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a b s t r a c t 

We investigated serum mercury, immune response, heat shock and oxidative stress marker in free-ranging chicken 
( Gallus Gallus domesticus ) from Artisanal and small-scale gold mining (ASGM) areas. Six groups were created from 

sixty free-ranging chickens ( Gallus Gallus domesticus ), three each from ASGM and non-ASGM areas. Immune re- 
sponse, heat shock and oxidative stress markers were analysed, and multivariate and univariate data analysis were 
used to discriminate the difference in the study group. Results revealed a significant increase in serum mercury 
(Hg) from chicken in ASGM areas. Superoxide dismutase, glutathione peroxidase (GPx), glutathione (GSH), cata- 
lase and total antioxidant capacity significantly decreased, while lactic acid dehydrogenase and malondialdehyde 
(MDA) content significantly increased in animals from ASGM areas. A unit increase in GPx and GSH significantly 
corresponds to a decrease in serum Hg by 0.001 𝜇g/mL and 0.206 𝜇g/mL, respectively. While a unit increase 
in MDA significantly corresponds to an increase in serum Hg level by 0.003 𝜇g/mL. The activities of HSP-70, 
TNF- 𝛼, IL-1 𝛽 and IL-6 were significantly higher in the serum of chicken from ASGM areas. All significance at 
p < 0.05. ASGM activities result in mercury bioaccumulation with potential health effects caused by dysregulated 
immunity, heat shock and oxidative stress. 
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Mercury is a vast environmental toxicant. Therefore, humans and
nimals are usually exposed to their various types ( Adewumi. and
aniyan, 2020 ; Adewumi and Laniyan, 2020 ; Ali et al., 2019 ; Esdaile and
halker, 2018 ; Matsumoto and Liu, 2020 ; Yang et al., 2020 ). Mercury
xposure has been reported to occur through food intake, dental amal-
am outgassing, vaccines that contain preservatives like thiomersal,
rinking water, anthropological and occupational exposure like gold
ining, industrial and agricultural products ( Bank, 2020 ; El Mahmoud-
amed et al., 2019 ; Esdaile and Chalker, 2018 ; Tibau and Grube, 2019 ;
NEP, 2019 ). Mercury has been reported in tissues of free-grazing ani-
als in gold mining areas globally ( Aendo et al., 2022 ; Binkowski et al.,
021 ; Yin et al., 2017 ). This constitutes a grave health challenge to an-
mals, especially free-ranging chickens in gold mining areas ( Lee et al.,
020 ; Zhou et al., 2020 ). 
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Zamfara is rich in natural resources, and in particular gold reserves
hich was discovered in some parts of the state such as Maru, Anka,
nd Bukkuyum Local Government Areas ( MMSD, 2017 ). These gold
eserves have been around for decades and are currently excavated
y artisanal and small-scale gold miners (ASGMs). One of the crucial
ources of livelihood in the mining areas is ASGM, but it also comes
ith hazards resulting from the use of poisonous mercury by miners to
et the gold out of the ore. Thus, they are constantly exposed to mercury
 Afrifa et al., 2019 ; Bank, 2020 ; Esdaile and Chalker, 2018 ; Mason et al.,
019 ; UNEP, 2019 ). 

Anthropogenic (human-caused) activities such as mercury-
ependent ASGM is one of the major sources of mercury emissions on
he planet ( Esdaile and Chalker, 2018 ; UNEP, 2019 ). In this procedure,
lemental mercury is utilised as an amalgam to extract gold from ore.
and isolation of the amalgam is common, followed by heating to
istil the mercury and remove the gold (often with a torch or over a
tove). ASGM emits over 1000 tonnes of mercury yearly via tailings
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nd vaporised mercury. The miners’ health is jeopardised, as breathed
ercury results in health challenges. Mercury poisoning of water and

oil, as well as subsequent accumulation in food staples, a key source
f dietary protein in many ASGM regions impact on the health of
nimals (including free-range chickens) living near these mining areas
 Adewumi and Laniyan, 2020 ; Aendo et al., 2022 ; Binkowski et al.,
021 ; Esdaile and Chalker, 2018 ; Giri and Singh, 2019 ; UNEP, 2019 ;
in et al., 2017 ). Since earlier researchers have shown that an enormous
mount of methylmercury (MeHg) in food chains might be accumu-
ated in mammals in the environment. Consequently, birds have been
eported as biological indicators of environmental Hg contamination
 Aendo et al., 2022 ; Binkowski et al., 2021 ; Yin et al., 2017 ). 

Immunotoxicity studies have linked exposure to mercury with the
eneration of reactive oxygen species (ROS) production and induction
f stress biomarkers such as heat shock proteins (HSP), especially HSP70
 Balali-Mood et al., 2021 ; Bjørklund et al., 2020 ; da Cunha Bataglioli
t al., 2019 ; Fan et al., 2020 ; Han et al., 2021 ; Han, Biqi et al., 2021 ;
enu et al., 2021 ; Yang et al., 2020 ). Mercury contamination perturbed
xpression of proteins that perform important cellular activities like
atalytic action, binding, cell division, localisation, cellular regulation,
etabolic processes, and development processes; thus, its toxicity. 

Since there is a dearth of information on immune response, oxidative
nd heat stress response in free-ranging chicken from gold mining areas
n Nigeria, this study is designed to investigate immune response, ox-
dative and heat stress parameters in free-ranging chicken ( Gallus Gallus

omesticus ) from gold mining areas in Anka LG and compared with those
n non-gold mining areas (Gusau LG). This work will provide scientific
asis for exploring the extent of cell damage in exposed animals due to
old mining activities that might increase mercury in the environment
o find reliable and long-lasting remediation actions. 

ethodology 

thical approval 

The Committee on Animal Use and Care, Ahmadu Bello Univer-
ity, Zaria, reviewed and approved this study with Approval No: ABU-
AUC/2021/059. The study also followed the National Institutes of
ealth’s recommendations for the care and use of laboratory animals,
nd adequate procedures were made to ensure that the animals were
ot subjected to excessive pain and discomfort during the study. 

tudy area and sample collection 

Free-ranging adult chickens ( Gallus Gallus domenstcus ) were the
argeted species for the study. They were randomly selected in
he three polluted areas (Abare [5°57 ′ 24.95"E: 12° 4 ′ 37.79"N],
areta [5°57 ′ 17.49"E: 12° 1 ′ 49.80"N] and Sunke [5°54 ′ 44.14"E:
1°53 ′ 45.56"N]) in Anka LG ( Fig. 1 ) (evidence of recent ASGM ac-
ivities as Nigeria government has banned ASGM activities in Zam-
ara state) and unpolluted areas (Tashar Magami [6°40 ′ 7.38"E:12°
 ′ 28.63"N], Tudun Wada [6°44 ′ 27.24"E: 12°9 ′ 7.55"N] and Ungwar
arima [6°39 ′ 47.02"E: 12°11 ′ 8.47"N]) in Gusau LG. In this cross sec-
ional study, we randomly selected ten (10) adult chickens with bird trap
rom about 50 adults available during sampling in each study area, thus
en (10) samples from each location (maximum of 1km radius from the
PS coordinates shown above). Mercury was the target for this study as
revious reports have shown that mercury amalgam is used for gold pro-
essing by ASGM in Zamfara state Nigeria ( Adewumi and Laniyan, 2020 ;
ohnbull et al., 2018 ; Uriah et al., 2013 ). ASGM activities have thus con-
ributed to increased mercury concentration in Zamfara (Anka LG) gold
ining areas. Similar reports of elevated mercury in gold-mining areas
ue to ASGM activities have been shown elsewhere, too ( Afrifa et al.,
019 ; Bank, 2020 ; Esdaile and Chalker, 2018 ; Mason et al., 2019 ). 
2 
ercury analysis 

One millilitre of whole blood was dissolved in 5 mL HNO 3 (nitric
cid). This was then followed by digestion in a 1600 W microwave at
00 °C for 15 min before being kept in the oven for another 15 min.
he mixture was then added to 2 mL H 2 O 2 (hydrogen peroxide) solu-
ion. The mixtures were maintained in the tubes for sixty minutes. The
ixture was made up to 10 mL with distilled water in polypropylene
asks and maintained at 4° Celsius. Cold vapour atomic absorption spec-
rometry (CVAAS) was used to determine Hg amounts in whole blood
 Y ı lmaz et al., 2015 ). 

ro-inflammatory cytokines and heat shock protein 70 

The serum concentrations of Interleukin 1 beta (IL-1 𝛽), Interleukin
 (IL-6), tumour necrosis factor (TNF- 𝛼) and Heat Shock protein 70
HSP70) were determined using commercial chicken Enzyme-linked im-
unosorbent assay (ELISA) kits (Adlitteram Diagnostic Laboratories,

an Diego, CA, USA). All ELISA were performed with Molecular Devices
pectraMax Plus 384 Microplate Reader (Sunnyvale, CA). 

xidative stress marker 

Serum sample was used to evaluate the activities of oxidative stress
ndicators which were superoxide dismutase (SOD), glutathione peroxi-
ase (GPx), Malondialdehyde (MDA), catalase (CAT), glutathione (GSH)
nd the concentration of lactic acid dehydrogenase (LDH) with the kits
ccording to the manufacturer’s instructions (Nanjing Jiancheng Bio-
ngineering Institute, Nanjing, China). GSH content was expressed as
M/L. All analysis were performed with Molecular Devices SpectraMax
lus 384 Microplate Reader (Sunnyvale, CA). 

otal antioxidant capacity (TAC) 

The serum total antioxidant capacity (TAC) activities were deter-
ined using a previously reported methodology ( González et al., 2020 ;

imoh, 2019 ; Koracevic et al., 2001 ). The reactive reagent contain
.5 mL of 10 mmol/L Sodium-Benzoate, 0.2 mL of H 2 O 2 of 10 mmol/L,
.49 mL of 100 mmol/L, pH = 7.4 phosphate buffer and 0.2 mL of 2
mol/L Fe-EDTA complex and 2 mmol/L ammonium ferrous sulfate

hen left at 25°C for 60 min. 

tatistical analysis of data 

Principal components analysis (PCA) and hierarchical clustering
heatmap) were used to cluster data into homogeneous groups based
n mercury level and oxidative stress parameter. One-way analysis of
ariance (ANOVA) and Tukey’s post hoc were used to determine sig-
ificant difference. Robust logistic regression was used to evaluate the
ssociations between body weight, study location, oxidative stress mark-
rs and serum mercury levels. p < 0.05 was considered significant. SPSS
4.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. 

