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Figure 1: Graphical abstract
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ABSTRACT

The present meta-analysis was performed to assess the association between MS patients and control subjects in
terms of their circulating levels of arsenic (As), lead (Pb), mercury (Hg), and cadmium (Cd). We searched Med-
line/PubMed, Scopus, Web of Science, and Embase up until June 2020 to identify all studies that examined the
concentrations of heavy metals in MS patients. Statistical tests used to assess inter-study heterogeneity were
Cochrane’s Q test and the 12 statistic. Given the observed significant heterogeneity, the random-effects model was
employed to pool the weighted mean differences (WMDs) and the corresponding 95 % confidence intervals (CIs).
Out of a total of 1181 articles, 16 studies with 1650 participants (772 patients with MS and 878 controls) were
included in this review meta-analysis. Pooled results using random-effects model showed that the levels of Pb
(WMD=0.73 pg/L, 95 % CI= 0.33 to 1.12, P< 0.001), As (WMD= 2.48 ng/L, 95 % Cl=1.44 to 3.53, P <0.001,
1= 98.9 %, P <0.001), and Cd (WMD= 0.17 ug/L, 95 % Cl=0.09 to 0.26, P <0.001) were significantly higher in
MS patients than those of the controls. However, there were no significant differences in the levels of Hg (WMD=
-0.14 pg/L, 95 % Cl=-0.77 to 0.49, P= 0.658) among both groups. Sensitivity analysis indicated that after exclud-
ing one-by-one study, the overall pooled WMD of Pb was changed. This meta-analysis showed that patients with
MS had significantly higher levels of circulatory As and Cd compared to the controls. Yet, there was no statistically

significant difference between circulating levels of Hg and Pb among MS patients and controls.

Keywords: Heavy metal, multiple sclerosis, meta-analysis, arsenic, cadmium

INTRODUCTION

Characterized by an immune-mediated
disease caused by an autoimmune attack on
the central nervous system (CNS) and the pro-
gressive demyelination through chronic in-
flammation, multiple sclerosis (MS) is one of
the most common neurological diseases
(Dehghanifiroozabadi et al., 2019; Nirooei et
al., 2021). The onset and progression of MS
have been attributed to irreversible degenera-
tion of myelinated axon accompanied by the
lower capability for remyelination in the early
stages and plaques formation as a result of the
chronicity in later stages (Cariccio et al.,
2019). This disease is the major cause of dis-
ability in young and middle-aged people in
developed countries (Kotelnikova et al.,
2017). Yearly, MS affects more than 2.5 mil-
lion people globally and the majority of pa-
tients have a relapsing-remitting type of dis-
ease (Giacoppo et al., 2014; Nicoletti et al.,
2016). The exact etiology of MS is not yet
known, however several factors including im-
munological, genetic, environmental and in-
fectious ones, as well as, dietary, habits and
life-styles contribute to its occurrence and
progression (Forte et al., 2005; Juybari et al.,
2018).

Out of various proposed environmental
factors, heavy metals may play a role in MS
pathogenesis (Monnet-Tschudi et al., 2006).

Given the high toxicity and long-time persis-
tency of heavy metals in the ecosystem, they
have the most detrimental effect on human
health among the different environmental pol-
lutions including exposure to sunlight, bacte-
ria, viruses, and xenobiotics such as chemi-
cals, drugs, and metals (Aliomrani et al.,
2017; Juybari et al., 2018).

These toxicants exert their toxicity
through various mechanisms, including free
radical formation, cell membrane disruption,
enzyme inhibition, and induction of autoim-
munity (Juybari et al., 2018). Furthermore,
studies have shown that exposure to these
neurotoxicants intensifies the progression of
MS (Siblerud and Kienholz, 1994; Attar et al.,
2012; Pachner, 2012; Ghoreishi et al., 2015;
Kahrizi et al., 2016; Razavi et al., 2016).

