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Abstract

A diagnosis of heavy metal poisoning in sheep living on pastures in the vicinity of a smelting
facility in the Wumeng mountain area of China was based on laboratory tests and clinical
symptoms. Furthermore, heavy metal contamination in the food chain was found to have a
deleterious effect on the health of local residents. The levels of copper(Cu), zinc(Zn), cad-
mium (Cd), and lead (Pb) in irrigation water, soil, forages, and animal tissues were mea-
sured in samples taken from the vicinity of a smelting facility and control samples. Heavy
metal contents in food (corn, rice, and wheat), as well as in human tissues (blood and hair)
obtained from local residents were also determined. Hematological values were also deter-
mined in human and animal samples. The content of Cu, Zn, Cd, and Pb in irrigation water,
soils, and forages were markedly higher in affected areas than in samples from healthy pas-
tures. Concentrations of Cd and Pb were 177.82 and 16.61 times greater in forages than
controls, respectively, and 68.71 and 15.66 times greater in soils than controls, respectively.
The heavy metal content in food (corn, rice, and wheat) from affected areas was markedly
higher than in the control samples. Cd and Pb content in the tissues of affected sheep were
markedly higher than in control animals (P < 0.07), while concentrations of Cd and Pb in
blood and hair samples from local residents were markedly higher than in control samples
(P <0.01). The occurrence of anemia in affected humans and animals followed a hypochro-
mic and microcytic pattern. The intake of Cd and Pb was estimated according to herbage
ingestion rates. It was found that the levels of Cd and Pb which accumulated in sheep
through the ingestion of vegetation growing in the sites closest to the smelter were approxi-
mately 3.36 and 38.47 mg/kg body wt./day, respectively. Such levels surpassed the fatal
dosages for sheep of 1.13 mg Cd/kg body wt/day and 4.42 mg Pb/kg body wt./day. The
serum total antioxidant capacity in affected humans and animals was significantly lower
than in the controls (P < 0.01). Serum protein parameters in affected humans and animals
were significantly reduced (P < 0.01); therefore, it was concluded that heavy metal contami-
nation caused harm to sheep, and also posed a significant risk to humans living in the vicin-
ity of the zinc smelting facility.
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Introduction

The Wumeng mountain area is located in the Yunnan-Guizhou Plateau in the southwest
China, where the three provinces of Guizhou, Yunnan, and Sichuan intersect. The area is an
important pasture land for sheep, and sheep farming is vital to the production system in the
Wumeng mountain area as animals provide meat, wool, and hides for local residents [1-2].
During the past 10 years, concentrations of lead (Pb), cadmium (Cd), copper(Cu), and zinc
(Zn) in the air, water, soil, forages, and food (corn, rice, and wheat) have been increasing in
the region. In terms of the potential adverse effects on human and animal health, Pb, Cd, and
arsenic have caused the most concern [3-4] because they are readily transferred though food-
chains and are not known to serve any essential biological function [5]. Industrial emissions of
Cd are the largest source of environmentally hazardous amounts of Cd [6-7], and the most
polluting industries are those associated with mining and smelting, followed by manufactur-
ing, with losses of heavy metals from manufactured products during use and when discarded.
The reclamation and use of waste products contaminated with Cd can also Pb to pollution [8-
9]. Pb is considered to be a major environmental contaminant and has been more widely
reported as a cause of accidental poisoning in humans and livestock than any other substance
[10]. Multiple manuscripts have reviewed specific aspects of Pb toxicology in humans [10-12]
and livestock [7, 13-14]. As an environmental contaminant, Pb is often combined with Cd.
Both metals generate similar health effects, and therefore the effects are additive [15-16].