esults 

Chickens from Gusau metropolis (Tasha Magami, Unguwar Yarima
nd Tudunwada) and those from gold mining areas (Abare, Dareta
nd Sunke) served as control and those with potential mercury ex-
osure, respectively. The Shapiro-Wilk test shows that data generated
or this study was normally distributed ( p > 0.05). The body weight
f chicken used in the study ranged from 1028.11700 ± 171.9 g to
91.71030 ± 198.7 g) recorded in animals sampled from Abare and
unke, respectively. However, there is no significant difference in the
ody weight of animals from different locations used in the study. The
ercury level in animals from gold mining areas are statistically similar

nd ranged from 0.08 to 0.09 𝜇g/L while it was not detected in animals
rom Gusau L.G. 
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Fig. 1. Location of gold mining areas (Abare, Dareta and Sunke villages) of Anka Local Government Area, Zamfara State, Northwest Nigeria. 
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ultivariate analysis to distinguish Heat shock protein, pro-inflammatory 

ytokines and Oxidative stress marker 

Unsupervised multivariate analysis called principal component anal-
sis (PCA) was employed to analyse whether it was possible to differen-
iate control (Tasha Magami, Unguwar Yarima, Tudunwada) from an-
mals sampled from gold mining areas (Abare, Dareta and Sunke) on
he basis of Heat shock protein, pro-inflammatory cytokines and Oxida-
ive stress marker. PCA score plot showed that control group could be
istinguished from animals in gold mining areas ( Fig. 2 A, B). Hierar-
hical clustering Heatmaps which provides intuitive visualisation of the
ata was used to corroborate ANOVA result. Each coloured cell on the
ap corresponds to a concentration value of each Heat shock protein,
ro-inflammatory cytokines and oxidative stress marker with samples
n rows and features in columns ( Fig. 2 C, D). 

eat shock protein and pro-inflammatory cytokines 

As shown in Table 1 , there is no significant difference in the mean
erum HSP-70, TNF- 𝛼, IL-1 𝛽 and IL-6 in animals from Tasha Magami,
nguwar Yarima and Tudunwada, as similar results were obtained from
nimals in gold mining areas (Abare, Dareta and Sunke). The activities of
SP-70, TNF- 𝛼, IL-1 𝛽 and IL-6 were significantly ( < 0.01) higher in the

erum of mercury-exposed chicken from mining areas when compared
3 
ith those assessed in the control group ( Table 1 ). Furthermore, HSP-
0, TNF- 𝛼, IL-1 𝛽 and IL-6 are significant correlate ( p < 0.01) of Hg levels
rom the study group ( Table 2 ). 

As shown in Table 3 , both body weight and gender did notplay signif-
cant roles in the variation of serum Hg level while location significantly
ffected Hg levels in the study group as seen in unstandardized coeffi-
ient (0.026), 95% confidence interval (0.022; 0.030) and significant
-value ( p < 0.01). HSP-70, TNF- 𝛼, IL-1 𝛽 and IL-6 were not significant
redictors of serum mercury level in the local chicken show that they
re not significant ( p > 0.05) predictor of serum Hg. 

xidative stress marker 

As shown in Table 1 , there is no significant difference in the serum
OD, GPx, LDH, MDA, GSH, Catalase and TAC in animals from Tasha
agami, Unguwar Yarima and Tudunwada. Also, a similar result was

btained from animals in gold mining areas (Abare, Dareta and Sunke).
he activities of these oxidative stress markers (SOD, GPx, GSH, Catalase
nd TAC) were significantly ( p < 0.01) lower in the serum of mercury-
xposed chicken from mining areas when compared with those assessed
n the control group ( Table 1 ). However, LDH and MDA were signifi-
antly elevated in the serum of chickens from Hg polluted areas. Fur-
hermore, SOD, GPx, LDH, MDA, GSH, CAT and TAC significantly cor-
elate with Hg levels in the study group ( Table 2 ). 
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Fig. 2. Principal component analysis (PCA) developed from Heat shock protein and pro-inflammatory cytokines (A) and Oxidative stress marker (B) of control and 
animals from gold mining areas. Unsupervised hierarchical clustering shown as heatmap of Heat shock protein and pro-inflammatory cytokines (C) and Oxidative 
stress marker (D) of control and animals from gold mining areas. Red and blue indicate increased and decreased levels, respectively. Control (A; Tasha Magami, B; 
Unguwar Yarima and C; Tudunwada) and animals from gold mining areas (D; Abare, E; Dareta and F; Sunke). 
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Multiple regression analyses oxidative stress marker (SOD, GPx,
DH, MDA, GSH, Catalase and TAC) as a predictive factor for serum
ercury level in local chicken showed that a unit increase in GPx and
SH significantly ( p < 0.05) correspond to a decrease in serum Hg level
y 0.001 𝜇g/mL and 0.206 𝜇g/mL, respectively ( Table 3 ). While a unit
ncrease in MDA significantly ( p < 0.05) corresponds to an increase in
erum Hg level by 0.003 𝜇g/mL. But SOD, LDH, Catalase and TAC were
ot significant predictors of serum Hg. 

iscussion 

Significantly higher serum mercury levels in chickens from gold min-
ng areas reported in this study agrees with earlier studies that reported
igh mercury in organs and blood from free-grazing duck in North-
rn Thailand biggest gold mining area, poultry in the Wanshan Mine,
hina and along the coast of the English Channel ( Aendo et al., 2022 ;
inkowski et al., 2021 ; Yin et al., 2017 ). This is as a result of anthro-
ogenic activities of mercury-dependent ASGM that usually use Hg to
urify gold ( Esdaile and Chalker, 2018 ; UNEP, 2019 ). ASGM activity
hus emits tonnes of mercury into the ecosystem and food chain. 

Several studies have shown that mercury-induced toxicities and
ioaccumulation results in pronounced perturbation in various
4 
etabolic and physiological pathways in microorganisms and animal
odels ( Balali-Mood et al., 2021 ; Giri and Singh, 2019 ; Guzzi et al.,
021 ; Moniruzzaman et al., 2021 ; Olsvik et al., 2021 ; Seco et al.,
020 ; Slaveykova et al., 2021 ; Yang et al., 2020 ; Zhou et al., 2020 ).
xidative stress from increased free radical formation and perturbed
ntioxidant system has been implicated in many cellular stressors in
hickens ( Saracila et al., 2021 ; Surai et al., 2019 ). Consequently, ROS
s generated in excess, leading to the overwhelmed antioxidant de-
ense system as the activity of antioxidant proteins (CAT, SOD, GSH
nd GPx) decrease in chicken. Furthermore, elevated MDA levels are
aused by overexpression ROS and blocking the activities of both SOD
nd CAT. Earlier reports have shown a direct relationship between
eavy metal exposure and enhanced lipid peroxidation, suggesting that
DA could be a valuable stress biomarker. El-Gendy et al. (2020) and

aracila et al. (2021) have implicated elevated MDA from increased ROS
s a likely cause of increased DNA damage. However, complete data on
he oxidative stress induced by mercury bioaccumulation in free-ranging
hicken in Zamfara gold mining areas is scarce. 

One of the most prominent origin of mercury emissions on planet
arth is through anthropogenic (human-caused) activities in the form
f mercury-dependent ASGM ( Esdaile and Chalker, 2018 ; UNEP, 2019 ).
s an amalgam, elemental mercury is employed to isolate gold from ore
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Table 1 

Variation in heat shock protein, inflammatory cytokines and oxidative stress marker due to Hg exposure 

Parameter TashaMagami UnguwarYarima Tudunwada Abare Dareta Sunke 

HSP70 (ng/mL) 2.697 ± 0.416 a 2.790 ± 0.109 a 2.895 ± 0.038 a 6.195 ± 0.413 b 6.020 ± 0.170 b 5.984 ± 0.154 b 

TNF- 𝛼 (ng/L) 153.324 ± 12.878 a 155.338 ± 7.111 a 158.351 ± 12.959 a 293.983 ± 24.076 b 303.449 ± 18.406 b 301.231 ± 10.370 b 

IL-1 𝛽 (pg/L) 1062.981 ± 39.234 a 1100.770 ± 26.789 a 1067.193 ± 65.696 a 1336.984 ± 34.955 b 1296.563 ± 30.283 b 1334.964 ± 40.520 b 

IL-6(ng/L)) 12.499 ± 0.442 a 12.5347 ± 0.556 a 12.412 ± 0.333 a 16.116 ± 0.971 b 15.726 ± 0.659 b 15.743 ± 0.660 b 

SOD (u/ml) 2.897 ± 0.111 a 2.854 ± 0.135 a 2.976 ± 0.154 a 2.346 ± 0.187 b 2.373 ± 0.116 b 2.332 ± 0.073 b 

GPx (U/L) 99.524 ± 3.906 a 101.242 ± 3.042 a 100.157 ± 4.147 a 72.919 ± 2.344 b 74.251 ± 2.458 b 75.550 ± 2.617 b 

LDH (U/L) 380.939 ± 19.980 a 372.414 ± 24.565 a 371.528 ± 22.704 a 535.151 ± 29.147 b 547.914 ± 21.422 b 541.610 ± 18.999 b 

MDA (uM) 14.274 ± 0.846 a 14.421 ± 0.663 a 13.751 ± 0.668 a 19.749 ± 1.019 b 20.215 ± 1.061 b 20.507 ± 1.007 b 

GSH (mM) 0.385 ± 0.016 a 0.384 ± 0.021 a 0.390 ± 0.013 a 0.317 ± 0.011 b 0.313 ± 0.010 b 0.314 ± 0.010 b 

C (umol/ml/mins) 21.895 ± 0.969 a 21.818 ± 0.858 a 22.507 ± 1.066 a 14.819 ± 1.292 b 15.259 ± 0.962 b 15.308 ± 0.613 b 

TAC (nmol/L) 2.176 ± 0.088 a 2.161 ± 0.142 a 2.178 ± 0.091 a 1.623 ± 0.057 b 1.599 ± 0.050 b 1.571 ± 0.042 b 

Heat shock protein 70 (HSP 70), Tumour necrosis factor alpha (TNF- 𝛼), Interleukin 1 beta (IL-1 𝛽), Interleukin 6 (IL-6). Superoxide dismutase (SOD), 
Glutathione peroxidase (GPx), Malondialdehyde (MDA), Lactic acid dehydrogenase (LDH) and Glutathione (GSH), Catalase (C) and Total antioxidant 
capacity (TAC). 
Data are presented as mean ± standard deviation, Different superscript in a row are significantly different at p < 0.05. 

Table 2 

Correlations between serum mercury level in local 
chicken with heat shock protein, inflammatory cytokines 
and oxidative stress. 