As nonessential heavy metals, arsenic
(As), lead (Pb), mercury (Hg), and cadmium
(Cd) are xenobiotics with toxic effects on
public health (Papastergios et al., 2004;
Saeedi et al., 2014). As environmental factor,
Pb plays an important role in the etiopatho-
genesis of MS through a multi-action process,
including the production of free radical spe-
cies, deactivation of antioxidant sulfhydryl
pools, inhibition of enzyme activity, blocking
the physiological absorption of essential trace
elements, and induction of auto-antibodies
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production against myelin proteins (Aliom-
rani et al., 2016; Hayatbakhsh et al., 2017,
Dehghanifiroozabadi et al., 2019). Another
significant neurotoxin with a possible role in
the pathogenesis of MS is Hg which is in-
volved in the inhibition of myelin production
and decreases the nerve conduction velocity
(Forte et al., 2005; Attar et al., 2012). Further-
more, with the highest toxicities in the human
neurological system, As may trigger the de-
velopment or progression of MS by inducing
the production of reactive oxygen species
(ROS) in neuronal cells, mitochondrial dys-
function, inflammation, and hyperphosphory-
lation of the tau protein, all of which lead to
axon injury in MS (Ratnaike, 2003;
Dangleben et al., 2013). It has been proposed
that Cd toxicity can cause severe damage to
organs such as brain, testis, kidney, lung and
liver. Moreover, based on animal experi-
mental studies, Cd induces neurological ab-
normalities, cerebral hemorrhage, and neona-
tal cerebral edema. It has been revealed that
Cd enhances the formation of reactive radi-
cals and interferes with antioxidant enzymes
activity in adult rat brain by alteration of
membrane-bound enzymes such as Na+/K+
ATPase and structural lipids integrity
(Aliomrani et al., 2016).

With regard to the global nature of the
heavy metals’ contamination, precisely deter-
mining the associations between these envi-
ronmental contaminants and MS is crucial for
knowing the etiology of the disease and for
informing the public health attempts to reduce
exposure to toxic metals. The existing sys-
tematic review and meta-analysis was de-
signed to summarize the available data re-
garding the circulating levels of Pb, Hg, As,
and Cd with potential mechanistic associa-
tions with MS, between MS patients and con-
trol subjects.

METHODS

A systematical search of online databases,
i.e. Medline/PubMed, Scopus, Web of Sci-
ence (ISI), and Embase was performed up un-
til June 2020 using the combination of MeSh
terms and keywords: ["multiple sclerosis

(MS)"]2 AND ["heavy metal poisoning” OR
"metal poisoning” OR "heavy metal” OR
"heavy metals” OR "toxic heavy metal” OR
"toxic metal” OR "metal toxicity" OR "arse-
nic (As)" OR "cadmium (Cd)" OR "mercury
(Hg) "OR "lead (Pb)"]. The reference lists
were manually checked in the pertinent stud-
ies and previous peer-reviews to find addi-
tional related articles. Our literature searches
were limited to studies published in the Eng-
lish language.

Study selection

Two investigators (MH-B and FM) inde-
pendently screened the literature search re-
sults using EndNote X8 by reviewing article
titles and abstracts to find the pertinent studies
in accordance with the inclusion criteria. Dis-
crepancies in this process were resolved
through discussion with a third author (Sahar
Soltanabadi).

The eligibility inclusion criteria were: ar-
ticles were originally observational studies
(cross-sectional, case-control, or cohort), en-
compassed patients with MS, studies that
compared the heavy metal concentrations in
patients with MS and controls, and studies
that reported or were able to calculate the
mean changes of heavy metal concentrations
including Hg, Pb, As, and Cd, along with their
standard deviations (SDs) for both MS pa-
tients and control group. Meanwhile, studies
that did not provide sufficient information on
meanzSD changes of heavy metal concentra-
tions for MS patients and controls, the ab-
stracts without full papers, animal studies, in
vitro, letters, editorials, case report or series,
randomized controlled trials, reviews, and
studies that did not have a comparison/control
group were excluded.

