessment (Table 1).

3.4. The Effect of Folic Acid Supplementation on Serum Concentrations of CRP

Combining 12 effect sizes from 11 RCTs [22-24,33-38,40,41], including a total sample
size of 1279 participants, we found a significant effect of folic acid supplementation on
serum concentrations of CRP (WMD: —0.59 mg/L, 95% CI —0.85 to —0.32, p < 0.001).
Heterogeneity between studies was significant (I> = 91.3%, p < 0.001, Figure 2). Subgroup
analysis showed that baseline serum concentrations of CRP, duration of intervention,
dosage, and the participants” age and gender explained this heterogeneity. We observed
that folic acid supplementation significantly reduced serum concentrations of CRP in all

subgroups (Table 3).
Sample sized
%  (intervention Duration Dose
author Effect (95% CI) Weight / control) (week) (mg/d)
Mangoni et al. 2003 —;—0—— -0.10 (-1.07, 0.87) 4.90 12/12 4 5
I
Spoelstra-de Man et al. 2004 : 0.03 (-1.19, 1.25) 3.55 23/18 17 5
|
Durga et al. 2005 : > -0.20 (-0.26, -0.14) 14.99 264/266 52 8
|
Klerk et al. 2005 : —— -0.30 (-0.49, -0.11) 14.05 137/139 52 .8
|
Solini et al. 2006 : -or -0.06 (-0.16, 0.04) 14.80 30/30 12 2.5
|
Title et al. 2006 —_—— : -1.30 (-1.66, -0.94) 11.72 19/19 2 10
|
Moens et al. 2007 : *> 0.07 (-2.97,3.11) 0.71 20/20 6 10
|
Bahmani et al. 2014 (A) — : -0.99(-1.22,-0.76)  13.53 23/12 8 1
|
Bahmani et al. 2014 (B) —_— : -0.94 (-1.19, -0.69) 13.25 23/11 8 5
|
Asemi et al. 2016 ¢ 0.55(-1.34, 2.44) 1.70 2929 25 5
|
|
Talari et al. 2016 ¢ t -1.92(-3.43,-0.41) 2.53 30/30 12 5
|
|
Bahmani et al. 2018 + t -1.30(-2.38,-0.22) 4.27 30/30 12 5
|
Overall, DL (T = 91.3%, p = 0.000) @ -0.59 (-0.85,-0.33)  100.00
I I

NOTE: Weights are from random-effects model

Figure 2. Forest plot detailing weighted mean difference and 95% confidence intervals (CIs) for the effect of folic acid
supplementation on serum concentrations of CRP.
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Table 2. Characteristics of included studies in the meta-analysis.

Sample Size Trial Means Age Means BMI Intervention
Stud Count Study Participant Sample Size ——— Duration Acid Fol C 1 Ad
tudies ountry Desi articipan and Sex cid Folic ontro verse
esign 16 cG (Week) 16 cG 16 CG Dose (mg/d) Group Effects
Mazrbgo‘;“[‘;t] al, K[irgnt:leo% éﬁré II;S) healthy smokers 24: 9M, 15F 12 12 4 39.7 +11.77 36 + 12.47 25.7 £ 2.77 249 +3.11 5 Placebo No
Spoelstra-de
Man et al., Net}'?;};lleands R@égﬁégc type 2 diabetes mellitus 41: 24M, 10F 23 18 17 63.7 + 8.6 66.1 + 8.5 29.3 +39 28.8 +3.4 5 Placebo NR
2004 [33]
d
Durga et al., The RA/DB/PC men an 530: 378M,
2005 [34] Netherlands (parallel) postmenopausal 152F 264 266 52 60+ 5 60+ 6 NR NR 0.8 Placebo NR
women
Kzlggl; ‘f;f]l NethTe }rlfan ds Réﬁ gﬂé EC older adults 276 137 139 52 59.5 + 5.8 602 +5.2 26.8 +39 268 +39 0.8 Placebo NR
Sobd o fll" Italy (rljfré 1I1)§) overweight subjects  60: 19M,41F 30 30 12 50+7 19+8 275406 274406 25 Placebo NR
"l;(t)loeée[tzjl]., Canada ?C?o/s ]SD_]Z‘/] zrc) type 2 diabetes 19: 9M,10F 19 19 2 545459 545+ 59 NR NR 10 Placebo NR
Moens et al, Belgium RA/DB/PC acute myocardial 40:35M,5F 20 20 6 57411 56 4 14 NR NR 10 Placebo No
2007 [36] (cross-over) infarction
. overweight and obese
B;&‘Z?Xl) 9[2;‘]1 Iran R(*é 21]131/.3 BC women with polycystic 46: 46F 23 23 8 241454 249459 26.1+ 6.2 27.6 £5.7 1 Placebo NR
g P ovary syndrome
. overweight and obese
B;glrzig; ?g;‘]l" Iran REA/ D‘fl/ EC women with polycystic 46: 46F 23 23 8 251449 249 +£59 29459 27.6 £5.7 5 Placebo NR
g paratie ovary syndrome
Asemietal, Iran RA/DB/PC cervical intraepithelial 58: 58F 29 29 25 36.8 + 8.8 39.149.1 282+ 3.5 29.8 + 6.4 5 Placebo No
2016 [38] (parallel) neoplasia grade 1
Chen et al., . RA/SB . ;g 121: 61M, No inter-
2016 [39] China (parallel) Alzheimer’s disease 60F 61 60 25 68.1 + 8.5 67.63 +7.92 23.25 + 3.06 23.58 +4.28 1.25 vention NR
T;é?rél thz?l' Iran R&é 231312 EC metabolic syndrome 60: 26M, 34F 30 30 12 621496 654+ 115 298438 29.8 + 4.4 5 Placebo NR
Bahmani et al, Iran RA/DB/PC endometrial 60: 60F 30 30 12 44465 47431 30.7 + 4.6 305+ 3.8 5 Placebo No
2018 [35] (parallel) hyperplasia