Parameter Pearson’s (r) 

HSP70 ng/ml 0.977 ∗ ∗ 

TNF-a ng/L 0.973 ∗ ∗ 

IL-1B pg/L 0.933 ∗ ∗ 

IL-6 ng/L 0.923 ∗ ∗ 

SOD (u/ml) -0.897 ∗ ∗ 

GPx (U/L) -0.968 ∗ ∗ 

LDH (U/L) 0.954 ∗ ∗ 

MDA (uM) 0.949 ∗ ∗ 

GSH (mM) -0.94 ∗ ∗ 

C (umol/ml/mins) -0.955 ∗ ∗ 

TAC (nmol/L -0.958 ∗ ∗ 

Note: All correlations reported are two-tailed. 
∗ ∗ Significant at p < 0.01. 
Heat shock protein 70 (HSP 70), Tumour necrosis fac- 
tor alpha (TNF- 𝛼), Interleukin 1 beta (IL-1 𝛽), Interleukin 
6 (IL-6). Superoxide dismutase (SOD), Glutathione per- 
oxidase (GPx), Malondialdehyde (MDA), Lactic acid de- 
hydrogenase (LDH) and Glutathione (GSH), Catalase (C) 
and Total antioxidant capacity (TAC). 
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Table 3 

Regression analysis of HSP-70, TNF- 𝛼, IL-1 𝛽, IL-6 and oxida- 
tive stress as a predictive factor for serum mercury level in 
local chicken. 

Description 𝛽 95% CI ∗ p 

Body weight (g) -0.00002061 (0) 0.638 
Location 0.026 0.022; 0.030 < 0.01 
Gender -0.001 -0.027;0.026 0.971 
HSP70 ng/ml 0.014 -0.001;0.029 0.064 
TNF- 𝛼 ng/L 0 0;0.001 0.028 
IL-1 𝛽 pg/L 0.0000399 0 0.422 
IL-6 ng/L 0.001 -0.006;0.008 0.777 
SOD (u/ml) .000 -0.018;0.019 0.962 
GPx (U/L) -0.001 -0.002;-0.001 000 
LDH (U/L) 0.00008764 0.000 0.054 
MDA (uM) 0.003 0.000;0.005 0.023 
GSH (mM) -0.206 -0.376;0.035 0.019 
C (umol/ml/mins) -0.002 -0.004;0.001 0.153 
TAC (nmol/L) -0.016 -0.046;0.014 0.277 

𝛽: Unstandardized coefficient represents the amount of 
change in a predictive variable due to a unit change of Hg 
level. Confidence interval (CI). 
Heat shock protein 70 (HSP 70), Tumour necrosis factor al- 
pha (TNF- 𝛼), Interleukin 1 beta (IL-1 𝛽), Interleukin 6 (IL-6). 
Superoxide dismutase (SOD), Glutathione peroxidase (GPx), 
Malondialdehyde (MDA), Lactic acid dehydrogenase (LDH) 
and Glutathione (GSH), Catalase (C) and Total antioxidant 
capacity (TAC). 
Significant at p < 0.05. 
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n this process. The amalgam is typically extracted manually by hand
nd subsequently exposed to heat to distil the mercury and remove the
old (often with a torch or over a stove). Each year, ASGM releases
ver 1000 tonnes of mercury from tailings and vaporised mercury. The
iners’ health is jeopardised, with inhaled mercury causing health is-

ues. Mercury pollution of soil and water, as well as subsequent aggre-
ation in food staples —a significant source of dietary protein in many
SGM regions —affects the animals (including free ranging chickens)
round these mining sites ( Adewumi and Laniyan, 2020 ; Esdaile and
halker, 2018 ; Giri and Singh, 2019 ; UNEP, 2019 ). 

Studies have shown that mercury related cell death primarily require
he generation of reactive oxygen species (ROS) and proteins associated
ith mercury toxicity, and are involved in cellular regulation, binding

atalytic activity, cell division, localization, development and metabolic
rocesses ( da Cunha Bataglioli et al., 2019 ; Yang et al., 2020 ). Thus the
educed antioxidant reported from gold mining sites reported in this
tudy. 

Hg toxicity in gold mining regions may ensue due to its ability to de-
troy cells through inhibition of essential macromolecules like polynu-
leotides and enzymes. Hg binding on the outer membrane has an im-
act on ion transport and cell membrane rupture ( Yang et al., 2020 ).
ercury has a strong affinity for sulfhydryl (–SH) and phosphate groups

n reaction. Mercury influences antioxidant potentials through regu-
ation of both enzymatic antioxidants (ascorbate peroxidase, superox-
5 
de dismutase and glutathione reductase) as well as non-enzymatic an-
ioxidants (non-protein thiols and glutathione). Sulfhydryl groups in
nzymes and other thiol-containing compounds like cysteine and glu-
athione bond to inorganic forms of mercury ( Behzadfar et al., 2020 ;
umari et al., 2020 ). Glutathione (GSH) is non-protein thiol that modu-

ate signalling, redox equilibrium, controlling gene expression and tran-
cription factors, nuclear pathways/processes like epigenetic mecha-
isms in avian ( Surai, 2020 ; Surai et al., 2021 ). Thus reduced GSH ac-
ivity reported in the chickens from gold mining areas point to redox
mbalance which might culminate into oxidative stress in the animals
rom this group. This is similar to earlier reports ( Behzadfar et al., 2020 ;
ang et al., 2020 ). Recent literatures also support this by suggesting that
ethyl mercury can bring about increased production of ROS that may

ither diminish the level of GSH or trigger an adaptive response to oxida-
ive stress by elevating the level of GSH ( Budnik and Casteleyn, 2019 ;
ang et al., 2020 ). From above, it is important to reiterate that pro-
ective effects are induced by intracellular low-molecular-weight thiol
lutathione (GSH), that is important as a cofactor for glutathione per-
xidase (a selenoenzyme). GSH production capability is strong in astro-
ytes, particularly in cortical astrocytes of brain cells, which may ex-
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lain their greater resistance to mercury poisoning. ( Bjørklund et al.,
017 ). 

Both antioxidant enzymes activities and oxidative damage to macro-
olecules due to potential mercury exposure in ASGM areas were mea-

ured in our research to assess oxidative stress (DNA, proteins and lipids)
rom free ranging chicken in gold mining (Abare, Dareta and Sunke) and
on-gold mining (TashaMagami, Unguwar Yarima and Tudunwada) ar-
as of Zamfara state, Nigeria. There was a significant decline in the ac-
ivity of antioxidants (SOD, GPx, GSH and CAT) in the serum of chickens
athered from the mining areas, compared to those from the reference
ite (Gusau). This is similar to earlier reports where exposre to mer-
ury significantly decreased superoxide dismutase (SOD) activity and
SH level in mice ( Li et al., 2019 , 2021 ; Zhao et al., 2021 ). Our result

s also in line with other studies that reported Hg exposure could re-
uce CAT, SOD, GSH and GPx in chicken, Seabird (Shearwaters), Ruddy
ucks Oxyura jamaicensis and mallards Anas platyrhynchos ( Fan et al.,
020 ; Hoffman and Heinz, 1998 ; Hoffman et al., 1998 ; Ma et al., 2018 ;
oldatini et al., 2020 ), thus oxidative stress ( Chu et al., 2020 ; Surai et al.,
021 ). Reduced antioxidant enzyme activity have also been reported in
nimals exposed to varying environmental stressors, especially heavy
etals ( El-Gendy et al., 2020 ; Yousef et al., 2019 ). In addition, CH 3 Hg + 

nd Hg 2 + (organic and inorganic mercury) can attach to membrane
hospholipids and proteins, inhibit Na + and K 

− dependent ATPases, stop
rans-membrane amino-acid transport, inhibit enzyme activity, and im-
rove lipid peroxidation, all of which can lead to oxidative DNA dam-
ge and cell death ( Bjørklund et al., 2017 ; Novo et al., 2021 ; Raj and
aiti, 2019 ). 

This finding may be interpreted in the following way: elevated con-
entrations of mercury in the cell due to mining activity might induce
OS generation and destruction of plasmatic membranes ( Chung et al.,
019 ; Fujimura and Usuki, 2020 ; Li et al., 2021 ; Novo et al., 2021 ). This
ight be due to the fact that mercury or its compounds like MeHg is ca-
able of inducing peroxidation due to its interaction with polyunsatu-
ated fatty acids that affect mitochondrial homeostasis which culminate
n the increase of ROS production ( Novo et al., 2021 ; Wagner et al.,
010 ). Another reason for this is that oxidative damage affects Mito-
hondrial DNA than nuclear DNA, presumably because mitochondria
re the primary sources of ROS, but its DNA repair mechanisms: mito-
hondrial fusion, fission, and mitophagy, which serve as quality con-
rol events for cleaning damaged mtDNA, are slightly limited ( Balali-
ood et al., 2021 ; Rong et al., 2021 ). Consequently, continuous oxida-

ive stress damage to mitochondria, in particular, is bound to compro-
ise mitochondrial structure and result in mitochondrial malfunction.
his culminate in release of more ROS by prolonging the cell cycle as
gainst antioxidant and DNA damage ( Li et al., 2021 ). 

Significant increase in MDA level in chicken from gold mining ar-
as is similar with other reports in mice and chicken ( Fan et al., 2020 ;
i et al., 2021 ; Zhao et al., 2021 ). This might be indicative of oxidative
njury among animals from gold mining areas in Anka LG. 

Increased in LDH reported in this study is also similar to a recent
eport on Rabbit ( Mumtaz et al., 2019 ). This likely shows that chickens
n gold mining areas are under heat stress due to perturbation in blood
etabolites with resultant increased in LDH. This is in line with a recent

tudy where induced oxidative stress increase LDH activities in broilers
 Chen et al., 2021 ). 

TAC, a more reliable biomarker than each element alone was eval-
ated which shows that TAC was significantly reduced in chicken from
old mining area. This is in congruent with a recent report that in-
uced oxidative stress in poultry leading to a significant reduction in
he TAC ( Surai et al., 2021 ). It also in line with other studies on fish
here mercury exposure led to the elevated lipid peroxidation with a

oncurrent reduction of TAC in the plasma ( Kuras et al., 2019 ). A recent
elated study in mice shows that concomitant elevated amounts of in-
rganic mercury resulted in a substantial reduction in the cortex’s TAC
 Teixeira et al., 2018 ). Consequently, reduced antioxidants defences and
verexpression of free radicals reported among chicken from gold min-
6 
ng sites might create an imbalance which work in synergy to destroy
mportant macromolecules (DNA, proteins and lipids). This is an indi-
ation that potential mercury exposure in gold mining areas might be
etrimental to physiological status of chickens. 