Data extraction

Three individual authors (HA, Sorour Sa-
rihi, and MH-B) extracted all required data
using pre-designed data collection sheets in
Excel. The extracted data included: author’s
name, publication year, basic demographic
characteristics, the study design and location,
sample size (patients with MS and controls),
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type of MS, the technique of measurement for
heavy metal levels, and the mean and SD for
Pb, Hg, As, and Cd in patients with MS and
controls.

Quality assessment

The methodological quality of the in-
cluded studies was examined using the New-
castle-Ottawa Scale (NOS) according to the
following three points: "the participants' se-
lection procedure, comparability of included
groups, and outcome/exposure ascertain-
ment". Based on this tool, the results for each
cohort or case-control design with scores > 7
and for cross-sectional design with scores > 5
were considered as a high-quality study (see
Supplementary Table 1).

Data synthesis and statistical analysis

A comprehensive search in the literature
(through manual and online electronic tools)
was performed to avoid any publication bias.
Additionally, we used statistical Begg's rank-
correlation (Begg and Berlin, 1989) and Eg-
ger’s regression asymmetry (Egger et al.,
1997) to evaluate the evidence of potential
publication bias across the included studies in
the current meta-analysis. Inter-study hetero-
geneity was identified using Chi-square and 1
statistics. An 12 greater than 50 % and P < 0.1
for Chi-square test represented a significant
inter-study  heterogeneity (Higgins and
Thompson, 2002). The changes of heavy
metal concentrations between MS patients
and the control group were estimated through
the calculation of the weighted mean differ-
ence (WMD) and the corresponding 95 %
confidence interval (CI) using STATA soft-
ware version 11.0 (STATA Corp, College
Station, Texas). Given the wide variety of in-
dications among included studies to pool
SMDs, random-effects models were em-
ployed to conduct meta-analyses. Further
analyses including Subgroup and univariate
meta-regression analyses were conducted to
assess the source of heterogeneity based on
categorical and continuous variables, respec-
tively. Meanwhile, a sensitivity analysis was

administered to investigate the impact of each
study on the reliability of the pooled WMD.
P-values less than 0.05 were considered as
statistically significant.

RESULTS

The flowchart for the systematic searches
in the literature and the step-by-step study
identification process are summarized in Fig-
ure 2. Overall, 16 articles (Janghorbani et al.,
2017; Forte et al., 2005; Visconti et al., 2005;
Alimonti et al., 2007; Madeddu et al., 2011;
Ristori et al., 2011; Attar et al.,, 2012;
Giacoppo et al., 2014; Yousefi et al., 2014;
Ghoreishi et al., 2015; Aliomrani et al., 2016;
Aliomrani et al., 2017; Juybari et al., 2018;
Dehghanifiroozabadi et al., 2019; Paknejad et
al., 2019; Nashmi et al., 2020) out of 1181
records were identified through literature
searching, and then selected to be eligible for
the current meta-analysis regarding our crite-
ria for inclusion. These articles included a to-
tal of 1650 participants (772 patients with MS
and 878 controls). Only one study was of a
cohort design (Ristori et al., 2011), all other
fifteen studies (see above) were of a case-con-
trol design. Thirteen studies have reported on
Pb (Janghorbani et al., 2017; Forte et al.,
2005; Visconti et al., 2005; Alimonti et al.,
2007; Madeddu et al., 2011; Ristori et al.,
2011; Giacoppo et al., 2014; Ghoreishi et al.,
2015; Aliomrani et al., 2016; Aliomrani et al.,
2017; Dehghanifiroozabadi et al., 2019;
Paknejad et al., 2019; Nashmi et al., 2020),
eleven on Cd (Janghorbani et al., 2017 ; Forte
et al., 2005; Visconti et al., 2005; Alimonti et
al., 2007; Madeddu et al., 2011; Ristori et al.,
2011; Ghoreishi et al., 2015; Aliomrani et al.,
2016; Aliomrani et al., 2017; Paknejad et al.,
2019; Nashmi et al., 2020), six on Hg (Forte
et al., 2005; Visconti et al., 2005; Alimonti et
al., 2007; Ristori et al., 2011; Attar et al.,
2012; Giacoppo et al., 2014), four on As lev-
els (Yousefi et al., 2014; Aliomrani et al.,
2017; Juybari et al., 2018; Paknejad et al.,
2019) in patients with MS and controls. Stud-
ies were published between 2005 and 2020.
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Figure 2: The PRISMA flowchart of study identification and selection process

