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Abstract

Background The human gut microbiota has a critical role in several aspects of host homeostasis, such as immune
development, metabolism, nutrition, and defense against pathogens during life. It can be sensitive to xenobiotics
including drugs, diet, or even environmental pollutants, especially heavy metals (HMs). The findings of some
previous studies are heterogeneous due to the inclusion of various types of study (human, and animal studies) and
wide exposures (phthalate, bisphenol A, HMS, etc.), and no comprehensive systematic review has investigated the
association between HMs exposure and human gut microbiota composition. Therefore, we carried out a systematic
review of human observational studies to examine this association.

Main body of the abstract PubMed, Scopus, ISI Web of Science, and Google Scholar were searched using Medical
Subject Headings (MeSH) and non-MeSH terms. Eventually, 12 studies for arsenic (As), lead (Pb), mercury (Hg), and
cadmium (Cd) were included in this study. No eligible study was found for Aluminium.

Short conclusion The findings showed exposure to HMs disturbs the composition of gut microbiota and can lead to
dysbiosis. Exposure to high levels of As, Pb, and Hg increased the abundance of Collinsella as pathobionts. Evidently,

it is related to leaky gut, oxidative stress, and several diseases such as inflammatory bowel disease and cancers.
Probiotic treatment and nutritional strategies such as high fiber intake and following antioxidant-rich diets should be
considered in terms of HMs exposure.
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Introduction
Human microbiota includes all existing microbes
(eukaryotes, archaea, bacteria, and viruses) in certain
parts of the body such as the mouth, airways, genito-
urinary system, skin, and especially the intestine [1].
Disruption in the balance of the gut microbiome, i.e. dys-
biosis, can lead to several diseases including inflamma-
tory bowel diseases, cancers, diabetes mellitus, obesity,
liver, and kidney diseases [2—4]. Diet, medications, and
other environmental factors have a key role in shaping
the composition of the intestinal microbiome, although
genetics provides the background context [5, 6].
Pollution with heavy metals (HMs) such as arsenic (As),
cadmium (Cd), lead (Pb), and mercury (Hg) is a persis-
tent universal issue and can lead to dysbiosis [7]. Humans
are exposed to HMs through environmental pollution,
food contamination, dental care, and industrial, agricul-
tural, and, occupational operations [8]. Organisms absorb
pollutants faster than the rate at which they are excreted
or catabolism [9]. Dysbiosis caused by HMs exposure
may affect physiological and metabolic functions, and
contribute to inflammation and the development of vari-
ous diseases in the host [10, 11]. It is important to con-
sider exposure to HMs in special periods of life such as
early pregnancy because HMs are strong neurotoxins
[12].

The effects of metal exposure on the gut microbiota
have been examined on various species [13]. A study on
mice showed that As exposure (10 mg/L) for 4 weeks
disrupts the gut microbiota and metabolic profiles [14].
A review demonstrated that phthalates, HMs, bisphenol
A, and particulate matter may alter the intricate micro-
biota—gut—brain axis, thereby, affecting neurological and
mental health [9]. Many reviewed studies showed that
exposure to HMs can change the diversity and structure
of the gut microbiota [11, 15]. However, the findings are
not homogeneous and there is no comprehensive sys-
tematic review that has investigated this association in
humans. Therefore, the purpose of this systematic review
was to determine the relation between major heavy
metal exposure and alteration of human gut microbiota
composition.

Methods

This review was conducted according to the guidelines
for systematic reviews of observational studies [16].
The review question was defined using the PECO/PICO
approach (participants, exposure, comparator, and out-
come) [17, 18].

Search strategy
Electronic databases including PubMed, Scopus, ISI
Web of Science, and Google Scholar were searched to
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find the relevant human observational studies by MR,
and no language limitations or restrictions were applied.
The literature search was run using the Medical Subject
Headings (MeSH) and non-MeSH terms without restric-
tions up to October 2023. Terms including: (“Heavy
metal” OR Cadmium OR Arsenic OR Lead OR mercury
OR Aluminium) AND (“Gut Microbiome OR Gut Flora
OR Intestinal Microbiome OR Gut microbiota compo-
sition OR “gastrointestinal microbiome” OR dysbiosis).
Also, we searched the references of the retrieved articles
manually.

Eligibility criteria

Screening for eligible studies was done for the article’s
title, abstract, and full text by two independent research-
ers (MR and NR). The inclusion criteria for studies were:
cohort, cross-sectional, or case-control human studies
that investigated the association between main HMs (Cd,
As, Pb, Hg, and aluminium) and human gut microbiota
composition. Interventional, animal, in-vivo, and in-
vitro studies; editorials, letters, review articles, or meet-
ing abstracts; studies with insufficient reported data and
study protocols were excluded.