Heat shock proteins (HSPs) were the first molecular chaperones dis-
overed, and they help fold newly synthesized proteins, reverse and
nhibit aggregation of non-native and misfolded proteins. This helped
n the disintegration of terminally misfolded proteins, while sustaining
rotein homeostasis and cellular proteostasis under stress and normal
hysiological conditions ( Klaips et al., 2018 ; Murugesan et al., 2017 ;
hehata et al., 2020 ). 

However, in stressful conditions, when the risk of proteins and other
acromolecules malfunctioning is increased, the necessity for molecu-

ar chaperones becomes even more critical. Heat shock proteins, par-
icularly HSP70, have been recommended as good stress biomarkers
nd has been used in several ecotoxicological studies in the last two
ecades ( de Souza et al., 2020 ; Greene et al., 2019 ; Morales et al., 2011 ;
orris et al., 2013 ; Murugesan et al., 2017 ; Tkáčová and Angelovi čová,

012 ; Yang et al., 2020 ; Yang et al., 2020 ). The HSP70 could be used
o monitor stress levels in many avian species because it is widely ex-
ressed in internal organs, blood, and feathers, and its synthesis is trig-
ered by a variety of other stressors such as water deprivation, infection,
oxins, stress and exposure to chemicals like mercury ( Greene et al.,
019 ). 

The HSP 70 levels that were found to be significantly higher in
oultry from gold mining sites in this study could be linked to in-
reased mercury levels in their serum. This is similar to previous re-
ults on methylmercury and mercury exposure in the Sparus Aurata

ibroblast-1 (SAF-1) cell line and erythrocytes (derived from the fin of
ea bream) and Yellow catfish ( Pelteobagrus fulvidraco ) that resulted in
 considerable increase in HSP 70 expression ( Morcillo et al., 2016 a;
orcillo et al., 2016b ; Sun et al., 2018 ). The HSP70 mRNA and pro-

ein were both upregulated in broiler feathers, gut, and blood in re-
ponse to intracellular and systemic stress in this study, which is sim-
lar to other studies where HSP70 mRNA and protein were both up-
egulated in broiler feathers, gut, and blood in response to intracellu-
ar and systemic stress ( Greene et al., 2019 ). Heat stress has also been
inked to increased expression of HSP 70 in the liver and hypothala-
us of chickens, according to other studies ( Flees et al., 2017 ; Rajaei-

harifabadi et al., 2017 ; Rajaei-Sharifabadi et al., 2017 ). Our result is
n line with a recent study where exposure to mercury chloride in male
yline brown chicken activated HSP 70 protein expression ( Fan et al.,
020 ). Other investigations have found a higher level of HSP 70 in
he midgut of Rhinocricus padbergi (Diplopoda), chick embryos, after
xposure to metallic pesticides, which is consistent with our findings
 de Souza et al., 2020 ; Papaconstantinou et al., 2003 ). Another study
ound that short-term acute exposure to environmental stressors like en-
ocrine disrupting pollutants which include variation in temperature, 4-
onylphenol, butyl benzyl phthalate (BBP), diethylhexyl phthalate, cad-
ium chloride, bisphenol A, and ethinylestradiol significantly increased
SP 70 mRNA in Chironomus riparius ( Morales et al., 2011 ). 

As a result of our findings, subsequent research have found that
SP production increases in response to stress as a biological strat-
gy to protect various proteins from harm. As a result, during times
f stress, increased HSP expressions were found in practically all of the
hicken’s major organs ( Murugesan et al., 2017 ). Stresses like hyperther-
ia, oxidative damage, or physical/chemical injury can substantially

nd quickly upregulate HSP expression ( De Maio, 1999 ). Finally, stud-
es reveal that HSP 70 may play a cytoprotective role during stress by
uppressing the aggregation of non-native and misfolded proteins via a
itochondrial mechanism ( Klaips et al., 2018 ; Murugesan et al., 2017 ;

hehata et al., 2020 ; Xu et al., 2017 ). 
Mercury is regarded as immunotoxicant since several studies have

eported that one of the essential mechanism of mercury toxicity is
he inflammatory response ( Ahn et al., 2018 ; Bjørklund et al., 2020 ;
an et al., 2020 ; Han et al., 2021 ; Pollard et al., 2019 ; Renu et al.,
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021 ; Sun et al., 2018 ; Zhao et al., 2021 ). It is worth noting that specific
ignalling pathways, such as the NF 𝜅B pathway play a significant part
n the anti-inflammatory effects of antioxidants ( Almeer et al., 2019 ;
an et al., 2020 ; Iwai-Shimada et al., 2016 ; Jiang et al., 2018 ). As an im-
ortant transcription factor, NF 𝜅B serves as a paramount link between
nflammation and oxidative stress ( Blaser et al., 2016 ; Fan et al., 2020 ).
ollowing oxidative stress, NF 𝜅B increases the production of inducible
itric oxide synthase (iNOS) and the subsequent synthesis of Nitric ox-
de (NO), which then activates the NF 𝜅B signalling pathway, resulting
n the release and expression of particular inflammatory factors. HgCl2
auses inflammation by boosting the release of pro-inflammatory cy-
okines such as IL-1b, IL-6, and TNF-a via the NF 𝜅B signalling pathway,
ccording to studies ( Ahn et al., 2018 ; Blaser et al., 2016 ; Fan et al.,
020 ; Renu et al., 2021 ). 

Activation of cytoplasmic multiprotein complex called inflamma-
ome by a repertoire of endogenous and exogenous danger signals trig-
ered the maturation and secretion of interleukin (IL)-1 𝛽 as well as
poptotic and pyroptotic cell death ( Ahn et al., 2018 ; Kim et al., 2020 ;
heng et al., 2020 ). This process usually rely on NF 𝜅B signaling to
nduce the transcription of the inflammasome components. Dysregu-
ated inflammasome activation is detrimental to the host response to
issue damage and may contribute to compromised health in animals
 Kim et al., 2020 ; Zheng et al., 2020 ). 

Tumour necrosis factor (TNF) is a pro-inflammatory cytokine that
s crucial for cellular homeostasis and immunity; its dysregulation gen-
rally results in inflammation ( Blaser et al., 2016 ). It is impossible to
verstate the importance of TNF as the main modulator in regulating
poptosis, necrosis and cell survival in many cell types and tissues. TNF
as a direct impact on the regulation of nuclear factor kappa light chain
nhancer of activated B cells (NF 𝜅B) and JUN N-terminal kinase (JNK),
hich has led to a better understanding of TNF’s growing role as a regu-

ator of both reactive oxygen species (ROS) and reactive nitrogen species
RNS). ROS influences signalling pathways that lead to NF 𝜅B activation
nd antioxidant protein overexpression, suggesting that TNF and ROS
nfluence each other in a positive feedback loop ( Blaser et al., 2016 ). 

ROS play key role in cell death and survival triggered by TNF-a sig-
aling; the primary source in ROS generation necessary for cell death
nduced by TNF-a is the mitochondria. This is because ROS modulator 1
Romo1) was involved in TNF-a-induced ROS production and it is found
n the outer membrane of the mitochondria to sense the signal produced
y the TNF-a which consequently induces ROS generation ( Kim et al.,
010 ; Yang et al., 2020 ). 

Earlier reports have opined that cell death, caspase activation as
ell as ultrastructural perturbations in various tissues have been re-
orted as a result of exposure to heavy metals in various forms. Inflam-
ation involving TNF-alpha and pro-inflammatory cytokines like IL-1 𝛽

nd IL-6 have been reported to be important in heavy metal toxicity
 Chen et al., 2022 ; Fan et al., 2020 ; Renu et al., 2021 ). Consequently,
ome heavy metals have been reported to activate the TNF- 𝛼/ NF 𝜅B
athway and induced inflammatory responses via increasing the expres-
ion of Haem oxygenase 1 (HO-1), IL-1 𝛽, inducible nitric oxide synthase
iNOS), Cyclooxygenase-2 (COX2) ( Campbell et al., 2021 ; Chen et al.,
022 ; Fan et al., 2020 ; Renu et al., 2021 ). A recent study also suggested
hat Hg 2 + exposure can cause immunomodulatory response in birds by
ysregulating the immune cell amplification and cytokine proliferation,
his might finally lead to disorder and perturbation of the avian immune
ystem ( Han et al., 2021 ). Another study also reported that inorganic
ercury induced spleen damage is triggered by autophagic cell death

hrough phosphatidylinositol 3-kinase (PI3K)-AKT pathway ( Zhao et al.,
021 ). These have demonstrated that mercury from gold mining areas
ay constitute a major hazard to health and the environment in general.

In this study, TNF- 𝛼, IL-1 𝛽 and IL-6 levels are significantly higher in
he serum of mercury-exposed chicken from mining areas when com-
ared with those assessed in the control group. This result is in congru-
nt with a recent study that HgCl 2 exposure in Hy-Line brown chicken
ead to overexpression of pro-inflammatory cytokines which include
7 
nterleukin (IL-1 𝛽, IL-6 and TNF- 𝛼) ( Fan et al., 2020 ). It is also simi-
ar to a study involving yellow catfish ( Pelteobagrus fulvidraco ) where
g 2 + exposure upregulated IL-1 𝛽 and TNF- 𝛼 mRNA levels in the spleen
 Sun et al., 2018 ) and also in agreement with earlier reports in ze-
rafish larvae ( Zhang et al., 2016 ), suggesting that Hg 2 + might trigger
n inflammatory response ( Bjørklund et al., 2020 ). Other animal stud-
es suggested that exposure to mercury markedly elevated the expres-
ion of numerous pro-inflammatory mediators, pro-apoptotic genes (IL-
 𝛽, IL-6 and TNF- 𝛼), innate and adaptive immune cells are increased
 Cauvi et al., 2017 ; Pollard et al., 2019 ; Zhao et al., 2020 ). Thus, we
pined as other studies that mercury exposure in chicken through any
eans might disrupt inflammatory responses, that will likely cause fa-

al health effect ( Ahn et al., 2018 ; Fan et al., 2020 ; Pollard et al., 2019 ;
hao et al., 2020 ). 