Nine of the included studies were conducted  Meta-analysis
in Iran (Janghorbani et al., 2017; Attar et al.,
2012; Yousefi et al., 2014; Ghoreishi et al.,

2015; Aliomrani et al., 2016; Aliomrani etal., ¢ iy ‘jne1ded articles using the random-ef-

2017; Juybari et al., 2018; Dehghani- —
firoozabadi et al., 2019; Paknejad et al., f(e)cﬁ r::g /?_elgrSe\;/eoacI:eIcl tlg)a%l—l t?) Bezglsp(:\/\(l)l\ggg)
2?1?)' 25('))8'; %‘!y (F(z_r tetetlal. 2(2)825|\>|/ |3c33t| in MS patients were not statistically different
et al" 2011_’ Ri |trnqn It el aébll' G ade Li from those of the controls (Figure 3a). The ev-
ctal, » nistori et al., , 214C0PP0 €L 54000 of significant heterogeneity across the
al., 2014), and one in Irag (Nashmi et al., included articles (12=79.0 %, P < 0.001)
2020). Details of the basic characteristics of showed that the subgroup analy’/ses Were con-
the included studies are presented in Table 1. ducted according to the country (Italy vs. Iran

Mercury
The pooled results obtained on the basis
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Table 1: Main characteristics of included studies

First author Publica- Country | Type of study Sample size Mean age Gender F/IM Body fluid Types of Quality
tion year (case/con- (case/con- (case vs.con- MS scores
trol) trol) trol)
Alimonti et al., 2007 2007 Italy Case-control 60/124 38.5£10.4, 38/20, Plasma RR-MS and 8
44.8+12.7 43/81 SP-MS
Aliomrani et al., 2016 2016 Iran Case-control 69/74 35.2+10.9, 58/11, Blood RR-MS 8
31.8+10.3 36/38
Aliomrani et al., 2017 2017 Iran Case-control 69/74 35.2+10.9, 58/11, Blood RR-MS 8
31.8+10.3 36/38
Juybari et al., 2018 2017 Iran Case-control 50/50 49.6x13.5, 35/15, Serum RR-MS 8
45.3+15.3 37/13
Dehghanifiroozabadi 2018 Iran Case-control 29/29 36.27+8.77, 22/7, Blood RR-MS 8
et al., 2019 38.61+6.50 2217
Nashmi et al., 2020 2020 Iraq case-control 25/25 42.46+9.3, 15/10, Serum RR-MS and 7
41.12+10.11 14/11 SP-MS and
PP-MS
Forte et al., 2005 2005 Italy Case-control 60/69 38.7+9.9, 40/20, Serum MS 8
38.44+9.7 NA
Ghoreishi et al., 2015 2015 Iran Case-control 50/50 32+3.35, NA Serum MS 7
32+2.65
Giacoppo et al., 2014 2014 Italy Case-control 41/33 40.63+9.66, 31/10, Plasma MS 7
35.07+7.31 16/17
Janghorbani et al., 2016 Iran Case-control 55/90 31.6+14.83, 47/8, Plasma RR-MS and 8
2017 45.1+15.17 67/28 SP-MS and
PP-MS
Madeddu et al., 2011 2011 Italy Case-control 29/22 50+12, 59+18 21/8, CSF RR-MS and 7
11/11 SP-MS and
PP-MS
Attar et al., 2012 2012 Iran Case-control 7474 30.97+9.07, 60/14, Serum RR-MS 8
29.50+10.58 58/16
Paknejad et al., 2019 2019 Iran Case-control 62/74 35.33+11.0, 52/10, Serum RR-MS 8
33.83+£10.36 36/38
Ristori et al., 2011 2011 Italy cohort 49/49 36.1+6.9, 29/20, Serum MS 8
33.2+6.1 26/23
Visconti et al., 2005 2005 Italy Case-control 12/12 28.2+7.9, 8/4, Serum MS 7
28.31+8.8 7/5
Yousefi et al., 2014 2014 Iran Case-control 38/38 31+7.5 38/0, Serum MS 8
38/0