Data extraction

Data extraction was done by BF and YH through record-
ing the following items: author name, year of publica-
tion, country where the study was done, sample size, age
of participants, design of the observational study, type of
heavy metal and its dosage, exposure duration for cohort
studies, method for heavy metal assessment, gut micro-
biota assessment, gut microbiota composition changes,
and effects of HMs on human health outcomes.

Assessment of quality

The quality of each study was evaluated using the New-
castle Ottawa Scale (NOS) [19]. Two independent
authors (BF and NR) assessed the quality of the included
studies, and the third author resolved any disagreements.
The NOS has three sections including selection, compa-
rability, and assessment of exposure or outcome, each
section containing several items related to the quality of
studies. For each prospective cohort and case-control
study, the NOS considers a maximum of 9 points, and 10
points for cross-sectional studies. Studies that achieved
an NOS score of 6 or higher in our study were considered
to be high-quality publications (Supplemental Tables 1 &
2).

Results

Study selection

We identified 24,219 records after excluding duplicates.
Then articles were screened, and 61 articles remained for
assessing the full-texts. Finally, we included 12 studies
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in the present systematic review. Figure 1 illustrates the
selection process for studies.

Study characteristics

The articles in this systematic review addressed four
major HMs, As (n=5) [20-24], Pb (n=5) [21, 25-28],
Hg (n=4) [21, 29-31], and Cd (n=1) [21]. There were
no studies on aluminum exposure and gut microbiota
composition.

The existing study designs were cross-sectional (n=6),
cohort (n=4), Longitudinal (n=1), and case-control
studies (z=1). Most studies were done in the US, but
others were from China, Nepal, and Bangladesh. Of the
included studies, 4 evaluated HMs during pregnancy, 3
measured HMs in infants or children, 1 measured in both
infantile and pregnancy periods and 4 evaluated HMs in
adults.

Most studies used Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) for the assessment of HMs in
drinking water or biological specimens including blood,
urine, feces, teeth, and toenail. Also, atomic absorption
spectrometry, cold vapor atomic fluorescence spectro-
photometer, direct mercury analyzer, and gas chromatog-
raphy were other methods used.

For determining gut microbiota composition, studies
used DNA extraction, 16 S rRNA gene sequencing/pro-
filing, and polymerase chain reaction (PCR) (n=10) or
metagenomic sequencing (n=2) based on collected feces
specimens of children or adults.

Study quality assessment

The included studies had NOS scores ranging from 4 to
9. According to the score of 6 as the median for a total
score of NOS, 7 articles had a score of 26, considered
high-quality studies (Supplemental Tables 1 & 2).

Heavy metals and gut microbiota composition

Arsenic

Five studies were conducted on As in Nepal (n=1) [20],
the United States (USA) (n=2) [21, 23], Bangladesh
(n=2) [22, 24]. These included articles were published
between 2017 and 2020. Three studies on infants and
children and two on adults examined the outcomes. The
study designs were cohort (n=2), cross-sectional (n=2),
and nested case-control (z=1). These articles included
724 participants in total, ranging from 42 to 249 par-
ticipants per study. Three studies had high quality. More
details are presented in Table 1, Supplemental Tables 1 &
2.

Among the studies that measured As exposure, 2 mea-
sured arsenic levels in urine, 2 in the water, and 1 in
toenail. Brabec et al. reported that high exposure to As
compared undetected level has increased Bacillaceae and
decreased Erysipelotrichales in Mahuawa and increased
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Fig. 1 Flow diagram of the study selection process

Collinsella in Ghanashyampur. Moreover, moderate As
level showed reduced Erysipelotrichi class in Mahuawa,
and increased Lactobacillus, and decreased Gammapro-
teobacteria and Erysipelotrichaceae in Ghanashyampur
[20]. Elevated phylum Proteobacteria and class Gam-
maproteobacteria in a high level of As vs. low level, was
represented in another study [24]. One study reported
that As levels in adults were negatively associated with
Catenibacterium (Erysipelotrichaceae family) [20]. Uri-
nary As levels had an indirect and direct association with
Ruminococcus in adults and infants, respectively. Also,
association with Clostridiaceae was negative in both

groups [20, 23]. Brabec et al. found adults’ urinary As
levels had a negative (Haemophilus & Luteimonas) and
positive (Desulfovibrionaceae, member genus Bilophila,
Succinovibrio) association with some members of Pro-
teobacteria phylum [20]. Another study illustrated water
arsenic exposure was related to Proteobacteria, Entero-
bacteriaceae family, and predominantly As resistant
Escherichia coli directly [24]. There was a positive rela-
tionship between As levels in infants’ toenail and Bifido-
bacterium at high concentrations of zinc [21]. However,
another study that measured As in infants’ urine showed
a negative association with Bifidobacterium. Moreover, a



Page 5 of 16

(2025) 44:21

(+) suabi2
‘wnue)deqng

(-) wnbuoj

() wnpyiq
‘wnuR)deqopylg
(+) lipjobauy

(+) ejod01d0d
‘soploJa)oeg

(-) snyounsipul

sadnsiy

() snpyjed

(-) snaeub

sn>dodoulwny

(-) snyed

:sn>>0>04do)