Subsequently increased proliferation of pro-inflammatory cytokines
ike IL-1 𝛽, IL-6 and TNF- 𝛼 reported from chickens in gold mining areas
ight be mercury induced through the activation of NF 𝜅B signalling
athway. We suggest that these pro-inflammatory cytokines might have
n important role in the selective cellular damage caused by methylmer-
ury. Additionally, results from this study did indicated that the elevated
NF- 𝛼 activity triggered by methylmercury might culminate into cell
eath, as TNF- 𝛼 interact with its receptor after being released extracel-
ularly ( Iwai-Shimada et al., 2016 ). Finally, this study corroborated a
ecent report which revealed that exposure to mercury might lead to
isorders of the avian immune system which might cause unexpected
ide effects as it might disrupt bird immune cell generation and cytokine
ynthesis ( Ahn et al., 2018 ; Han et al., 2021 ). 

onclusions 

Environmental Hg contamination continue to be a global issue with
ising risk to wildlife and human populations in many regions of the
orld because of human population expansion industrialisation, and ar-

isanal and small-scale gold mining (ASGM). Mercury exposure because
f ASGM affect most farmed animals in food chains. Result from this
tudy showed elevated levels of mercury in free ranging chicken ( Gal-

us Gallus domesticus ) from gold mining areas in Zamfara State Nigeria.
his might be due to the presence of Hg in the environment due to
SGM activities in those areas. Elevated mercury in these free-ranging
hicken might be due to mercury bioaccumulation from local food stuff.
his study also showed that potential exposure to mercury through gold
ining activities in Zamfara have the potential health effect as they

nduce immune response, heat shock and oxidative stress in free rang-
ng chicken in Anka LG. Finally, we opined that chicken meat products
ight serve as an important mercury exposure source for the people of
nka LG. 

unding information 

The authors have no funding information to declare. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

RediT authorship contribution statement 

Zainab Abdulmalik: Data curation, Writing – original draft, Writ-
ng – review & editing. Muftau Shittu: Conceptualization, Methodol-
gy, Software, Visualization, Investigation, Supervision, Software, Val-
dation, Writing – review & editing. Sani Adamu: Conceptualization,
ethodology, Software, Visualization, Investigation, Supervision, Soft-
are, Validation, Writing – review & editing. Suleiman Folorunsho



Z. Abdulmalik, M. Shittu, S. Adamu et al. Journal of Hazardous Materials Advances 8 (2022) 100176 

A  

t  

W

D

R

A  

 

A  

 

A  

 

 

 

A  

 

A  

 

A  

 

A  

 

 

B  

 

B  

 

B  

 

 

B  

 

 

B  

 

B  

 

B  

B  

 

C  

 

C  

 

 

C  

 

 

C  

 

C  

 

C  

 

 

d  

 

 

 

D  

d  

 

 

 

E  

 

 

 

E  

 

 

E  

F  

 

F  

 

 

 

F  

G  

 

G  

 

G  

 

G  

H  

 

 

H  

 

 

H  

 

H  

 

I  

J  

 

 

J  

J  

 

K  

 

K  

 

K  

K  

 

K  

 

K  

 

 

 

L  

 

 

mbali: Conceptualization, Methodology, Software, Software, Valida-
ion, Writing – review & editing. Bolaji Fatai Oyeyemi: Data curation,

riting – original draft, Writing – review & editing. 

ata Availability 

Data will be made available on request. 

eferences 

dewumi, A., Laniyan, T., 2020. Contamination, sources and risk assessments of metals in
media from Anka artisanal gold mining area, Northwest Nigeria. Sci. Total Environ.
718, 137235. doi: 10.1016/j.scitotenv.2020.137235 . 

dewumi, A.J., Laniyan, T.A., 2020. Ecological and human health risks associated with
metals in water from Anka Artisanal Gold Mining Area, Nigeria. Hum. Ecol. Risk
Assess. 1–20. doi: 10.1080/10807039.2019.1710694 . 

endo, P., Mingkhwan, R., Senachai, K., Santativongchai, P., Thiendedsakul, P., Tu-
layakul, P., 2022. Health significant alarms of toxic carcinogenic risk consumption of
blood meal metals contamination in poultry at a gold mining neighborhood, northern
Thailand. Environ. Geochem. Health 44, 783–797. doi: 10.1007/s10653-021-00971-6 .

frifa, J., Opoku, Y.K., Gyamerah, E.O., Ashiagbor, G., Sorkpor, R.D., 2019. The clinical
importance of the mercury problem in artisanal small-scale gold mining. Front. Public
Health 7, 131. doi: 10.3389/fpubh.2019.00131 , -131 . 

hn, H., Kim, J., Kang, S.G., Yoon, S.I., Ko, H.J., Kim, P.H., Hong, E.J., An, B.S., Lee, E.,
Lee, G.S., 2018. Mercury and arsenic attenuate canonical and non-canonical NLRP3
inflammasome activation. Sci. Rep. 8 (1), 1–12. doi: 10.1038/s41598-018-31717-7 . 

li, W., Junaid, M., Aslam, M.W., Ali, K., Rasool, A., Zhang, H., 2019. A review on the
status of mercury pollution in pakistan: sources and impacts. Arch. Environ. Contam.
Toxicol. 76 (4), 519–527. doi: 10.1007/s00244-019-00613-0 . 

lmeer, R.S., Albasher, G., Alotibi, F., Alarifi, S., Ali, D., Alkahtani, S., 2019. Ziziphus
spina-christi leaf extract suppressed mercury chloride-induced nephrotoxicity via
Nrf2-antioxidant pathway activation and inhibition of inflammatory and apoptotic
signaling. Oxid. Med. Cell. Longev. doi: 10.1155/2019/5634685 . 

alali-Mood, M., Naseri, K., Tahergorabi, Z., Khazdair, M.R., Sadeghi, M., 2021. Toxic
mechanisms of five heavy metals: mercury, lead, chromium, cadmium, and arsenic.
Front. Pharmacol. 12 (227). doi: 10.3389/fphar.2021.643972 . 

ank, M.S., 2020. The mercury science-policy interface: history, evolution and
progress of the Minamata Convention. Sci. Total Environ. 722, 137832.
doi: 10.1016/j.scitotenv.2020.137832 . 

ehzadfar, L., Hassani, S., Feizpour, H., Abbasian, N., Maghsoudi, A.S., Taghizadeh, G.,
Pourahmad, J., Sharifzadeh, M., 2020. Effects of mercuric chloride on spatial memory
deficit-induced by beta-amyloid and evaluation of mitochondrial function markers in
the hippocampus of rats. Metallomics 12 (1), 144–153. doi: 10.1039/c9mt00161a . 

inkowski, L.J., Fort, J., Brault-Favrou, M., Gallien, F., Le Guillou, G., Chas-
tel, O., Bustamante, P., 2021. Foraging ecology drives mercury contamina-
tion in chick gulls from the english channel. Chemosphere 267, 128622.
doi: 10.1016/j.chemosphere.2020.128622 . 

jørklund, G., Dadar, M., Mutter, J., Aaseth, J., 2017. The toxicology of mer-
cury: current research and emerging trends. Environ. Res. 159, 545–554.
doi: 10.1016/j.envres.2017.08.051 . 

jørklund, G., Peana, M., Dadar, M., Chirumbolo, S., Aaseth, J., Martins, N., 2020.
Mercury-induced autoimmunity: drifting from micro to macro concerns on autoim-
mune disorders. Clin. Immunol. 213, 108352. doi: 10.1016/j.clim.2020.108352 . 

laser, H., Dostert, C., Mak, T.W., Brenner, D., 2016. TNF and ROS crosstalk in inflamma-
tion. Trends Cell Biol. 26 (4), 249–261. doi: 10.1016/j.tcb.2015.12.002 . 

udnik, L.T., Casteleyn, L., 2019. Mercury pollution in modern times
and its socio-medical consequences. Sci. Total Environ. 654, 720–734.
doi: 10.1016/j.scitotenv.2018.10.408 . 

ampbell, N.K., Fitzgerald, H.K., Dunne, A., 2021. Regulation of inflamma-
tion by the antioxidant haem oxygenase 1. Nat. Rev. Immunol. 1–15.
doi: 10.1038/s41577-020-00491-x . 

auvi, D.M., Cauvi, G., Toomey, C.B., Jacquinet, E., Pollard, K.M., 2017. From the cover:
interplay between IFN- 𝛾 and IL-6 impacts the inflammatory response and expression
of interferon-regulated genes in environmental-induced autoimmunity. Toxicol. Sci.
158 (1), 227–239. doi: 10.1093/toxsci/kfx083 . 

hen, X., Bi, M., Yang, J., Cai, J., Zhang, H., Zhu, Y., Zheng, Y., Liu, Q., Shi, G., Zhang, Z.,
2022. Cadmium exposure triggers oxidative stress, necroptosis, Th1/Th2 imbalance
and promotes inflammation through the TNF- 𝛼/NF- 𝜅B pathway in swine small intes-
tine. J. Hazard. Mater. 421, 126704. doi: 10.1016/j.jhazmat.2021.126704 . 

hen, Z., Xing, T., Li, J., Zhang, L., Jiang, Y., Gao, F., 2021. Hydrogen peroxide–induced
oxidative stress impairs redox status and damages aerobic metabolism of breast mus-
cle in broilers. Poult. Sci. 100 (2), 918–925. doi: 10.1016/j.psj.2020.11.029 . 

hu, J.H., Yan, Y.X., Gao, P.C., Chen, X.W., Fan, R.F., 2020. Response of selenoproteins
gene expression profile to mercuric chloride exposure in chicken kidney. Res. Vet. Sci.
133, 4–11. doi: 10.1016/j.rvsc.2020.08.020 . 

hung, Y.P., Yen, C.C., Tang, F.C., Lee, K.I., Liu, S.H., Wu, C.C., Hsieh, S.S., Su, C.C.,
Kuo, C.Y., Chen, Y.W., 2019. Methylmercury exposure induces ROS/Akt inactivation-
triggered endoplasmic reticulum stress-regulated neuronal cell apoptosis. Toxicology
425, 152245. doi: 10.1016/j.tox.2019.152245 . 

a Cunha Bataglioli, I., Vieira, J.C.S., de Queiroz, J.V., da Silva Fernandes, M.,
Bittarello, A.C., Braga, C.P., Buzalaf, M.A.R., Adamec, J., Zara, L.F., de Magalhães
Padilha, P., 2019. Physiological and functional aspects of metal-binding protein asso-
ciated with mercury in the liver tissue of pirarucu (Arapaima gigas) from the Brazilian
Amazon. Chemosphere 236, 124320. doi: 10.1016/j.chemosphere.2019.07.051 . 
8 
e Maio, A., 1999. Heat shock proteins: facts, thoughts, and dreams. Shock 11 (1), 1–12 .
e Souza, R.B., Moreira-de-Sousa, C., Ansoar-Rodríguez, Y., Coelho, M.P.M., de

Souza, C.P., Bueno, O.C., Fontanetti, C.S., 2020. Histopatology and HSP70 analysis
of the midgut of Rhinocricus padbergi (Diplopoda) in the evaluation of the toxicity
of two new metallic-insecticides. Environ. Sci. Pollut. Res. Int. 27 (3), 3023–3033.
doi: 10.1007/s11356-019-07203-6 . 