Abbreviations: IG, intervention group; CG, control group; DB, double-blinded; SB, single-blinded; PC, placebo-controlled; CO, controlled; RA, randomized; NR, not reported; F, female; M, male; NR, not reported.
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Table 3. Subgroup analyses of folic acid supplementation on inflammation.

NO WMD (95%CI) P-value Heterogeneity
P Heterogeneity ? P between Sub-Groups Tau-Squared
Subgroup analyses of folic acid supplementation on serum concentraitons of CRP
Overall effect 12 —0.59 (—0.85, —0.32) <0.001 <0.001 91.3% 0.1186
Baseline CRP (mg/L)
<3 7 —0.44 (—0.73, —0.14) 0.003 <0.001 95.4% <0.001 0.1186
>3 5 —1.19 (-1.72, —0.65) <0.001 0.284 20.5% 0.0907
Trial duration (week)
<8 5 —0.99 (-1.19, —0.79) <0.001 0.152 40.4% <0.001 0.0242
>8 7 —0.20 (—0.36, —0.05) 0.008 0.007 65.9% 0.0157
Intervention dose (mg/d)
<5 4 —0.37 (—0.68, —0.07) 0.014 <0.001 96.4% <0.001 0.0611
>5 —0.89 (-1.27, —0.51) <0.001 0.057 49.0% 0.1139
Age (year)
<50 5 —0.92 (-1.13, —0.71) <0.001 0.203 32.7% <0.001 0.0558
>50 7 —0.40 (—0.64, —0.16) 0.001 <0.001 87.8% 0.0238
Sex

Both sexes —0.38 (—0.62, —0.15) 0.001 <0.001 85.8% <0.001 0.0541
Male 4 —0.96 (—1.09, —0.83) <0.001 0.397 0.0% 0.0000

Health status
Healthy 4 —0.16 (—0.27, —0.06) 0.002 0.057 60.2% 0.006
Type 2 diabetes —0.76 (—2.04, 0.51) 0.239 0.040 76.2% <0.001 0.674
Polycystic ovary syndrome 2 —0.96 (—1.13, —0.79) <0.001 0.775 0.0% 0.0000

Subgroup analyses of folic acid supplementation on serum concentraitons on IL-6
Overall effect 3 —0.11 (—0.95, 0.71) 0.780 0.149 47.5% 0.2572
Subgroup analyses of folic acid supplementation on serum concentraitons of TNF-«

Overall effect 3 —0.18 (—0.85, 0.49) 0.594 <0.001 92.2% 0.2278

Abbreviations: CI, confidence interval; WMD, weighted mean differences; CRP, c-reactive protein; IL-6, interleuline 6; TNF-«, tumor necrosis factor «.
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3.5. The Effect of Folic Acid Supplementation on Serum Concentrations of IL-6

Pooled effect sizes from three RCTs [33,39,41] and 222 participants were included
in the meta-analysis. Merging the effect sizes, we found no significant effect of folic
acid supplementation on serum concentrations of IL-6 (WMD: —0.12, 95% CI —0.95 to
0.72 pg/mL, p = 0.780). Heterogeneity between studies was not significant (I> = 47.5%,
p = 0.149, Figure 3).