The Wumeng mountain area is also an important production base in the Southwest China
for non-ferrous metals. The area has extensive heavy metal reserves, characterized by large
quantities of ores containing Zn, Cu, and Pb [2]. A large number of industrial enterprises were
established for the purpose of Pb, Zn, Cu, and polymetallic extraction in the 2010s. After a few
years of intensive development, metallurgical industries occupied a wide area of former pas-
tures and farmland [1]. A number of sheep grazing on pastures in the vicinity died after the
smelters went into operation and all of the affected sheep were characterized by anemia, ema-
ciation, anorexia, depression, and weakness. However, the body temperature, respiratory rate,
and heart rate of the affected animals were normal. In the most severely affected area, 48.36%
of sheep were affected and the mortality rate reached 70.67%. Local residents also suffered
seriously from heavy metal contamination, which has caused major economic losses and has
become a serious scourge. Heavy metals have intoxicated local residents through the food
chain, interfering with the normal functions of the body and generating serious adverse health
effects. However, little research has been undertaken to assess the movement of heavy metal
contaminants in the environment, their effects on animal health, and particularly their effects
on local residents following the passage of heavy metals through the food chain.

The aim of this study was to determine the relationship between sheep death and the pos-
sible environmental impact of the local metallurgical industry. This study also aimed to
investigate the effects of heavy metal contamination on human health in individuals living
in the vicinity of a zinc smelting facility in the Wumeng mountain area in the Southwest
China.

Materials and methods
Ethics statement

Sheep were cared for as outlined in the Guide for the Care and Use of Animals in Agricultural
Research and Teaching Consortium. Sample collections from animals were approved by the
Institute of Zoology, Chinese Academy of Sciences, Institutional Animal Care and Use Com-
mittee (Project A0066).
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Human subjects research was approved by the State Engineering Technology Institute for
Karst Desertification Control Human Subjects Protection Committee, and all participants pro-
vided written informed consent.

Study area

The area studied was located in the Yunnan-Guizhou Plateau of China (25°49'-28°35"N, 102°
45'-105°17E), with an average elevation of 2200 m above sea level. The annual precipitation
is 960 mm and the average atmospheric temperature is 10-12°C. The polluted area was located
in Hezhang County on the Chinese Yunnan-Guizhou Plateau (26°36°-27°26'N, 103°36'-104"
45E). The control area was located in Dushan County on the Yunnan-Guizhou Plateau (26°
29°-27°28'N, 103°33°-104°45 'E). The grassland vegetation is mainly Puccinellia (Chinam
poensis ohuji), Siberian Nitraria (Nitraria sibirica Pall), floriated astragalus (Astragalus flori-
dus), poly-branched astragals (Astragalus polycladus), falcate whin (Oxytropis falcate), ewenki
autonomous banner (Elymus nutans), common leymus (Leymus secalinus), and Junegrass
(Koeleria cristata). Most of the plants are herbaceous and are good resources for grazing ani-
mals. The grain crops grown in the area are mainly maize, wheat, and rice.

Selected humans and animals

Fifteen affected sheep aged 2-3 years were selected from polluted pastures in Xinguanzhai Vil-
lage of Magu Town in Heizhang County in Guizhou Province in the Chinese Wumeng moun-
tain area. All 15 sheep displayed obvious signs of poisoning, including anemia, emaciation,
anorexia, and weakness. Fifteen healthy sheep aged 2-3 years were also selected from healthy
pastures in the Guizhou Grassland Technology Extension Station of Dushan County in Gui-
zhou province in China. A clinical examination revealed that all control animals were in good
health.

Forty human volunteers aged 20-30 years were selected to participate in the study. Twenty
lived in a polluted area of Xinguanzhai Village in Magu Town in Heizhang County, Guizhou
Province, in the Chinese Wumeng Mountain Area. All of these volunteers displayed obvious
signs of anemia. The other 20 healthy volunteers lived in an uncontaminated area of the Gui-
zhou Grassland Technology Extension Station in Dushan County, Guizhou Province, in the
Chinese Yunnan-Guizhou Plateau.

Sample collection

Animal blood samples (15 ml) were obtained from the jugular vein of all sheep. Human blood
samples (15 ml) were obtained from the median cubical vein of ten human volunteers, using
1% sodium heparin as an anticoagulant and stored at —10°C prior to the analysis of heavy met-
als. Wool was taken from the neck of all sheep. Hair was taken from the head of 20 human vol-
unteers, washed and degreased as described by [17] and kept in a desiccator over silica gel
prior to analysis.