l Mahmoud-Hamed, M.S., Montesdeoca-Esponda, S., Santana-Del Pino, A., Zamel, M.L.,
Brahim, M., T’feil, H., Santana-Rodiguez, J.J., Sidoumou, Z., Sidi’Ahmed-Kankou, M.,
2019. Distribution and health risk assessment of cadmium, lead, and mercury in fresh-
water fish from the right bank of Senegal River in Mauritania. Environ. Monit. Assess.
191 (8), 493. doi: 10.1007/s10661-019-7627-5 . 

l-Gendy, A.H., Augustyniak, M., Toto, N.A., Al Farraj, S., El-Samad, L.M., 2020. Oxidative
stress parameters, DNA damage and expression of HSP70 and MT in midgut of Tra-
chyderma hispida (Forskål, 1775) (Coleoptera: Tenebrionidae) from a textile industry
area. Environ. Pollut. 267, 115661. doi: 10.1016/j.envpol.2020.115661 . 

sdaile, L.J., Chalker, J.M., 2018. The mercury problem in artisanal and small-scale gold
mining. Chemistry 24 (27), 6905–6916. doi: 10.1002/chem.201704840 . 

an, R.F., Liu, J.X., Yan, Y.X., Wang, L., Wang, Z.Y., 2020. Selenium relieves oxidative
stress, inflammation, and apoptosis within spleen of chicken exposed to mercuric chlo-
ride. Poult. Sci. 99 (11), 5430–5439. doi: 10.1016/j.psj.2020.08.031 . 

lees, J., Rajaei-Sharifabadi, H., Greene, E., Beer, L., Hargis, B.M., Ellestad, L., Porter, T.,
Donoghue, A., Bottje, W.G., Dridi, S., 2017. Effect of Morinda citrifolia (noni)-
enriched diet on hepatic heat shock protein and lipid metabolism-related genes in
heat stressed broiler chickens. Front. Physiol. 8, 919. doi: 10.3389/fphys.2017.00919 .

ujimura, M., Usuki, F., 2020. Methylmercury-mediated oxidative stress and activation of
the cellular protective system. Antioxidants 9 (10). doi: 10.3390/antiox9101004 . 

iri, S., Singh, A.K., 2019. Heavy metals in eggs and chicken and the associated human
health risk assessment in the mining areas of Singhbhum copper belt, India. Arch.
Environ Occup. Health 74 (4), 161–170. doi: 10.1080/19338244.2017.1407284 . 

onzález, N.T., Otali, E., Machanda, Z., Muller, M.N., Wrangham, R., Thompson, M.E.,
2020. Urinary markers of oxidative stress respond to infection and late-life in wild
chimpanzees. PLoS One 15 (9), e0238066. doi: 10.1371/journal.pone.0238066 . 

reene, E.S., Rajaei-Sharifabadi, H., Dridi, S., 2019. Feather HSP70: a novel non-invasive
molecular marker for monitoring stress induced by heat exposure in broilers. Poult.
Sci. 98 (9), 3400–3404. doi: 10.3382/ps/pez120 . 

uzzi, G., Ronchi, A., Pigatto, P., 2021. Toxic effects of mercury in humans and mammals.
Chemosphere 263, 127990. doi: 10.1016/j.chemosphere.2020.127990 . 

an, B., García-Mendoza, D., van den Berg, H., van den Brink, N.W., 2021. Modulatory
effects of mercury (II) chloride (HgCl2) on chicken macrophage and B-lymphocyte cell
lines with viral-like challenges in vitro . Environ. Toxicol. Chem. doi: 10.1002/etc.5169 ,
doi.org/10.1002/etc.5169 . 

an, B., Lv, Z., Han, X., Li, S., Han, B., Yang, Q., Wang, X., Wu, P., Li, J., Deng, N.,
2021. Harmful effects of inorganic mercury exposure on kidney cells: mitochon-
drial dynamics disorder and excessive oxidative stress. Biol. Trace Elem. Res. 1–7.
doi: 10.1007/s12011-021-02766-3 . 

offman, D.J., Heinz, G.H., 1998. Effects of mercury and selenium on glutathione
metabolism and oxidative stress in mallard ducks. Environ. Toxicol. Chem. 17 (2),
161–166 . 

offman, D.J., Ohlendorf, H.M., Marn, C.M., Pendleton, G.W.P., 1998. Association of mer-
cury and selenium with altered glutathione metabolism and oxidative stress in diving
ducks from the San Francisco Bay region, USA. Environ. Toxicol. Chem. 17 (2), 167–
172. doi: 10.1002/etc.5620170205 , Int J . 

wai-Shimada, M., Takahashi, T., Kim, M.S., Fujimura, M., Ito, H., Toyama, T., Na-
ganuma, A., Hwang, G.W., 2016. Methylmercury induces the expression of TNF- 𝛼
selectively in the brain of mice. Sci. Rep. 6 (1), 1–8. doi: 10.1038/srep38294 . 

iang, X., Gu, S., Liu, D., Zhao, L., Xia, S., He, X., Chen, H., Ge, J., 2018. Lactobacillus
brevis 23017 relieves mercury toxicity in the colon by modulation of oxidative stress
and inflammation through the interplay of MAPK and NF- 𝜅B signaling cascades. Front.
Microbiol. 9, 2425. doi: 10.3389/fmicb.2018.02425 . 

imoh, O.A., 2019. Oxidative stress indicators of rabbit breeds in Ibadan, Southwest Nige-
ria. Bull. Natl. Res. Cent. 43 (1), 62. doi: 10.1186/s42269-019-0104-z . 

ohnbull, O., Abbassi, B., Zytner, R.G., 2018. Risk assessment of heavy metals in soil based
on the geographic information system-Kriging technique in Anka, Nigeria. Environ.
Eng. Res. 24 (1), 150–158. doi: 10.4491/eer.2018.130 . 

im, J., Ahn, H., Yu, S., Ahn, J.H., Ko, H.J., Kweon, M.N., Hong, E.J., An, B.S., Lee, E.,
Lee, G.S., 2020. I 𝜅B 𝜁 controls NLRP3 inflammasome activation via upregulation of
the Nlrp3 gene. Cytokine 127, 154983. doi: 10.1016/j.cyto.2019.154983 . 

im, J., Lee, S., Park, J., Yoo, Y., 2010. TNF- 𝛼-induced ROS production triggering apop-
tosis is directly linked to Romo1 and Bcl-X L. Cell Death Differ. 17 (9), 1420–1434.
doi: 10.1038/cdd.2010.19 . 

laips, C.L., Jayaraj, G.G., Hartl, F.U., 2018. Pathways of cellular proteostasis in aging
and disease. J. Cell Biol. 217 (1), 51–63. doi: 10.1083/jcb.201709072 . 

oracevic, D., Koracevic, G., Djordjevic, V., Andrejevic, S., Cosic, V., 2001. Method for the
measurement of antioxidant activity in human fluids. J. Clin. Pathol. 54 (5), 356–361.
doi: 10.1136/jcp.54.5.356 . 

umari, S., Amit, J., Mishra, R., Singh, N., D, K., 2020. Recent developments in envi-
ronmental mercury bioremediation and its toxicity: a review. Environ. Nanotechnol.
Monit. Manag. 13, 100283. doi: 10.1016/j.enmm.2020.100283 . 

uras, R., Kozlowska, L., Reszka, E., Wieczorek, E., Jablonska, E., Gromadzinska, J.,
Stanislawska, M., Janasik, B., Wasowicz, W., 2019. Environmental mercury expo-
sure and selenium-associated biomarkers of antioxidant status at molecular and bio-
chemical level. A short-term intervention study. Food Chem. Toxicol. 130, 187–198.
doi: 10.1016/j.fct.2019.04.056 . 

ee, J., Lee, S.Y., Chung, D., Park, K.W., Shim, K., Lee, J., Park, J.H., 2020. Utiliza-
tion of black-tailed gull (Larus crassirostris) eggs for monitoring of mercury levels
in coastal areas of South Korea: preliminary study. Sci. Total Environ. 713, 136578.
doi: 10.1016/j.scitotenv.2020.136578 . 

https://doi.org/10.1016/j.scitotenv.2020.137235
https://doi.org/10.1080/10807039.2019.1710694
https://doi.org/10.1007/s10653-021-00971-6
https://doi.org/10.3389/fpubh.2019.00131
https://doi.org/10.1038/s41598-018-31717-7
https://doi.org/10.1007/s00244-019-00613-0
https://doi.org/10.1155/2019/5634685
https://doi.org/10.3389/fphar.2021.643972
https://doi.org/10.1016/j.scitotenv.2020.137832
https://doi.org/10.1039/c9mt00161a
https://doi.org/10.1016/j.chemosphere.2020.128622
https://doi.org/10.1016/j.envres.2017.08.051
https://doi.org/10.1016/j.clim.2020.108352
https://doi.org/10.1016/j.tcb.2015.12.002
https://doi.org/10.1016/j.scitotenv.2018.10.408
https://doi.org/10.1038/s41577-020-00491-x
https://doi.org/10.1093/toxsci/kfx083
https://doi.org/10.1016/j.jhazmat.2021.126704
https://doi.org/10.1016/j.psj.2020.11.029
https://doi.org/10.1016/j.rvsc.2020.08.020
https://doi.org/10.1016/j.tox.2019.152245
https://doi.org/10.1016/j.chemosphere.2019.07.051
http://refhub.elsevier.com/S2772-4166(22)00132-2/sbref0023
https://doi.org/10.1007/s11356-019-07203-6
https://doi.org/10.1007/s10661-019-7627-5
https://doi.org/10.1016/j.envpol.2020.115661
https://doi.org/10.1002/chem.201704840
https://doi.org/10.1016/j.psj.2020.08.031
https://doi.org/10.3389/fphys.2017.00919
https://doi.org/10.3390/antiox9101004
https://doi.org/10.1080/19338244.2017.1407284
https://doi.org/10.1371/journal.pone.0238066
https://doi.org/10.3382/ps/pez120
https://doi.org/10.1016/j.chemosphere.2020.127990
https://doi.org/10.1002/etc.5169
https://doi.org/10.1007/s12011-021-02766-3
http://refhub.elsevier.com/S2772-4166(22)00132-2/sbref0037
https://doi.org/10.1002/etc.5620170205
https://doi.org/10.1038/srep38294
https://doi.org/10.3389/fmicb.2018.02425
https://doi.org/10.1186/s42269-019-0104-z
https://doi.org/10.4491/eer.2018.130
https://doi.org/10.1016/j.cyto.2019.154983
https://doi.org/10.1038/cdd.2010.19
https://doi.org/10.1083/jcb.201709072
https://doi.org/10.1136/jcp.54.5.356
https://doi.org/10.1016/j.enmm.2020.100283
https://doi.org/10.1016/j.fct.2019.04.056
https://doi.org/10.1016/j.scitotenv.2020.136578