(-) shuadsajope

‘wnuR)deqopylg

(+) ejod01dod

(=) sijeunsaaul

(-) @ed2ED

‘saploJajeg

() snpduBsipul

(-) stupasind
yoieq sisAjeue
SUWOIGOIDIN
‘Aoueubaid

Bunp |Ng
SJ9UIoON
‘Yuig 1e
abe sJay1oN
‘Aoueubaid
Buunp 535
S J9UIO ‘uoi
-39||02 3|dwles
4joswnije
abe sp|yd
X35 pIIYD - 'sadnsiy

€¢0c-

edLRWY 219
yuoN  slabb3

(snonuguod)
sawod3no ejoiqo.oiw
syuawisnipy yyjesH 1n6 uo 3yY3

(Je>110633ed)
ejoiqo.oiw
In6 uo 3Y3

JusWISSISSe e}
-oiqosdiw 3Ny uosuedwod

jJuswissasse ainsodxa

(1e3p)
loyiny
Anuno> 1414

Rezazadegan et al. Journal of Health, Population and Nutrition

MB3IADI D11PWIRISAS 31 Ul SAIPNIS PIpN|dUl 3} JO MIIAISAQ L djgeL



Page 6 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

©11910eqOundY |

£11910202)0id T
suaboueys|n|

(uon
-dwnsuod
921J) T SA
(uondwins
-Uuod ysy) 1
(uon
-dwnsuod
9o1 ybnouyy)

ouginojnsagl TSAH
Sse|d elia1deq
-o9j0idewwent
e119}0eqosn4 <>
©119)0eqOUlDY
Ed
$a19ploIaloeg < ) IsAH A zeoe-
() S4vAD-DD
19 uone|Ay33
'SAVAD R
SN uonsabip BHIW [BUOID3S BIERE)
- - SoINdIWll4 < uonoelixe YNd pIdY ‘08-¥YINd - BHL Sy (6L/¥1) €€ -SS01D eulyd Buex
(YN) S23Ind1BUS |
(4N) S2an31uil TsAH
(4N) S919pios=1deg @
(YN) LI21ORg0310.d SYv4D
(YN) S23nd1BUS L
(YN) S21Nd1WI4 TSAH
(4N) S212pIoI=1dRg ) (n
awiodul
Alyauow A1
-We4 ‘doys
Sjiom 335BM-2
Se pasn SWOoH
')SeM-3 UM
10B1UOD UaIp
“[IUD S|9A3) ¥Dd 3 bul
uopedNPa -Duanbas suab (cc07)
|eJualeq VNI SOL 7 |euondas e
'X36 ‘9by (4N) eu=10RqO3101d - uondenxe yYNd SW-dDI - qd A9y (ce/8¢€) 0L -SS01D eulyD Busz
|eyow abues
(snonupuod) (Je>110633ed) Aneay  aby (1eap)
ejoiqo.dIw B1OIODIW  JUBWISSISSE B) juawssasse ainsodxd jo /abe (9]ewsay/sjew) ubissp loyiny
syuawisnipy N6 uo ay3 Inbuopayy -oiqondwIng uosuedwod  |elow Anesy joswil adAp uesly  azis ddwes Apmys  Aniuno) 18414

(panunuod) | 3jqey



Page 7 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

(+) s92Awoleyddes
() snjjibiadsy
()sn1O

S9PI0ISIORY |RIDASS ) (1)
yoleg d0d
‘uoniny ‘adAy 13 bupuanbas
4100] ‘928l (jlebuny) zs1|
PIIYD 'uond9) 73 (|el=10eq) (0200
|02 3jdues 4 Bupuanbas 19159W | ‘e
Je abe 1oexg (+) elesuljjod - 9uab YNYI 591 puc (SW-dDI-v ) wz ad Wi (€£/01) €¥L Hoyoo vSn - lelS
4N ubIH (€
TSN E 91eI2POW (7
(+) ouglaouPING ejjasuljoo|
(+) ejydoyg
snuab Joquiaul ILSAE
(+) 2eadeydl
9B3DRUOLIGIAOJNSS( -j012disAi3 1
ela1oeqoajoid-A
(-) seuow1N T
(und
-weAyseu
(-) snjiydowsey  snjjegodeT -eyo)
‘wnjAyd pa12919puUN
eL19)0eq09)01d ILSAT (1 |edaN
(-) 2e92EIPLISOPD ubIH (€
(-) sna20d0UIWNY N 91eIPOWN (7
:winjAyd sayndiwiy TSN E
sajeyoojRdisAig
1
(-) wNL1egIUSIRD seade||eq |
Kj1wey
seadeydojadishig ILSAE
ssepd
1ydHiofRdisAig 1 €)} (n) A (emenyeln)
d0d Syv (0200
B bupuanbas  paidalepun Juopeisausb |BUOIID3S 839
- - (+) aeade||deg Ajiuseq ‘LSAZ  2Uab YNYI 591 (1 PLGAH - sV a7 (ST/L1) Ty -$S01D ledaN  2aqeig
suabouey N
ouquroynssdl
|eyow abues
(snonupuod) (Je>110633ed) Aneay  aby (1eap)
sawodino ejoiqo.dIw B1OIODIW  JUBWISSISSE B) juawssasse ainsodxd jo /abe (9]ewsay/sjew) ubissp loyiny
syuawisnipy yjjesH N6 uo ay3 Inbuopayy -oiqondwIng uosuedwod  |elow Anesy joswil adAp uesly  azis ddwes Apmys  Aniuno) 18414