For all sheep, general anesthesia was used, including intramuscular injection of 2% serazole
hydrochloride (1 ml/kg body wt), 6 minutes interval, followed by an intramuscular injection of
4% sodium phenobarbital (1 ml/kg body wt). Six minutes after anesthesia was induced, all
sheep were killed by exsanguination and samples of at least 40 g were taken from the lobus cau-
datus of the liver, renal cortex of the right kidney, left ventricle of the heart, spleen, lobes of the
lung, a gluteal muscle of the left posterior limb, last rib, radius of the left forelimb, and molar
teeth. Samples were packed in labelled plastic bags and immediately transported to the labora-
tory. Visible fat, connective tissue, and major blood vessels were removed from the soft tissues,

PLOS ONE | https://doi.org/10.1371/journal.pone.0207423 October 28, 2019 3/15


https://doi.org/10.1371/journal.pone.0207423

@ PLOS | O N E The effect of heavy metal contamination on humans and animals in the vicinity of a zinc smelting facility

y S
\ -2
5 ~ \

g
\ Experimental area’

k-
U >

B o

[ e ;’f
‘(» > Control nrep
5 PR
s )
= ) ¢
4 2 g ¢ Legend
= P i o 4 Altitude:m
} /\\V(Nrﬂ/ﬂ & Highest : 6304
L\ iy =y ¥ —
e AN FSSS Lowest : 44
e W 0 150 300 km + Provincial capital
L | I E— County boundary

Fig 1. Study area on the Yuannan-Guizhou Plateau.

https://doi.org/10.1371/journal.pone.0207423.9001

which were then dried at 80°C for 48 h, ground by a mortar, passed through a 0.5 mm sieve,
and then stored in a desiccator over silica gel.

Samples of water, soil, and herbage were taken at 48 sampling sites situated at distances of
50-30,000 m from the zinc smelter (Fig 1). Multiple small portions of herbaceous vegetation
were cut from the pasture in this area and mixed. To reduce soil contamination, the forage
samples were cut 1 cm above ground level. The herbage samples were dried at 80°C for 48 h
and ground by a mortar to facilitate chemical analysis [18-19]. Soil samples were taken from
the surface layer (0-30 cm) of the pastures using a 30-mm diameter cylindrical corer. Soil sam-
ples were dried at 80°C for 48 h and passed through a 5 mm sieve. Water samples for irrigating
the pasture and farmland from the smelters and food samples (grains of rice, corn, and wheat)
were also collected from the farmland of a local resident. Food samples were dried at 80°C for
72 h, ground by a mortar, passed through a 0.5 mm sieve and stored in a desiccator over silica
gel (Fig 2). Control samples of water, soil, forage, and food were collected from Dushan
County in the the Yunnan-Guizhou Plateau, the Southwest China.

Hematological and biochemical examination

Hemoglobin, packed cell volume, red blood cell, white blood cell, neutrophil, lymphocyte,
eosinophil, basophil, and monocyte levels were determined using an automated hematology
analyzer (SF-3000, Sysmex-Toa Medical Electronic, Kobe, Japan). Ceruloplasmin, lactate
dehydrogenase, aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase,
creatinine, cholesterol, blood urea nitrogen, glutathione peroxidase (GSH-Px), superoxide dis-
mutase (SOD), malondialdehyde, total antioxidant capacity, sodium, potassium, magnesium,
calcium, and inorganic phosphorus levels in serum were determined using an automated
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Fig 2. Schematic of the sampling distribution for soil, water, forage, and food samples from the affected pasture. Sampling sites:
50, 500, 5,000, 10,000, 15,000, 20,000, 25,000, and 30,000 m from the smelting facility.
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biochemical analyzer (Olympus AU 640, Olympus Optical Co., Tokyo, Japan). Serum protein
(total protein, albumin, and globulin) electrophoretic studies were performed on cellulose ace-
tate using the EA-4 electrophoresis apparatus (Shanghai Medical Apparatus and Instruments
Factory, Shanghai, China). All biochemical serum values were measured at 25°C.