Z. Abdulmalik, M. Shittu, S. Adamu et al. Journal of Hazardous Materials Advances 8 (2022) 100176 

L  

 

 

L  

 

 

L  

 

M  

 

 

M  

 

 

M  

 

M  

 

 

M  

 

 

 

M  

 

 

 

M  

M  

 

M  

M  

 

 

M  

 

N  

 

 

O  

 

P  

 

 

P  

 

R  

R  

 

 

R  

 

 

 

R  

 

 

R  

 

S  

 

S  

 

 

S  

 

S  

 

 

S  

 

 

S  

 

 

S  

S  

 

S  

 

T  

 

 

 

T  

T  

U
U  

 

W  

 

 

X  

 

Y  

 

Y  

 

 

Y  

 

 

Y  

 

Y  

 

 

Z  

 

Z  

 

 

Z  

 

 

Z  

 

 

Z  

 

Z  

 

 

i, S., Baiyun, R., Lv, Z., Li, J., Han, D., Zhao, W., Yu, L., Deng, N., Liu, Z., Zhang, Z., 2019.
Exploring the kidney hazard of exposure to mercuric chloride in mice: disorder of mi-
tochondrial dynamics induces oxidative stress and results in apoptosis. Chemosphere
234, 822–829. doi: 10.1016/j.chemosphere.2019.06.096 . 

i, S., Wang, X., Xiao, Y., Wang, Y., Wan, Y., Li, X., Li, Q., Tang, X., Cai, D., Ran, B.,
2021. Curcumin ameliorates mercuric chloride-induced liver injury via modulating
cytochrome P450 signaling and Nrf2/HO-1 pathway. Ecotoxicol. Environ. Saf. 208,
111426. doi: 10.1016/j.ecoenv.2020.111426 . 

i, X., Pan, J., Wei, Y., Ni, L., Xu, B., Deng, Y., Yang, T., Liu, W., 2021. Mechanisms of
oxidative stress in Methylmercury-induced neurodevelopmental toxicity. Neurotoxi-
cology 85, 33–46. doi: 10.1016/j.neuro.2021.05.002 . 

a, Y., Zhu, M., Miao, L., Zhang, X., Dong, X., Zou, X., 2018. Mercuric chloride
induced ovarian oxidative stress by suppressing Nrf2-Keap1 signal pathway and
its downstream genes in laying hens. Biol. Trace Elem. Res. 185 (1), 185–196.
doi: 10.1007/s12011-018-1244-y . 

ason, R.P., Baumann, Z., Hansen, G., Yao, K.M., Coulibaly, M., Coulibaly, S., 2019. An
assessment of the impact of artisanal and commercial gold mining on mercury and
methylmercury levels in the environment and fish in Cote d’Ivoire. Sci. Total Environ.
665, 1158–1167. doi: 10.1016/j.scitotenv.2019.01.393 . 

atsumoto, M., Liu, H., 2020. Mercury speciation and remediation strategies at
a historically elemental mercury spilled site. J. Hazard. Mater. 384, 121351.
doi: 10.1016/j.jhazmat.2019.121351 . 

MSD, 2017. Nigeria’s mining and metal sector investment promotion brochure, depart-
ment of planning, research and statistics (DPRS) ministry of mines and steel devel-
opment (MMSD). Nigeria’s Mining and Metal Sector Investment Promotion Brochure,
1-30. 

oniruzzaman, M., Lee, S., Park, Y., Min, T., Bai, S.C., 2021. Evaluation of dietary
selenium, vitamin C and E as the multi-antioxidants on the methylmercury in-
toxicated mice based on mercury bioaccumulation, antioxidant enzyme activity,
lipid peroxidation and mitochondrial oxidative stress. Chemosphere 273, 129673.
doi: 10.1016/j.chemosphere.2021.129673 . 

orales, M., Planelló, R., Martínez-Paz, P., Herrero, O., Cortés, E., Martínez-Guitarte, J.L.,
Morcillo, G., 2011. Characterization of Hsp70 gene in Chironomus riparius: ex-
pression in response to endocrine disrupting pollutants as a marker of ecotoxico-
logical stress. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 153 (1), 150–158.
doi: 10.1016/j.cbpc.2010.10.003 . 

orcillo, P., Esteban, M.Á., Cuesta, A., 2016a. Heavy metals produce toxicity, oxidative
stress and apoptosis in the marine teleost fish SAF-1 cell line. Chemosphere 144, 225–
233. doi: 10.1016/j.chemosphere.2015.08.020 . 

orcillo, P., Romero, D., Meseguer, J., Esteban, M.Á., Cuesta, A., 2016b. Cytotoxicity and
alterations at transcriptional level caused by metals on fish erythrocytes in vitro. En-
viron. Sci. Pollut. Res. Int. 23 (12), 12312–12322. doi: 10.1007/s11356-016-6445-3 . 

orris, J.P., Thatje, S., Hauton, C., 2013. The use of stress-70 proteins in physiology: a
re-appraisal. Mol. Ecol. 22 (6), 1494–1502. doi: 10.1111/mec.12216 . 

umtaz, S., Ali, S., Khan, R., Andleeb, S., Ulhaq, M., Khan, M.A., Shakir, H.A.,
2019. The protective role of ascorbic acid in the hepatotoxicity of cadmium
and mercury in rabbits. Environ. Sci. Pollut. Res. Int. 26 (14), 14087–14096.
doi: 10.1007/s11356-019-04620-5 . 

urugesan, S., Ullengala, R., Amirthalingam, V., 2017. Heat shock protein and ther-
mal stress in chicken. In: Heat Shock Proteins in Veterinary Medicine and Sciences.
Springer, pp. 179–193. doi: 10.1007/978-3-319-73377-7_6 . 

ovo, J.P., Martins, B., Raposo, R.S., Pereira, F.C., Oriá, R.B., Malva, J.O., Fontes-
Ribeiro, C., 2021. Cellular and molecular mechanisms mediating methylmer-
cury neurotoxicity and neuroinflammation. Int. J. Mol. Sci. 22 (6), 3101.
doi: 10.3390/ijms22063101 . 

lsvik, P.A., Azad, A.M., Yadetie, F., 2021. Bioaccumulation of mercury and transcrip-
tional responses in tusk (Brosme brosme), a deep-water fish from a Norwegian fjord.
Chemosphere 279, 130588. doi: 10.1016/j.chemosphere.2021.130588 . 

apaconstantinou, A.D., Brown, K.M., Noren, B.T., McAlister, T., Fisher, B.R., Goer-
ing, P.L., 2003. Mercury, cadmium, and arsenite enhance heat shock protein synthesis
in chick embryos prior to embryotoxicity. Birth Defects Res. B Dev. Reprod. Toxicol.
68 (6), 456–464. doi: 10.1002/bdrb.10044 . 

ollard, K.M., Cauvi, D.M., Toomey, C.B., Hultman, P., Kono, D.H., 2019. Mercury-
induced inflammation and autoimmunity. Biochim. Biophys. Acta Gen. Subj. 1863
(12), 129299. doi: 10.1016/j.bbagen.2019.02.001 , -129299 . 

aj, D., Maiti, S.K., 2019. Sources, toxicity, and remediation of mercury: an essence re-
view. Environ. Monit. Assess. 191 (9), 566. doi: 10.1007/s10661-019-7743-2 . 

ajaei-Sharifabadi, H., Ellestad, L., Porter, T., Donoghue, A., Bottje, W.G., Dridi, S.,
2017. Noni (Morinda citrifolia) modulates the hypothalamic expression of stress-and
metabolic-related genes in broilers exposed to acute heat stress. Front. Genet. 8, 192.
doi: 10.3389/fgene.2017.00192 . 

ajaei-Sharifabadi, H., Greene, E., Piekarski, A., Falcon, D., Ellestad, L., Donoghue, A., Bot-
tje, W., Porter, T., Liang, Y., Dridi, S., 2017. Surface wetting strategy prevents acute
heat exposure–induced alterations of hypothalamic stress–and metabolic-related
genes in broiler chickens. J. Anim. Sci. 95 (3), 1132–1143. doi: 10.2527/jas2016.1290 .

enu, K., Chakraborty, R., Haritha, M., Rajeshwari, K., Famurewa, A.C., Madhyastha, H.,
Balachandar, V., George, A., Abilash, V., 2021. Molecular mechanism of heavy metals
(Lead, Chromium, Arsenic, Mercury, Nickel and Cadmium) induced hepatotoxicity–a
review. Chemosphere 271, 129735. doi: 10.1016/j.chemosphere.2021.129735 . 

ong, Z., Tu, P., Xu, P., Sun, Y., Yu, F., Tu, N., Guo, L., Yang, Y., 2021.
The mitochondrial response to DNA damage. Front. Cell Dev. Biol. 9 (1212).
doi: 10.3389/fcell.2021.669379 , doi.org/10.3389/fcell.2021.669379 . 

aracila, M., Panaite, T.D., Papuc, C.P., Criste, R.D., 2021. Heat stress in broiler chickens
and the effect of dietary polyphenols, with special reference to willow (Salix spp.) bark
supplements —a review. Antioxidants 10 (5), 686. doi: 10.3390/antiox10050686 . 

eco, J., Xavier, J.C., Brierley, A.S., Bustamante, P., Coelho, J.P., Gregory, S., Fielding, S.,
9 
Pardal, M.A., Pereira, B., Stowasser, G., Tarling, G.A., Pereira, E., 2020. Mercury levels
in Southern Ocean squid: variability over the last decade. Chemosphere 239, 124785.
doi: 10.1016/j.chemosphere.2019.124785 . 

hehata, A.M., Saadeldin, I.M., Tukur, H.A., Habashy, W.S., 2020. Modulation of heat-
shock proteins mediates chicken cell survival against thermal stress. Animals 10 (12),
2407. doi: 10.3390/ani10122407 . 

laveykova, V.I., Majumdar, S., Regier, N., Li, W., Keller, A.A., 2021. Metabolomic re-
sponses of Green Alga chlamydomonas reinhardtii exposed to sublethal concentra-
tions of inorganic and methylmercury. Environ. Sci. Technol. 55 (6), 3876–3887.
doi: 10.1021/acs.est.0c08416 . 

oldatini, C., Sebastiano, M., Albores-Barajas, Y.V., Abdelgawad, H., Bustamante, P.,
Costantini, D., 2020. Mercury exposure in relation to foraging ecology and its impact
on the oxidative status of an endangered seabird. Sci. Total Environ. 724, 138131.
doi: 10.1016/j.scitotenv.2020.138131 . 

un, Y., Li, Y., Rao, J., Liu, Z., Chen, Q., 2018. Effects of inorganic mercury exposure
on histological structure, antioxidant status and immune response of immune or-
gans in yellow catfish (Pelteobagrus fulvidraco). J. Appl. Toxicol. 38 (6), 843–854.
doi: 10.1002/jat.3592 . 