(panunuod) | 3jqey



Page 8 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

$91RLIRAOD
pue sainsod
-X2 plojjersw

/leRu |y - 1e) Winuis1oeqopylg

(+) asoqo|b

(4) e3013S8)

‘eizassejepy

() wnjjipiusd

() sn1o

SOPI0I3IDRY |RIDASS

()snLo

S9PI0Ia}ORY |RIDASS

(+) epydoyg

(+) 9s0qo|b

(4) e30113S8I

‘ejzassejepy

(-) s92AwWoleyddes

() sn1o

S9PI0I3)0eg |RIDASS

(+) ejydoyg

(+) 9s0qo|b

(+) e3013S2I
‘ejzassejepy

() snyjibiadsy
()snLo
S9PI0I3)0Rg |RIDASS
(-) sisojisdping
‘eplpue)

()sn1o
SoplOlaloeg |eloASS

(+) BlI9sul0D
(+) 9s0qo|b
(4) e30113S2I

‘elzassejepy

() sisojisdpiod

‘epipue)

pupuanbas
2uab yNY!
S9L 13 uon
-JeIXe VNJ SW-dDI -

|eIRUISOd

12159WN| pIE

J2159Wl|.
puc wel

|R1RUISO
12159W| pIE

uopendod
1io0yod
uo Apnms (0z00)
|BUOID3S BIERE)
w sz (08/66) 6/£1 -SS0ID vsn one’

w9

(snonupuod)
ejoiqo.dIw
N6 uo ay3

sawod3no
sjyuswisnipy yyeaH

|elaw
(Je>110633ed) Aneay

©10IQODIW  JUSWISSIASSE B) juaWissasse ainsodxad jJo
inbuoayy -olqondIwiIng uosuedwo)  [eldw AAesH  joawil  adAL

sbues

aby (1eap)
/obe  (3]eway/sjew) ubisap loyiny
uesly  9zis ajdwes Apnis  Anuno) 15414

(panunuod) | 3jqey



Page 9 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

|euonesab S4VAD uon e
Spual} [eu Bulyoid uoneysab  -DH-uonejAyyy  uoneissb -p1sab [eulp 19 blag
-1pnybuo - (+) elasujjod - ouab YNY! 591 Apes ‘SAVAD 217 Aje3 vz -nubuot VSN -uayloy

(+) saeLRplOYNINg

diysisumo
12d J00pu|
‘Aydluegin

‘uondwnsuod 13pI0

1991 ‘Apu

-U33/9oeY ‘asn
Jnoigiuy (+) U=10eqQOR101d () (N
‘suluiea) YDd g bul
‘Buows -duanbas auab (6107)
‘uoeonp3 VNYI SOL 9 |BUOI}D3S- §IRE
x9S 'lNg 9bY - wnjAyd - uonoenxd YNJ TSAH SW-dDI - ad SA8L  (66£//67) 969 §501D vsn  siabb3
(@) wnu
-9)0Bq||ed9E SNUSD
(@)sadnsolseuy
snuan (n)
(@)soles210eqOAdUIED) SEVE!
19pI0 EEIETole]]
(@) eua1oeq
-o3j01duojisdg ssep) (N) SYv4o
)
¥Dd 78 bul
-Duanbas ausab
(@) 8T-rSL9TN 49PIO VYNYI SOL B (em) (em)
‘snyeys
Buows (61020)
‘uoeonp3 SIS0J S|2A3) SIN-dDI JIRE
X35 ‘IINg 9By -39]2s0IaYly (@) €44 sse]D - uondenxa yYNg 91eISPO\  UoN|OSAI-YbIH wzz sy K98y (/¥1/Z01) 64T }oyod Ysapejbueg nM
BH
(@) wnue1oeqOpPYIg
(@) wnu=1eqOpYIg qd
(+) wnus1oeqOpYIg 8]
(+) uiz jo HENE]] (I1reusoy
suofeluaduod ybiy (4 spuejul 91eI9PON s,Jupjul) sy
|eyow abues
(snonupuod) (Je>110633ed) Aneay  aby (1eap)
SawW0d3No ejoiqo.dIw B1OIODIW  JUBWISSISSE B) jJuswissasse ainsodxa jo /abe (9]ewsay/sjew) ubissp loyiny
syuawisnipy yjjesH N6 uo ay3 Inbuopayy -oiqondwIng uosuedwod  |elow Anesy joswil adAp uesly  azis ddwes Apmys  Aniuno) 15414