Analysis of heavy metals

For each analysis, 1 g of sample (1 ml of blood) was added to 1 ml of hydrogen peroxide and 3
ml of nitric acid. Samples were digested at 180°C in fluoro-plastic vessels in sealed containers
to avoid the loss of vapor, and therefore, there was no reduction in the volume of the resulting
digest. Molybdenum was determined using flameless atomic absorption spectrophotometry
(3030 graphite furnace with a Zeeman background correction; Perkin-Elmer, Waltham, MA,
USA) [18-19]. Pb, Cd, Cu, Zn, and manganese(Mn) concentrations were determined using
atomic absorption spectrophotometry (AA-640; Shimadzu Co., Ltd, Tokyo, Japan). The accu-
racy of the analytical values was confirmed by comparing to certified elemental concentrations
in reference materials from the International Atomic Energy Agency and National Institute of
Standards (Bovine liver SRM 1577a). The limited accuracy of samples with very low concentra-
tions resulted in concentrations below a particular threshold being recorded as ‘trace’, given
that zero measurements were difficult to demonstrate.

Statistical analysis

Data were analyzed using the statistical package for the social sciences (SPSS, version 20.0;
SPSS Inc., Chicago, IL, USA), and presented in the form of the mean + standard error (SE).
Significant differences between groups were assessed using Student’s ¢-test with least signifi-
cant differences of 1% (P < 0.01).
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Results

All of the affected sheep were characterized by characterized by anemia, emaciation, anorexia,
depression, and weakness. In the most severely affected area, 48.36% of sheep were affected
and the mortality rate reached 70.67%. Local residents also suffered by heavy metal contamina-
tion. The main signs is anemia, emaciation, and weakness in all affected farmers. All cases
have been mild, and no deaths occurred. However, the body temperature, respiratory rate, and
heart rate of the affected humans were healthy.

It was found that heavy metal concentrations clearly decreased with increasing distance
from the zinc smelting facility (Figs 3-5). Heavy metal concentrations (Pb, Cd, Cu, and Zn) in
irrigation water, soils, forages, and food (corn, rice, and wheat) in affected pastures were
markedly higher than those in the control area (P < 0.01; Tables 1 and 2). The mean Cd and
Pb concentrations in affected pastures exceeded the control levels by 68.71 and 15.66 times in
soil, respectively, and 556.15 and 16.61 times in herbage, respectively. Considering that sheep
were grazing exclusively in affected pastures, Cd and Pb ingestion rates were estimated
(Table 3). The estimation was based on an average herbage ingestion of 76.3 g (d.w)/kg body
wt./day in the sheep [20]. The ingestion rates were in the range of 3.27-38.47 mg/kg body wt./
day and 0.19-3.36 mg/kg body wt./day for Pb and Cd, respectively.

Content of Pb, Cd, Zn, and Cu in wool, blood, heart, lung, liver, muscle, spleen, and bone
of affected sheep were markedly higher than those in healthy animals (P < 0.01; Tables 4 and
5). Pb and Cd content mainly accumulated in the kidney, liver, and skeleton of affected sheep.
Pb, Cd, Zn, and Cu concentrations in blood and hair samples from affected local residents
were significantly higher than those in the controls (P < 0.01; Table 6).