F, female; M, male; MS, multiple sclerosis; RR-MS, relapsing-remitting MS, SP-MS, secondary progressive multiple sclerosis; PP-MS, primary
progressive multiple sclerosis; CSF, cerebrospinal fluid
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vs. Iraq) and the type of MS (relapsing-remit-
ting MS (RR-MS) vs. unspecified MS vs.
other). As indicated in Table 2, we found that
the mercury levels were not different across
diverse countries and types of MS. Further-
more, meta-regression analyses explicated
that total sample size (B= 0.01, P= 0.833),
publication year (p= 0.17, P= 0.507), and
study quality score (f=0.21, P=0.913) had no
statistically significant impact on mercury
levels. In addition, sensitivity analysis
showed that the exclusion of each study from
the meta-analysis did not change the pooled
WMD (see Supplementary Figure 1). Statisti-
cal publication bias results showed there was
no evidence of publication bias (P for Begg's
test=0.573 and for Egger’s test= 0.843).

Table 2: Findigs of subgroup analyses

Outcomes Number
of

studies
Mercury = Total 6
Country  ltaly 5
Iran 1
Iraq -
Types RR-MS 1
of MS Unspecified MS 4
Other 1
Lead Total 13
Country  ltaly 6
Iran 6
Iraq 1
Types RR-MS 4
of MS Unspecified MS 5
Other 4
Arsenic | Total 4
Country  ltaly -
Iran 4
Iraq -
Types RR-MS 3
of MS Unspecified MS 1
Other -
Cad- Total 11
mium Country Italy S)
Iran 5
Iraq 1
Types RR-MS 3
of MS Unspecified MS 4
Other 4

Lead

Thirteen articles comprised of a total of
1326 subjects have investigated the Pb con-
centrations. The pooled results using a ran-
dom-effects model indicated a significant dif-
ference in the Pb levels between MS patients
and controls (WMD= 0.73 pg/L, 95 % Cl=
0.33 to 1.12, P< 0.001) (Figure 3b). Accord-
ing to significant inter-study heterogeneity
(1= 97.8 %, P< 0.001), additional analyses
were carried out. It was found that studies
conducted in Iran significantly differed in
terms of Pb levels (WMD= 1.39 pg/L, 95 %
Cl=0.44 to 2.34, P=0.004) as well as in pa-
tients with other types of MS (WMD= 0.63
Mg/L, 95 % Cl=0.18 to 1.09, P= 0.007) vs.
other strata (Table 2). The results of meta-re-
gression analyses revealed that continuous
factors as total sample size (f=-0.01, P=0.771)

WMD (95 % ClI) I2and P-value

-0.14 (-0.77, 0.49) 79.0 %, P <0.001
-0.25 (-0.82, 0.31) 77.1 %, P=0.002

3.90 (0.87, 6.93) -
3.90 (0.87, 6.93) -
-0.57 (-1.65, 0.51) 82.8 %, P = 0.001
0.01 (-0.25, 0.27) -
0.73(0.33, 1.12) 97.8 %, P <0.001
-0.14 (-0.30, 0.01) 63.8 %, P =0.017

1.39 (0.44, 2.34) 98.4 %, P < 0.001
10.87 (9.29, 12.45)
8.80 (-0.59, 18.20)

0.29 (-0.53, 1.11)

84.6 %, P <0.001
88.1 %, P < 0.001
0.63 (0.18, 1.09) 98.5 %, P < 0.001
2.48 (1.44, 3.53) 98.9 %, P <0.001

2.48 (1.44, 3.53) 98.9 %, P <0.001

2.61 (0.32, 5.53) 98.6 %, P <0.001
2.19 (2.05, 2.33) -

0.17 (0.09, 0.26)