(panunuod) | 3jqey



Page 10 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

X3S 'INg 90V - (+) eLS10EGO1014
T\rv ea10(

() sn|

-|I>eqo10E] BIUID
(-) wnueaoeqopylg
(-) sop

-10J910eg RISUD (-)
2eIDRIPLIISOP AjIwe)

(+) sandjuil4 winiAyd

oSN 9dAy
Buipaay JuejU| -

(+) sn>
-d>0d0uUIWNy snusb
(+) esoeydsebay
(+) soploia1deqeled

(@) o1
-aploJa1oeg wnjAyd

(+) £1069n

T9e35RID000UIWNY

(+) elesuijjod

(+) 6 e||210A314

(-) sa1

-ap10421o0g WnjAyd

(+) soploisideqgeled

(+) wnua1oeql|ed>ae

(+) 9¢ Lepu

~aeadesdsouyoe

() zoobon

T2e3ORID0d0UIWNY

(+) €1062n

sn3exs T9e30PDD0D0UIWLNY
uon
-ejuswia|ddns
d UlweyA

‘poad (+) wnipuisopouye

£112122q 031014
wniAydyd

¥Dd 7 Bul
-Duanbas auab
VNI SOL B
uonoenxe VNG

)
pupuanbas
2uUab YNY!
S9lL %R uon
-2enxe YNQd

(4 5,|eUIRIR)

SW-dDI

N sAuejul
(N saueyup)

MM p=sn

[euloiey SW-dDI

uoneisab
2107

uoneisab
Ale3

uoneisab
e

(GaN'g 4 'H)
S4VAD-DD
‘UOIIDRIIXD JUSA
-|os-uonsabip
auljey|e Jaye

M9

(We)

Y

Y

BHI

BHa

LSy

yuIg
W

(¥2/92) 05

(18/811) ¥0T

|onuod (£100)
-95ed e
pPa1SaN  ysape|bueg  BuoQ

(8100)
JEERE)

1oyoD VSN U90H

610¢-

(snonugpuod)
ejoiqo.dIw
N6 uo ay3

Ssawod1no

sjuswisnipy yyeaH

(Je>110633ed)
ejoiqoIw
N6 uo ay3

Juswissasse e}

-oiqosiw 3N uosuedwod

JudWISSasse
|e3ow AnesH

ainsodxa
joawll

|elsw
Aneay
Jo
adAL

abuel
aby

/obe  (9]ewsy/sjew)

ueapy

9zis 9|dwes

(1eap)
Joyny
Anuno> 15414

ubisap
Apms

(panunuod) | 3jqey



Page 11 of 16

(2025) 44:21

Rezazadegan et al. Journal of Health, Population and Nutrition

oeadeydU10[adishi]
8¢9 Paylssepun
S3(eIPLISOD

95900 Paylssepun
wnjnuelbljopgns
WwiNLI91oeq[eI9e

‘(+) saIndIW4
eIt
seadeldsouyde
6PJ00 payissepun
(=) s=andiwy
9e35P2D0D0UIWNY
L5619 payissepun
29e32P2D0D0UIWNY
AP4C0 payissepun
9e35E2D0D0UIWNY
Ldoz0 payisseppun
9e35B2>0D0UIWNY
9v69/ payissepun
9e35P2D0D0UIWNY
usloo payisseppun
seadelidsouyde
70€6d Payissepun
wninuelbljopgns

(+) sandIWwa4

(4) 1102 "F uessisal
sy Ajpueuuopald
(+) Alnwey
2e30P1191000IRIUT

LEllIEIl=le (I M|
I3pIo <
eldeqosoid
-eWIWIeD) ssepl

€)

Buryoid
3Uab YNYI 591

(34 spIyd)

BHL

SYV R
uonisodwodsp

|eusiay |

BHI

BHaW

S4VAD-DD
'S4VAD - BH

TsAH

(e
pasn |eusaiew)

A8l =z

(ueubaud)/ |

[PUOND3S

910¢-
e

19 B1aq
-SS0ID VSN -Usyioy

(snonupuod)
ejoiqo.dIw
N6 uo ay3

Ssawod1no

sjyuswisnipy yyeaH

(Je>110633ed)
ejoiqoIw
N6 uo ay3

JuUBWISSISSe e}
-01qo4d1W N9

|elsw
Aneay
judwissasse ainsodxd Jo

uospedwo)  |edw AnesH  joawill  adA)

abues
aby
/obe
ueay

(9]ewWway/a W)
9zis 9|dwes

(1eap)
Joyny
Anuno> 15414

ubisap
Apms

(panunuod) | 3jqey



Rezazadegan et al. Journal of Health, Population and Nutrition

Table 1 (continued)