Hematological parameters in affected local residents and sheep are given in Table 7. Com-
pared with healthy controls, hemoglobin levels and packed cell volumes were markedly
reduced (P < 0.01). Those abnormal blood indices indicated a hypochromic microcytic ane-
mia in affected humans and animals. Serum biochemical parameters in affected humans and
animals are given in Table 8. Compared with healthy humans and animals, creatinine, lactate
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Fig 3. Relationship between heavy metal concentrations in irrigation water (mg/l) and the distance of the sampling sites from
the smelting facility.

https://doi.org/10.1371/journal.pone.0207423.g003
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Fig 4. Relationship between heavy metal concentrations in soils (mg/kg DM) and the distance of the sampling sites from the
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dehydrogenase, SOD, and GSH-Px activities were significantly reduced (P < 0.01). Serum
total antioxidant capacity levels in affected humans and animals were significantly lower than
those in the controls (P < 0.01). Malondialdehyde levels in serum from affected humans and
animals were significantly higher than those in the controls. Serum protein parameters in
affected humans and animals are given in Table 9. Compared with healthy humans and ani-
mals, the total protein, albumin, o-globulin, B-globulin, and y-globulin levels were significantly
reduced (P < 0.01).
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Fig 5. Relationship between heavy metal concentrations in forages (mg/kg DM) and the distance of the sampling
sites from the smelting facility.

https://doi.org/10.1371/journal.pone.0207423.g005
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Table 1. Metal concentrations in soil, irrigation water, and herbage in all samples (mg/kg).

Metals Irrigation water Soil Forage
Affected water Control Affected soil Control Affected forage Control
Cd 5.81+0.65" 0.004+0.001 43.29+4.67% 0.63+0.05 7.23+0.55" 0.013+0.003
Pb 3.89+0.35" 0.047+0.006 132.35+8.17° 8.45+0.77 104.78+8.12° 6.31+0.95
Zn 12.57+1.93% 0.015+0.003 218.16+9.27% 32.37£1.91 178.01+6.36" 23.48+2.67
Cu 4.33+0.63" 0.017+0.005 103.32+5.98° 11.37£1.21 21.67+2.37% 6.37+1.27
Mn 0.12+0.02 0.112+0.013 63.85+6.37 61.53+4.39 17.95+3.39 17.89+3.76
Mo 0.11£0.02 0.097+0.011 1.57+0.21 1.66+0.61 1.22+0.13 1.25+0.27
Cd = cadmium, Pb = lead, Zn = zinc, Cu = copper, Mn = manganese, Mo = molybdenum
*P<0.01
https://doi.org/10.1371/journal.pone.0207423.t001
Table 2. Metal concentrations in corn, rice, and wheat in all samples (mg/kg).
Metals Corn Rice Wheat
Affected corn Control Affected rice Control Affected wheat Control
Cd 0.113+0.013" 0.013+0.003 0.124+0.011* 0.014+0.002 0.152+0.011° 0.012+0.003
Pb 0.74+0.07% 0.14+0.03 1.53+0.02° 0.17+0.02 1.73+0.11° 0.19+0.03
Zn 27.14+2.53% 17.14£1.53 33.53+1.32° 13.57£1.32 35.46+2.43" 15.46%1.41
Cu 22.97+1.19% 2.97+0.19 12.35+0.14" 2.37+0.14 23.15+2.34° 3.35+0.34
Mn 4.55+0.31 4.35+0.34 3.73+0.31 3.85+0.31 4.31+0.28 4.12+0.28
Mo 0.57+0.03 0.58+0.04 0.96+0.12 0.97+0.12 0.93+0.12 0.95+0.11
Cd = cadmium, Pb = lead, Zn = zinc, Cu = copper, Mn = manganese, Mo = molybdenum
*P<0.01
https://doi.org/10.1371/journal.pone.0207423.t002
Table 3. The ingestion rates and fatal dosages in animals and humans (mg/kg body wt./day).
Metals The lowest ingestion rate The highest ingestion rate Minimum cumulative fatal dosage
Animal Human Animal Human Animal Human
Cd 0.19 ND 3.36 ND 1.13 ND
Pb 3.27 ND 38.47 ND 4.42 ND
Cd = cadmium, Pb = lead, ND = no available data
https:/doi.org/10.1371/journal.pone.0207423.t003
Table 4. Metal concentrations in wool and blood samples from sheep (mg/kg).
Metals Wool Blood
Affected animal Control Affected animal Control
Cd 2.282+0.131° 0.361+0.032 0.391+0.022° 0.013+0.007
Pb 3.761+0.213" 1.161+0.121 0.411£0.021° 0.042+0.007
Zn 119.97+7.23° 87.61+5.97 14.82+0.97% 9.81+2.16
Cu 9.87+0.23% 3.73+0.57 1.74+0.07° 0.79£0.12
Mn 4.89+0.47 4.63+0.36 0.38+0.03 0.35£0.02
Mo 2.17+0.12 2.18+0.13 0.19+0.07 0.15+0.05