0.05 (0.02, 0.09)

0.33 (0.10, 0.55)
0.19 (0.17, 0.21)
0.35 (0.28, 0.42)
0.18 (0.02, 0.34)
0.05 (-0.05, 0.16)

98.1 %, P <0.001
62.5 %, P=0.030

99.0 %, P <0.001

71.4 %, P=0.030
94.9 %, P <0.001
98.4 %, P <0.001
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and study quality score (f= -1.31, P= 0.756)
did not have any significant effects on Pb con-
centrations, but the publication year was pos-
itively related to Pb levels (B= 0.77, P=
0.024). Furthermore, sensitivity analysis indi-
cated that after excluding Diame Nashmi’s
study (Nashmi et al., 2020.) from our meta-
analysis, the overall WMD was changed (see
Supplementary Figure 2). There was no pub-
lication bias as to the use of quantitative anal-
yses as Begg’s (P= 0.143) and Egger’s tests
(P=0.223).

Arsenic

Four studies comprised of 219 patients
with MS and 2396 controls have reported As
levels. The meta-analysis results using ran-
dom-effects model showed that arsenic levels
were significantly increased in patients with
MS compared with controls (WMD= 2.48
ug/L, 95 % Cl= 1.44 to 3.53, P <0.001; I°=
98.9 %, P <0.001) (Figure 3c). Despite the
stratification of included studies based on
country and type of MS, we found no signifi-
cant changes in pooled WMD in different
subgroups (Table 2). Meta-regression analy-
sis indicated that the total sample size (=
-0.03, P= 0.507), publication year (f= -0.15,
P=0.840), and study quality score (= 2.49,
P=0.088) had no significant impact on the as-
sociation between MS patients and the levels
of arsenic. Additionally, sensitive analysis re-
sults exhibited that the exclusion of Yousefi’s
study ( 2014.) changed the pooled WMD (see
Supplementary Figure 3). Begg’s test (P=
0.996) and Egger’s test (P= 0.512) showed no
significant publication bias, quantitatively.

Cadmium

The pooled results from 11 included stud-
ies showed that levels of Cd among patients
with MS were significantly higher than those
of controls (WMD=10.17 pg/L, 95 % CI1=0.09
t0 0.26, P <0.001) (Figure 3d). Statistical tests
for heterogeneity were significant across the
included studies (1>= 98.1 %, P <0.001). Sub-
group analysis based on the type of MS pre-
sented significantly increased Cd levels in pa-
tients with RR-MS (WMD= 0.35 ug/L, 95 %
Cl= 0.28 to 0.42) and with unspecified MS

(WMD= 0.18 pg/L, 95 % Cl=0.02 to 0.34)
vs. other strata (Table 2). Also, the results of
meta-regression analyses found that factors
such as total sample size (p= 0.01, P=0.641),
publication year (= 0.02, P= 0.235), and
study quality score (= 0.00, P=0.641) were
associated with Cd levels. The findings of
sensitive analysis demonstrated reliable
pooled WMD after excluding the studies one
by one (see Supplementary Figure 4). The ev-
idence of publication bias was not quantita-
tively observed across included studies alt-
hough Begg’s test (P=0.586) and Egger’s test
(P=0.397) were employed.