Adjustments

Health

Effect on gut
microbiota
(continuous)

Effect on gut

Comparison Gut microbio-

Samplesize Mean Type Timeof Heavy metal

Country  Study

First

outcomes

microbiota
(categorical)

ta assessment

(male/female) age/ of exposure assessment

design

Author
(Year)

heavy

range metal

Age

Unclassified 00r39
Peptostreptococ-

Caceae

Unclassified 009¢6
Ruminococcaceae

AAS: Atomic absorption spectrometry, As: Arsenic, BMI: body mass index, B: blood, CVAFS: Cold Vapor Atomic Fluorescence Spectrophotometer, Cd: Cadmium, DMA-80: Direct Mercury Analyzer 80, F: Feces, FF: Fresh

feces, GFAAS: Graphite furnace atomic absorption spectroscopy, GC: Gas chromatography, H: hair, Hg: mercury, H: Highest, ICP-MS: Inductively coupled plasma mass spectrometry, IHg: Inorganic mercury, ITS2: Internal

transcribed spacer 2, L: Lowest, LA-ICP-MS: Laser ablation-inductively coupled plasma-mass spectrometry, MeHg: Methyl mercury, m: Month, MS: Metagenomic sequencing, Mec: Meconium, NR: not reported, Pb: Lead,

PCR: Polymerase chain reaction, SES: Socio-economic status, THg: total Hg, T: teeth, U: urine, USG: Urine specific gravity, Wa: Water, WW: well water, y: Year
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positive and negative association with phylum Firmicutes
and genera Bacteroides was found, respectively [23].

Lead

There were five studies on Pb in different regions, includ-
ing USA (n=3) [21, 27, 28], North America (n=1) [25],
and China (n=1) [26] that were published from 2019
to 2023. Most of the existing studies had an age range
of 1 month to 9.7 years, however, one of them included
adults. The total population of these cohort (n=2) and
cross-sectional (n=3) studies was 1211 ranging from 70
to 696. The quality of 4 studies was high (Table 1, Supple-
mental Tables 1 & 2).

Eggers et al. (2023) showed Pb exposure, measured in
maternal blood, in the second trimester is related to the
decrease of Alistipes putredinis, Bacteroides caccae &
intestinalis, Coprococcus catus, and Ruminococcus gna-
vus. Also, after using Microbial Co-Occurrence Analysis
(MiCA) reduction of Bifidobacterium adolescentis and
Ruminococcus callidus was observed. In the third trimes-
ter, they found a decrease of Bifidobacterium bifidum &
longum and elevation of Bacteroides finegoldii and Eubac-
terium eligens. An increment of Bacteroides coprocola
and a reduction of Alistipes indistinctus were reported in
both trimesters [25]. Two studies didn't report any sig-
nificant association [21, 26]. Another cohort study that
measured lead exposure in baby teeth illustrated that sec-
ond and third trimester lead levels were positively asso-
ciated with Collinsella abundance at 1 month of age, as
well as Bilophila abundance at 6 months of age. Further-
more, in utero and postnatal lead levels were negatively
associated with several Bacteroides OTUs, at both ages.
Higher lead exposure in the second and third trimesters
was related to lower Candida parapsilosis, and in the
second trimester and postnatal period also negatively
correlated with Aspergillus abundance at 1 month old.
There was a positive association between lead levels with
Malassezia restricta & globose abundances in the second
trimester and postnatally at both 1-month and 6-month
ages. In the second trimester positive and negative asso-
ciation with Saccharomyces was found at 1 month and 6
month of age, respectively. Additionally, at 6 months of
age, postnatal lead exposure reversely correlated with
Penicillium abundance [27]. Finally, a Cross-sectional
study demonstrated higher lead levels in adult urine have
a direct relation with Phylum Proteobacteri and Order
Burkholderiales [28].

Mercury

Four studies were conducted in the USA (z=3) [21, 30,
31] and China (n=1) [29]. The publication year of these
studies was between 2016 and 2022 and they examined
infants, adults, and pregnant women. Three studies were
cross-sectional, and one was longitudinal. There were 253
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participants in these studies, which ranged from 17 to
179 participants. Just 2 studies had high quality (Table 1,
Supplemental Tables 1 & 2).