Cd = cadmium, Pb = lead, Zn = zinc, Cu = copper, Mn = manganese, Mo = molybdenum

*P<0.01

https:/doi.org/10.1371/journal.pone.0207423.t004
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Table 5. Metal concentrations in heart, lung, liver, kidney, muscle, spleen, rib, radius, and tooth samples from sheep.

Metals Heart Lung Liver
Affected animal Control Affected animal Control Affected animal Control
Cd 0.39+0.03* 0.11£0.02 3.12+0.25% 0.67£0.05 7.62+0.56" 0.47£0.02
Pb 4.76+0.67% 1.34+0.23 4.45+0.38% 1.55+0.27 16.37+1.57% 0.73£0.05
Zn 137.63+6.56* 103.92+7.23 143.87++8.67° 107.82+7.63 233.93+8.72°% 137.79£8.57
Cu 29.81+3.43% 14.72+0.93 25.23 +2.32% 11.67£1.69 258.17+7.93% 117.67£7.73
Mn 3.67+0.33 3.52+0.23 3.82+0.27 3.83£0.31 4.73+0.72 4.56+0.59
Mo 1.32+0.11 1.33+0.17 1.53+0.16 1.68+0.37 1.43+0.13 1.39+0.18
Metals Kidney Muscle Spleen
Affected animal Control Affected animal Control Affected animal Control
Cd 27.37+1.53% 0.73£0.29 0.82+0.03% 0.18+0.04 0.57+0.05% 0.33£0.03
Pb 38.57+2.87% 0.77£0.13 2.85+0.52% 0.87%0.03 3.87+0.53% 0.9340.11
Zn 157.16+7.43% 113.75£7.69 141.13+7.62% 113.56%9.87 137.93+9.17% 118.6249.86
Cu 27.21+3.27% 11.32+1.73 8.97+0.77% 5.83+0.96 9.52+0.57% 4.47%0.56
Mn 4.68+0.57 4.73%£0.85 3.83+0.57 3.82+0.67 2.56+0.37 2.61+£0.29
Mo 1.87+£0.22 1.79+0.12 1.28 £0.18 1.36+0.28 0.79+0.14 0.37£0.03
Metals Rib Radius Tooth
Affected animal Control Affected animal Control Affected animal Control
Cd 4.77+0.23% 0.53£0.07 5.62+0.73% 0.78+0.04 5.57+0.54" 0.43£0.03
Pb 14.53+2.73% 2.37£0.03 22.53+2.51* 2.57%0.73 27.82+2.73% 1.21+0.02
Zn 97.83+3.43% 77.7513.69 117.13+5.62% 83.56+9.87 137.37+7.59% 113.97£7.61
Cu 8.21+0.57% 4.32+0.73 11.17+0.77° 4.83+0.96 8.53+0.87° 5.73£0.67
Mn 2.17+0.32 2.09£0.32 1.37 £0.48 1.36+0.11 1.76+0.31 1.69+0.27
Mo 3.68+0.35 3.734£0.35 4.23+0.53 3.82+0.27 4.22+0.53 4.17+0.76

Cd = cadmium, Pb = lead, Zn = zinc, Cu = copper, Mn = manganese, Mo = molybdenum

*P<0.01

https://doi.org/10.1371/journal.pone.0207423.t005

Discussion

The contamination of pastures and farmlands with heavy metals (Cd, Pb, Cu, and Zn) may
occur in the vicinity of smelting facilities. The maximum tolerable dietary content of Cd and
Pb has been set at 0.5 and 30 mg/kg, respectively, for livestock [13]. Cd and Pb concentrations
in soil, herbage, and irrigated water samples in affected pastures significantly exceeded the
maximum tolerable dietary levels in this study (P < 0.0I). Pb, Cd, Cu and Zn concentrations

Table 6. Metal concentrations in human hair and blood samples (mg/kg).