DISCUSSION

Not only is MS a disabling disease but it
is also the leading cause of acquired neurolog-
ical disability in young adults (Carvalho,
2013; Ebrahimi-Kalan et al., 2014). Even
though focal inflammatory plaques and ax-
onal loss are found to be the main pathologi-
cal features of MS; however, the precise eti-
ology of the disease is yet unknown (Loma
and Heyman, 2011; Koch et al., 2013). Re-
cently, it has been suggested that toxic heavy
metals as environmental factors play a signif-
icant role in MS pathogenesis. Furthermore, a
strong association has been shown between
exposure to heavy metals and a higher inci-
dence of MS (Ghoreishi et al., 2015). To the
best of the authors' knowledge, this is the first
systematic review and meta-analysis that ex-
amined the associations between circulating
levels of Pb, Hg, As, and Cd with MS. The
World Health Organization (WHO) has listed
these heavy metals among ten chemicals with
a major concern for public health (WHO,
2020). It is worth noticing that apart from one
study performed in Iraq, other included stud-
ies in this meta-analysis were conducted in
Iran and Italy as countries with increasing in
MS prevalence rate. Accordingly, the find-
ings obtained from the present study demon-
strated that the circulating levels of As and Cd
were significantly higher in patients with MS
than in the healthy controls. Nevertheless,
there was no statistically significant differ-
ence between circulating levels of Hg among
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MS patients and controls. Although Pb level
was significantly higher in patients with MS
compared to the healthy controls, after sensi-
tivity analysis and removing one study
(Nashmi et al., 2020), Pb level was insignifi-
cantly different between the two groups.

One of the most toxic naturally occurring
metals, As is a peripheral neurotoxicant capa-
ble of inducing nervous system damages and
neuropathy (Yousefi et al., 2014; Alizadeh-
Ghodsi et al., 2018). This toxicant can induce
or intensify many diseases including MS by
producing oxidative stress (Jomova et al.,
2011). The present study revealed that As had
significantly higher circulating levels among
patients with MS than in the healthy controls.
Yet, high heterogeneity was also seen. Sub-
group analyses revealed that studies related to
As neurotoxicity were carried out in Iran
(Yousefi et al., 2014; Aliomrani et al., 2017,
Juybari et al., 2018; Paknejad et al., 2019) out
of which, one study (Yousefi et al., 2014)
showed that As levels were significantly
higher in undetermined MS subgroup than
other types. It has been reported that in Ta-
briz, as the third most polluted city of Iran,
excessive concentration of arsenic from in-
dustrial pollutions increases oxidative stress
levels in MS patients (Yousefi et al., 2014).
Meanwhile, further studies on a larger popu-
lation are required to confirm this hypothesis.

As a redox inert element, Cd is one of the
most poisonous heavy metals with an extreme
health hazard to humans and animals
(Ghoreishi et al., 2015; Aliomrani et al.,
2016). It has been suggested that Cd makes an
indirect contribution to increases in the free
radical formation and to oxidative stress via
Fenton reaction (Méndez-Armenta and Rios,
2007). Cd-induced neurotoxicity has been
connected with neurodegenerative diseases
such as MS (Branca et al., 2018). Findings ob-
tained from the present study showed signifi-
cantly higher circulating levels of Cd in pa-
tients with MS compared to the healthy con-
trols. Following the subgroup analyses, the
observed heterogeneity was lowered within
some of the subgroups, including Italian and
RR-MS ones. It is worth noting that Italians

showed significantly higher Cd levels in MS
patients compared to controls, emphasizing
the need for further studies to identify the
cause of excess Cd in MS patients in this re-
gion. Furthermore, Cd levels were signifi-
cantly higher in RR-MS subgroups compared
with other types. It is highly suggested that
more cohort and clinical trial studies be con-
ducted to assess the impact of Cd chelation
therapy in RR-MS patients, as the most com-
mon type of MS. It has been reported that glu-
tathione S-Transferase Mu 1 (GSTM1) null
genotype is likely to be responsible for sus-
ceptibility to Cd toxicity in RR-MS patients,
particularly in patients with a smoking habit,
therefore, we advise that future studies should
consider the genotype feature of the patient to
define the exact reason of higher Cd levels in
RR-MS patients (Aliomrani et al., 2017).