These studies measured Hg in feces, toenail, hair,
blood, and meconium. Yang et al. revealed high Hg expo-
sure (THg and MeHg), through rice consumption, is
associated with Gammaproteobacteria class and Proteo-
bacteria reversely and with Desulfovibrio and Methano-
gens directly. Also, low Hg exposure through fish intake
vs. rice intake showed an increased abundance of Acti-
nobacteria, Desulfovibrio, and Methanogens [29]. Laue
et al. found no significant correlation between Hg and
Bifidobacterium [21]. There was a positive association
between Methyl mercury (MeHg) and Inorganic mer-
cury (IHg) with Collinsella (early gestation) and Parabac-
teroides (late gestation) in another study. MeHg in early
gestation was associated with Lachnoclostridium, Rumi-
nococcaceae_ucg013 positively, and with Ruminococca-
ceae_ucg002 negatively. Furthermore, they found a direct
relation with Lachnospiraceae_nk4al36 and Faecalibac-
terium in late gestation. Phylum Bacteroidetes (negative),
and Prevotella_9 (positive) in early gestation and Rumi-
nococcaceae_ucg013 and Megasphaera (positive) in late
gestation were correlated with IHg [30]. Rothenberg et
al. (2016) reported that Firmicutes with MeHg and THg
(positive) and IHg (negative) have a relationship [31].

Cadmium

Only one cross-sectional study in 2020 that was con-
ducted in the USA, evaluated Cd in infants’ toenail and
their composition of gut microbiota. This study involved
179 infants, and its quality was high. It showed that there
is a positive association between moderate levels of Cd
and Bifidobacterium [21].

Discussion

In the present study, we reviewed major HMs exposure
and alteration of human gut microbiota composition in
different periods of life (adulthood, pregnancy, infancy,
and childhood). Most included studies were from the
USA and had evaluated As and Pb. A high number of
participants belonged to Pb exposure studies. Differ-
ent specimens such as urine, feces, blood, hair, nail, and
water were used for the measurement of heavy metal
exposure mainly by using the ICP-MS method. Almost
all studies used the same method for determining gut
microbiota composition. Of 12 studies, 7 were scored
high quality.

Findings show that exposure to HMs disturbs gut
microbiota composition and can lead to dysbiosis,
although results were not homogeneous. Exposure to
environmental pollutants such as HMs can damage to
the intestinal epithelial barrier and cause loss of immune
and microbial homeostasis [32]. A review study reported
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that exposure to metals in humans or animals can change
the composition, structure, diversity, and homogeneity
of gut microbiota. Moreover, it indicated that the spe-
cific modifications reported are not homogeneous, which
is in line with our study [11]. Ghosh et al. demonstrated
that HMs exposure impairs the metabolic activity of the
microbiome and causes inflammatory responses and cel-
lular damage [33]. The toxic effect of HMs exposure in
animal models revealed modifications in the composition
and function of gut bacteria, which are linked to metabo-
lite changes, ultimately leading to disease conditions [34].
Recent research has shown that gut bacteria with the
host signaling system through metabolites, can regulate
intestinal immunity and barrier defense [35]. The mecha-
nisms underpinning this microbiota-mediated defense
against environmental pollutants are still being investi-
gated. The main role of gut microbiota in maintaining gut
homeostasis is to neutralize the toxicity of HMs. There-
fore, using probiotics and their metabolites may hold
great promise in treating pollutant-induced gut barrier
dysfunction [36].

Exposure to high levels of all metals listed, except Cd,
caused an increased abundance of one of the pro-inflam-
matory bacteria named Collinsella [37]. The genus Col-
linsella belongs to the family Coriobacteriaceae and is
considered as pathobionts. It is associated with type 2
diabetes, rheumatoid arthritis, cholesterol metabolism,
and leaky gut [38]. It can affect on metabolism by altering
cholesterol absorption in the gut, decreasing glycogen-
esis in the liver, and increasing triglyceride synthesis [39].
Collinsella reduces the expression of tight junction pro-
teins in enterocytes and induces leaky gut, both of which
are features associated with metabolic endotoxemia [40].
An assessment of the US population showed that dietary
fiber intake is inversely related to blood concentra-
tions of HMs [41]. Low dietary fiber may contribute to
the overgrowth of Collinsella and alter the fermentation
pattern in the gut microbiota [38]. Therefore, increased
intake of fiber can help to modulation of gut microbiota
composition.

Exposure to As increased some pathogenic bacteria
associated with inflammation such as Collinsella, Pro-
teobacteria, and Enterobacteriaceae. Bifidobacterium is
mostly non-pathogenic bacteria, and some strains are
known as probiotics [42]. We found that As can reduce
it although one of the included studies revealed that
the elevation of Bifidobacterium is in concomitant high
concentrations of As with zinc. This finding may be due
to the presence of zinc. Moreover, an included study
showed direct and indirect association of infant urine
arsenic with Firmicutes and Bacteroides, respectively. Fir-
micutes and Bacteroidetes are major phyla of the colon,
that can be related to obesity, and cancer [43].
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Pb exposure during second trimester led to decreased
both good and bad microbiota and an increment of two
pathogen fungi (Malassezia restricta & globose). Some
species of Malassezia can cause seborrheic dermatitis,
pityriasis versicolor, and folliculitis, and can aggravate
atopic dermatitis [44]. In third trimester, a reduction of
Bifidobacterium bifidum & longum was observed. Also,
an increase of pathogens including Bilophila, Collinsella
(both trimesters), Proteobacteri, Burkholderiales (adult),
Malassezia restricta & globose, and a decrease of Peni-
cillium (Postnatal) was revealed through studies. Liu et
al. revealed Pb can impair the gut barrier; which causes
microbial metabolites such as bile acids and short-chain
fatty acids (SCFAs) enter the intrahepatic circulation and
induce multiple systematic lesion in animal and human
[45]. Another study on mice illustrated Pb exposure can
strongly affect on metabolic functions and gut microbi-
ome toxicity [46].