Sample sized

% (intervention Duration Dose
author Effect (95% CI) Weight  / control)  (week) (mg/d)
I
|
Spoelstra-de Man et al. 2004 _0—:—— -0.56 (-1.32, 0.2055.00 23/18 17 5
1
I
1
Solini et al. 2006 3: -0.30 (-1.29, 0.6932.13 30/30 12 2.5
1
1
I
Chen et al. 2016 : ¢ 1.17 (-0.40, 2.74)12.87 61/60 25 1.25
1
1
) 1
Overall, IV (I' =47.5%, p = 0.149) : > -0.25 (-0.82, 0.310.00
0

I I
2 0 2

Figure 3. Forest plot detailing weighted mean difference and 95% confidence intervals (CIs) for the effect of folic acid
supplementation on serum concentrations of IL-6.

3.6. The Effect of Folic Acid Supplementation on Serum Concentrations of TNF-«

Overall results from three RCTs [24,33,39] including 200 participants did not reveal a
significant effect of folic acid supplementation on serum concentrations of TNF-oc (WMD:
—0.18, 95% CI —0.86 to 0.49 pg/mL, p = 0.594). Significant between-study heterogeneity
was observed (I = 92.2%, p <0.001, Figure 4).

3.7. Sensitivity Analysis

We individually removed studies from the analysis to explore the impact of each study
on the overall effect size. We did not find any significant effect of any separate study on the
overall effect sizes of CRP, IL-6, and TNF-«.

3.8. Publication Bias

In the analysis of CRP, IL-6, and TNF-, the funnel plot and Egger’s tests did not show
any significant publication bias (p = 0.178, p = 0.127, p = 0.255, respectively, Figure 5A-C).
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author

Spoelstra-de Man et al. 2004

Title et al. 2006

Chen et al. 2016

Overall, DL (T = 92.2%, p = 0.000)

Effect (95% CI)

-0.21(-0.48, 0.06)

0.00 (-0.04, 0.04)

-33.33 (-46.83, -19.83)

-0.18 (-0.86, 0.49)

%

Weight

47.94

51.81

0.25

100.00

Sample sized

(intervention

/ control)

23/18

19/19

61/60

Duration

(week)

25

Dose

(mg/d)

1.25

I

-50

NOTE: Weights are from random-effects model

50

Figure 4. Forest plot detailing weighted mean difference and 95% confidence intervals (CIs) for the effect of folic acid

supplementation on serum concentrations of TNF-«.
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3.9. Meta-Regression and Non-Linear Dose—Response Analysis

Meta-regression analysis did not indicate a linear relationship between dosage
(p = 0.668) and duration of the intervention (p = 0.316) with changes in serum concen-
trations of CRP (p = 0.413, Figure 6A,B). In addition, the non-linear dose-response analysis
showed a significant relationship between an elevated dosage of folic acid supplementation
on decreasing CRP concentrations (p = 0.002, Figure 7).
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Figure 6. Linear meta-regression plots of the association between (A) dosage of folic acid and (B)
duration of intervention and weighted mean difference of serum concentrations of CRP.
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Figure 7. Non-linear dose-response of the association between dosage of folic acid supplementation
and weighted mean difference of serum concentrations of CRP.

4. Discussion

We investigated the effects of folic acid supplementation on inflammatory markers.
Our findings indicated that folic acid supplementation decreases serum concentrations
of CRP. In addition, we observed that folic acid supplementation significantly attenuated
serum concentrations of CRP in all subgroups (baseline CRP, duration of intervention,
supplement dosage, participants” age and gender). However, we found no significant effect
on serum concentrations of IL-6 and TNF-«.

CRP is an acute-phase protein that is often employed in clinical practice as an in-
dicator of inflammation. This acute-phase protein is stimulated by several cytokines,
including TNF-«, IL-6, and interleukin 1 beta (IL-1f3), and is rapidly produced by the
liver [42,43]. This protein also indicates low-grade inflammation in chronic diseases such
as infections [44,45]. It has been previously established that CRP is often affected by the
individual’s nutritional status, including folic acid deficiencies and other vitamins [46—48].
In line with our study, a previous meta-analysis by Fatahi et al. suggested that folic acid
supplementation could significantly lower serum concentrations of CRP [49]. We expanded
on this prior meta-analytic work by including further studies, performing a GRADE as-
sessment as well as a meta-regression and linear and non-linear dose-response analyses,
which enhances the quality of our findings. Moreover, several observational investigations
have reported that folic acid concentrations are negatively related to CRP concentrations in
various cohorts [42,46,50]. In the studies included in the current meta-analysis, Bahmani
et al. showed that folic acid supplementation (5 mg/d) for 12 weeks in participants with
polycystic ovary syndrome (PCOS) could reduce serum concentrations of CRP [37]. On the
contrary, Asemi et al. [38] showed that long-term (six months) folic acid supplementation
(5 mg/d) did not influence serum concentrations of CRP in patients with grade 1 cervical
intraepithelial neoplasia. Furthermore, no significant influence on plasma concentrations
of CRP was observed in participants with atherosclerosis after 400 pug/d of folic acid sup-
plementation for 12 weeks [51]. The discrepancies among these findings may be explained
by the different designs and methodologies used in previous studies, including different
populations, intervention durations, supplement dosage, bioavailability, and purity of folic
acid supplements.