One of the most toxic heavy metals, Hg
has acute and chronic toxic effects on the hu-
man body including the nervous and immune
systems (Kim and Zoh, 2012; Kabhrizi et al.,
2016). An important neurotoxicant, Hg is in-
volved in the elimination of the myelin sheath
and inflammatory status progression of MS
(Forte et al., 2005; Attar et al., 2012; Cariccio
et al., 2019). Based on the present study,
though MS patients showed a slightly lower
Hg level compared to the control group, no
statistically significant difference was found
in Hg levels between MS patients and con-
trols. The two forms of Hg that can be ab-
sorbed by an organism causing toxicity are
methylmercury and mercury vapor (Clarkson
and Magos, 2006; Magos and Clarkson,
2006). It is strongly suggested that subsequent
studies should measure these chemical forms
of Hg in MS patients.

Pb is a redox-active and broadly dispersed
metal (Aliomrani et al., 2016; Dehghani-
firoozabadi et al., 2019). As a very toxic and
persistent metal, Pb is a major risk to human
health (Kumar and Scott Clark, 2009; Jomova
and Valko, 2011; Tabrizi et al., 2021). Pb can
serve as a hapten through binding to myelin
proteins and it is considered that Pb is respon-
sible for the production of auto-antibodies
against myelin proteins, thereby playing a
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crucial role in MS pathogenesis (Razavi et al.,
2016). With respect to Pb, a significant differ-
ence was found between the two groups in the
present meta-analysis. However, after exclud-
ing one study by Nashmi et al. (2020), the het-
erogeneity was reduced and Pb circulating
levels were not significantly different after
conducting the sensitivity analysis. There-
fore, additional larger studies are required to
clarify the exact role of this toxic metal in the
pathogenesis of MS. Pb subgroup analyses
also showed the significantly higher Pb levels
in Iranian MS patients compared to controls,
though the heterogeneity remained high. In
Iran, cities such as Tehran and Isfahan have a
high prevalence of MS. In this regard, expo-
sure to absorbable Pb in air-suspended parti-
cles and soil as the main sources of Pb in Teh-
ran and Isfahan, respectively, has been shown
to be significantly linked with MS prevalence
(Aliomrani et al., 2016; Dehghanifiroozabadi
et al., 2019). Additional studies are needed to
discover other possible reasons which could
account for Pb excess in patients suffering
from MS in these regions.

The strengths and limitations of this meta-
analysis require careful attention. This is the
first comprehensive meta-analysis addressing
a number of major environmental toxic metals
in relation to MS. A subgroup analysis was
led to ascertain the possible sources of heter-
ogeneity in our study. Statistical publication
bias results showed there was no evidence of
publication bias. Our meta-analysis has also
some limitations which are as follows. First,
studies included in this meta-analysis are het-
erogeneous. Thus, the results of this study
should be interpreted with caution. Second, a
small number of studies was included in this
meta-analysis and additional large scale stud-
ies are required to confirm our conclusions.
Third, age and sex are very significant varia-
bles in studies regarding the influence of met-
als metabolism on MS. It is an aspect of this
study that was not considered in this study be-
cause the included articles lacked individual
participant data. Furthermore, this meta-anal-
ysis did not take account of the confounding
factors, including chemical forms, times,

doses, and routes of exposure to heavy metals,
dietary habits, lifestyles, and smoking habits,
all of which influence the neurotoxic effects
of these toxicants. Additionally, the identifi-
cation of polymorphisms that impact circulat-
ing levels of these toxic metals, such as poly-
morphisms in GST, may also pave the way for
future experiments on potential causal associ-
ations of these metals with MS. Ultimately,
most studies included in the meta-analysis
were conducted on MS patients from Iran and
Italy. It is yet uncertain whether the findings
could be applied to other populations.

CONCLUSION

Findings demonstrated that higher levels
of As and Cd were associated with MS, how-
ever, no significant differences were found in
terms of Hg and Pb. Given the high heteroge-
neity among the included studies, the results
should be interpreted with caution. Besides,
further large scale clinical studies are required
to investigate the role of toxic metals in the
development of MS. Considering the great so-
cio-economic burden of MS on patients and
families, particularly, in Italy and Iran, in the
future, it is necessary to take measures to de-
crease human exposure to these environmen-
tal toxicants and possibly reduce the risk of
MS development.
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