urai, P.F., 2020. Antioxidants in poultry nutrition and reproduction: an update. Antioxi-
dants 9 (2), 105. doi: 10.3390/antiox9020105 , (Basel, Switzerland) . 

urai, P.F., Kochish, I.I., Fisinin, V.I., Kidd, M.T., 2019. Antioxidant defence sys-
tems and oxidative stress in poultry biology: an update. Antioxidants 8 (7), 235.
doi: 10.3390/antiox8070235 . 

urai, P.F., Kochish, I.I., Kidd, M.T., 2021. Redox homeostasis in poultry: regulatory roles
of NF- 𝜅B. Antioxidants 10 (2), 186. doi: 10.3390/antiox10020186 , (Basel, Switzer-
land) . 

eixeira, F.B., de Oliveira, A.C.A., Leão, L.K.R., Fagundes, N.C.F., Fernandes, R.M., Fernan-
des, L.M.P., da Silva, M.C.F., Amado, L.L., Sagica, F.E.S., de Oliveira, E.H.C., Crespo-
Lopez, M.E., Maia, C.S.F., Lima, R.R., 2018. Exposure to inorganic mercury causes
oxidative stress, cell death, and functional deficits in the motor cortex. Front. Mol.
Neurosci. 11 (125). doi: 10.3389/fnmol.2018.00125 , 10.3389/fnmol.2018.00125 . 

ibau, A.V., Grube, B.D., 2019. Mercury contamination from dental amalgam. J. Health
Pollut. 9 (22), 190612. doi: 10.5696/2156-9614-9.22.190612 . 

káčová, J., Angelovi čová, M., 2012. Heat shock proteins (HSPs): a review. Sci. Pap. Anim.
Sci. Biotechnol. 45 (1), 349–353 . 

NEP, 2019. Global Mercury Assessment 2018. Chemicals and Health Branch . 
riah, L., Kenneth, T., Gusikit, R., Ayuba, M., 2013. Lead and mercury contamination

associated with artisanal gold mining in Anka, Zamfara State, North Western Nigeria:
the continued unabated zamfara lead poisoning. Int. J. Earth Sci. Eng. 3, 764–775 . 

agner, C., Vargas, A.P., Roos, D.H., Morel, A.F., Farina, M., Nogueira, C.W., Aschner, M.,
Rocha, J.B., 2010. Comparative study of quercetin and its two glycoside derivatives
quercitrin and rutin against methylmercury (MeHg)-induced ROS production in rat
brain slices. Arch. Toxicol. 84 (2), 89–97. doi: 10.1007/s00204-009-0482-3 . 

u, J., Tang, S., Song, E., Yin, B., Bao, E., 2017. Inhibition of heat shock protein 70 in-
tensifies heat-stressed damage and apoptosis of chicken primary myocardial cells in
vitro. Mol. Med. Rep. 15 (5), 2881–2889. doi: 10.3892/mmr.2017.6337 . 

ang, L., Zhang, Y., Wang, F., Luo, Z., Guo, S., Strähle, U., 2020. Tox-
icity of mercury: molecular evidence. Chemosphere 245, 125586.
doi: 10.1016/j.chemosphere.2019.125586 . 

ang, X., Zhao, H., Wang, Y., Liu, J., Guo, M., Fei, D., Mu, M., Xing, M., 2020. The acti-
vation of heat-shock protein after copper (II) and/or arsenic (III)-Induced imbalance
of homeostasis, inflammatory response in chicken rectum. Biol. Trace Elem. Res. 195
(2), 613–623. doi: 10.1007/s12011-019-01871-8 . 

 ı lmaz, H., Tutkun, E., Demiralp, K.Ö., Y ı lmaz, F.M., Aliyev, V., Söylemezo ğlu, T.,
2015. Exposure to mercury among dental health workers in Turkey: correlation
with amalgam work and own fillings. Toxicol. Ind. Health 31 (10), 951–954.
doi: 10.1177/0748233713484652 . 

in, R., Zhang, W., Sun, G., Feng, Z., Hurley, J.P., Yang, L., Shang, L., Feng, X., 2017.
Mercury risk in poultry in the Wanshan Mercury Mine, China. Environ. Pollut. 230,
810–816. doi: 10.1016/j.envpol.2017.07.027 , (Barking, Essex: 1987) . 

ousef, H.A., Abdelfattah, E.A., Augustyniak, M., 2019. Antioxidant enzyme activity in
responses to environmentally induced oxidative stress in the 5th instar nymphs of
Aiolopus thalassinus (Orthoptera: Acrididae). Environ. Sci. Pollut. Res. Int. 26 (4),
3823–3833. doi: 10.1007/s11356-018-3756-6 . 

hang, Q.F., Li, Y.W., Liu, Z.H., Chen, Q.L., 2016. Exposure to mercuric chloride induces
developmental damage, oxidative stress and immunotoxicity in zebrafish embryos-
larvae. Aquat. Toxicol. 181, 76–85. doi: 10.1002/jat.3592 . 

hao, G., Qi, L., Wang, Y., Li, X., Li, Q., Tang, X., Wang, X., Wu, C., 2021. Antagonizing
effects of curcumin against mercury-induced autophagic death and trace elements
disorder by regulating PI3K/AKT and Nrf2 pathway in the spleen. Ecotoxicol. Environ.
Saf. 222, 112529. doi: 10.1016/j.ecoenv.2021.112529 . 

hao, Y., Zhou, C., Guo, X., Hu, G., Li, G., Zhuang, Y., Cao, H., Li, L., Xing, C., Zhang, C.,
Yang, F., Liu, P., 2021. Exposed to mercury-induced oxidative stress, changes of in-
testinal microflora, and association between them in Mice. Biol. Trace Elem. Res. 199
(5), 1900–1907. doi: 10.1007/s12011-020-02300-x . 

hao, Y., Zhou, C., Wu, C., Guo, X., Hu, G., Wu, Q., Xu, Z., Li, G., Cao, H., Li, L.,
Latigo, V., Liu, P., Cheng, S., Liu, P., 2020. Subchronic oral mercury caused intesti-
nal injury and changed gut microbiota in mice. Sci. Total Environ. 721, 137639.
doi: 10.1016/j.scitotenv.2020.137639 . 

heng, D., Liwinski, T., Elinav, E., 2020. Inflammasome activation and regulation: to-
ward a better understanding of complex mechanisms. Cell Discov. 6 (1), 1–22.
doi: 10.1038/s41421-020-0167-x . 

hou, C., Xu, P., Huang, C., Liu, G., Chen, S., Hu, G., Li, G., Liu, P., Guo, X.,
2020. Effects of subchronic exposure of mercuric chloride on intestinal histology
and microbiota in the cecum of chicken. Ecotoxicol. Environ. Saf. 188, 109920.
doi: 10.1016/j.ecoenv.2019.109920 . 

https://doi.org/10.1016/j.chemosphere.2019.06.096
https://doi.org/10.1016/j.ecoenv.2020.111426
https://doi.org/10.1016/j.neuro.2021.05.002
https://doi.org/10.1007/s12011-018-1244-y
https://doi.org/10.1016/j.scitotenv.2019.01.393
https://doi.org/10.1016/j.jhazmat.2019.121351
https://doi.org/10.1016/j.chemosphere.2021.129673
https://doi.org/10.1016/j.cbpc.2010.10.003
https://doi.org/10.1016/j.chemosphere.2015.08.020
https://doi.org/10.1007/s11356-016-6445-3
https://doi.org/10.1111/mec.12216
https://doi.org/10.1007/s11356-019-04620-5
https://doi.org/10.1007/978-3-319-73377-7_6
https://doi.org/10.3390/ijms22063101
https://doi.org/10.1016/j.chemosphere.2021.130588
https://doi.org/10.1002/bdrb.10044
https://doi.org/10.1016/j.bbagen.2019.02.001
https://doi.org/10.1007/s10661-019-7743-2
https://doi.org/10.3389/fgene.2017.00192
https://doi.org/10.2527/jas2016.1290
https://doi.org/10.1016/j.chemosphere.2021.129735
https://doi.org/10.3389/fcell.2021.669379
https://doi.org/10.3390/antiox10050686
https://doi.org/10.1016/j.chemosphere.2019.124785
https://doi.org/10.3390/ani10122407
https://doi.org/10.1021/acs.est.0c08416
https://doi.org/10.1016/j.scitotenv.2020.138131
https://doi.org/10.1002/jat.3592
https://doi.org/10.3390/antiox9020105
https://doi.org/10.3390/antiox8070235
https://doi.org/10.3390/antiox10020186
https://doi.org/10.3389/fnmol.2018.00125
https://doi.org/10.5696/2156-9614-9.22.190612
http://refhub.elsevier.com/S2772-4166(22)00132-2/sbref0084
http://refhub.elsevier.com/S2772-4166(22)00132-2/sbref0085
http://refhub.elsevier.com/S2772-4166(22)00132-2/sbref0086
https://doi.org/10.1007/s00204-009-0482-3
https://doi.org/10.3892/mmr.2017.6337
https://doi.org/10.1016/j.chemosphere.2019.125586
https://doi.org/10.1007/s12011-019-01871-8
https://doi.org/10.1177/0748233713484652
https://doi.org/10.1016/j.envpol.2017.07.027
https://doi.org/10.1007/s11356-018-3756-6
https://doi.org/10.1002/jat.3592
https://doi.org/10.1016/j.ecoenv.2021.112529
https://doi.org/10.1007/s12011-020-02300-x
https://doi.org/10.1016/j.scitotenv.2020.137639
https://doi.org/10.1038/s41421-020-0167-x
https://doi.org/10.1016/j.ecoenv.2019.109920


Z. Abdulmalik, M. Shittu, S. Adamu et al. Journal of Hazardous Materials Advances 8 (2022) 100176 

10 


	Assessment of blood mercury, immune response, heat shock and oxidative stress marker in free-ranging chicken (Gallus Gallus domesticus) from gold mining areas in Zamfara State, Nigeria
	Introduction
	Methodology
	Ethical approval
	Study area and sample collection
	Mercury analysis
	Pro-inflammatory cytokines and heat shock protein 70
	Oxidative stress marker
	Total antioxidant capacity (TAC)
	Statistical analysis of data

	Results
	Multivariate analysis to distinguish Heat shock protein, pro-inflammatory cytokines and Oxidative stress marker
	Heat shock protein and pro-inflammatory cytokines
	Oxidative stress marker

	Discussion
	Conclusions
	Funding information
	Declaration of Competing Interest
	CRediT authorship contribution statement
	References