Regarding the exposure to mercury and cadmium, a
general conclusion cannot be made because the data
are too inconclusive. Only one study demonstrated that
exposure to low levels of Hg through fish consumption
compared to rice, was associated with the elevation of
three bacteria (Actinobacteria, Desulfovibrio, Methano-
gens). The primary pathway for human exposure to MeHg
is fish consumption unlike providing essential nutrients
[47]. Even at low levels, organic Hg (including MeHg) has
high toxicity because it can pass the blood brain barrier
and cause central nervous system disorders [48]. Desulfo-
vibrio has emerged as pathobionts contribute to not only
gut disorders but also extraintestinal diseases such as
Parkinson’s [49]. Also, Methanogens are emerging patho-
gens related to brain and muscular abscesses, dysbiosis,
metabolic disorders, and colon cancer [50]. Both in vivo
and in vitro research have demonstrated that exposure
to Cd has various detrimental effects on the microbiome.
These effects include structural alterations, increased
permeability, and interference with the synthesis of bile
acids, SCFAs, and amino acids [51]. Exposure to the
combination of cadmium with other toxins can increase
gut microbiota toxicity. As a result, this exposure may
lead to dysfunction in multiple organs in different model
organisms and humans [52].

Type of specimen, different age groups, bacterial spe-
cies diversity in basal microbiota, type of HMs, some
individual conditions (stress, food intake, etc.), liv-
ing location, exposure level, and time are reasons for
the heterogeneity of included studies results. There are
various pathways to human exposure to HMs includ-
ing foods, air, water, and soil [8]. Nevertheless, Pb expo-
sure is mainly through air pollutants, to Hg through soil,
and to As through water [53]. These provide insights
into how xenobiotics may influence the composition of
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microbiomes and how hosts with distinct microbiomes
may respond differently to xenobiotics.

The gut microbial community has evolved with its host
over a lifespan and has benefits for it through several
mechanisms, including digestion, detoxification, pro-
duction of nutrients, protection against pathogens, and
regulation of the immune system [54]. HMs through gut
lining injury and its leak can increase oxidative stress,
and inflammation, have cytotoxic, genotoxic, and car-
cinogenic effects following gut dysbiosis, and lead to
some diseases [34]. Hence, enough intake of dietary
fiber especially wheat bran and pectin, antioxidant-rich
food sources, treatment with probiotics and prebiotics,
and following a low to moderate fat diet may be effective
strategies for preventing HMs toxicity and gut dysbiosis
[55-58]. Furthermore, we should consider micronutri-
ents deficiency (Iron, zing, etc.) in particular in high-risk
groups such as pregnant women and children [59, 60].
Rawee et al. in a review study demonstrated that iron
deficiency plays a crucial role in the damaging effects of
HMs exposure in patients with chronic kidney disease
and iron supplementation might be a strategy to combat
these detrimental effects [61]. Another study reported
that zinc supplement can reduce the harmful effects of
Cd in zebrafish model [62]. Therefore, the risk of HMs
exposure can be mitigated by consuming a diet rich in
essential nutrients, vitamins, protein, bioactive peptides,
and various anti-oxidant-rich phytochemicals [63].

The present study has some strengths and limitations.
It is the first systematic review study that considers nutri-
tional applications with regard to HMs and microbiome.
Most included studies were recently published with high
quality. Albeit, some studies adjusted age, sex, body mass
index, and education, only one study had adjusted other
metals’ exposure. It is needed to adjust potential con-
founders for all studies. We could not reach conclusive
results because the age range, various types of speci-
mens, exposure levels, and geographical areas were het-
erogeneous. Also, the number of included studies for
each metal was limited. Most of the included studies had
a cross-sectional design, which was not able to confirm
the temporal precedence between the exposure and the
outcome.

Conclusion

HMs exposure in different ways induces alterations that
can lead to microbial dysbiosis. Changes in the micro-
biota composition and production of related metabo-
lites may have a major impact on human health. There
is a need to conduct future review studies with enough
included studies on each HMs and more homogenous
information. Our findings elucidate the necessity to sup-
port limiting environmental HMs contamination and
the implementation of nutritional plans including more
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access to probiotics, prebiotics, antioxidant-rich foods,
healthy and low-fat products, and treatment of micro-
nutrients deficiency through national and international
policies.
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