The exact mechanisms underlying the influences of folic acid supplementation on
inflammatory markers remain unclear. However, we propose some potential mechanisms
for the correlation between folic acid supplementation and inflammatory markers in our
meta-analysis. Reports have shown that homocysteine (Hcy) stimulates the expression of
inflammatory cytokines, possibly by elevating poly adenosine diphosphate (ADP) ribose
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polymerase activation and prompting nuclear factor kappa B (NF-kB) activation. Since the
Hcy-lowering influences of folic acid supplementation have been well documented [40,52],
this supplement may result in the reduction of inflammatory markers by decreasing the
activity of NF-kB [40,53] and the reduced poly ADP ribose polymerase activation [54]. An-
other mechanism may involve a folic-acid-induced amelioration of the hypoxia-stimulated
inflammatory cytokines of human monocytic cells through inhibition of the phosphoinosi-
tide 3-kinases (PI3K)/protein kinase B (Akt)/hypoxia-inducible factor 1-alpha (HIF-1x)
pathway [55].

Moreover, this vitamin has anti-inflammatory properties on TNF-c, lipopolysaccha-
ride (LPS)-induced nitric oxide (NO), IL-1§3 via repression of NF-«kB, and mitogen-activated
protein kinase (MAPK) activation in RAW 264.7 macrophages [56]. These mechanisms may
be described as notable influences of folic acid supplementation on serum concentrations of
CRP. Although decreases in serum concentrations of CRP and the attenuating NF-kB path-
way can result in IL-6 and TNF-a decrements [57], the lower number of included studies
for IL-6 and TNF-x might explain the inconsistent results of folic acid supplementation on
serum concentrations of these markers. Finally, it has been previously shown that oxidative
stress is linked with lipid peroxidation and the development of inflammation [15,58,59].
Due to its potential antioxidant properties [60], folic acid supplementation may suppress
lipid peroxidation and oxidative stress, initiating the metabolism and decrease of inflamma-
tion indirectly [61,62]. Further mechanistic studies are needed to elucidate the physiological
processes involved in improving CRP following folic acid supplementation.

It is well-established that folic acid fortification and supplementation are safe [63].
According to the Institute of Medicine (IOM) guidelines, the tolerable upper intake level
(UL) of folic acid (but not total food folate) is 1000 micrograms (1 mg) of folic acid, only
because of possible neurological damage of vitamin B12 deficiency at levels exceeding
1000 micrograms [64]. The daily mentioned dosage of folic acid in included studies in our
analysis varied between 0.8 and 10 mg/d. Although included studies did not report any
side effects such as neurological damage, high doses of folic acid supplementation (more
than 1 mg/d) should be consumed with caution.

Nevertheless, these outcomes should be interpreted with caution and some limitations
should be borne in mind. We did not investigate the influences of folic acid supplementation
on oxidative stress factors, other inflammatory markers, or plasma concentrations of
folate, which would have helped to explain some of our findings. There was also a high
heterogeneity among investigations. Moreover, the sample size for evaluating serum
concentrations of IL-6 and TNF-x was smaller than that of CRP (222 and 200 vs. 1279,
respectively); therefore, the current study had lower power to detect differences for these
inflammatory cytokines. Future large-scale investigations are needed to evaluate the impact
of folic acid supplementation on IL-6 and TNF-«.

In conclusion, the present systematic review and meta-analysis of RCTs demonstrated
that folic acid supplementation decreases serum concentrations of CRP. Moreover, we
found reduced serum concentrations of CRP in all subgroups (baseline CRP, duration of
intervention, supplement dosage, participants” age and gender). However, folic acid sup-
plementation did not affect serum concentrations of IL-6 and TNF-«. Future investigations
are needed to confirm and expand on our outcomes.
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