Metals Hair Blood

Affected human Control Affected human Control
Cd 1.88+0.12° 0.17%0.02 0.29+0.01° 0.012+0.001
Pb 2.71+0.33% 0.53+0.31 0.31+0.03% 0.032+0.003
Zn 99.63+7.71% 67.63+6.76 14.82+0.81° 6.81+£0.76
Cu 8.82+0.67% 3.21+0.53 1.34+0.07° 0.69+0.01
Mn 4.17+0.37 4.27+0.32 0.37£0.05 0.35+£0.04
Mo 2.23+0.15 2.19£0.11 0.17+0.03 0.15+0.02

Cd = cadmium, Pb = lead, Zn = zinc, Cu = copper, Mn = manganese, Mo = molybdenum

*P<0.01

https://doi.org/10.1371/journal.pone.0207423.t006
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Table 7. Hematological parameters in animals and humans.

Parameters Animal Human

Affected animal Control Affected human Control
Hb (g/1) 97.83+6.56" 124.56£9.65 87.65+6.56" 131.78+9.57
RBC (1012/1) 12.36+2.65 12.15+£3.66 4.31+0.56 4.53+0.43
PCV (%) 31.21+3.23% 39.13+3.15 42.57+4.36" 45.17+4.56
WBC(lOg/l) 6.38+1.27 6.56x1.13 5.18+0.77 5.36+0.63
Neutrophils (%) 56.98+5.87 57.56+5.18 63.98+6.81 65.46+5.38
Lymphocytes (%) 29.79+2.31 30.17+2.19 35.72+3.31 33.27+3.17
Eosinophils (%) 6.42+0.58 6.56x0.67 7.12+£0.98 7.46+0.87
Basophils (%) 0.48+0.03 0.51£0.02 0.52+0.07 0.57+0.03
Monocytes (%) 7.131£0.64 6.97+0.67 5.76+0.57 5.36+0.43

Hb = hemoglobin, PCV = packed cell volume, RBC = red blood cells, WBC = white blood cells

*P<0.01

https://doi.org/10.1371/journal.pone.0207423.1007

in those samples decreased markedly with increasing distance from the smelting facility in the
Wumeng mountain area. This finding has also been observed in other studies of heavy metal
contamination in areas surrounding smelting industries [21], and indicates the aeolian disper-
sion of particles containing heavy metals (Pb, Cd, Cu, and Zn) from such smelters are a source
of heavy metal contamination in soils [22-23]. Waste water discharged from the smelting

Table 8. Serum biochemical parameters in animals and humans.

Parameters Animal Human

Affected animal Control Affected human Control
Cp (mg/1) 51.37+6.67 51.76+5.26 56.36+6.29 55.37+4.17
LDH (U/1) 2.51+0.32% 3.67+0.43 2.73+0.37° 3.57+£0.23
AKP (U/1) 76.78+7.98 77.8916.56 87.18+7.96 86.78+7.23
AST (U/1) 38.73+3.36 37.93+4.57 38.27+4.22 37.73£3.31
ALT (U/1) 13.36+3.27 13.88+3.77 22.31+3.18 22.36+3.36
BUN (U/1) 6.62+1.37 6.57£1.76 6.57+0.97 6.33£0.61
SOD (U/1) 111.35+8.73% 157.67£9.69 123.23+9.77° 143.37+£9.38
GSH-Px (U/l) 287.67+9.38° 389.56+9.77 233.62+7.18% 353.72+7.49
CAT (U/l) 16.63£1.25 16.92+1.63 19.68+1.73 19.63+1.52
T-AOC (U/1) 3.01+0.13% 4.32+0.17 3.31+0.14" 4.37%0.12
CRT (U/1) 257.87+13.27° 318.67+7.83 277.51+13.89% 336.52+11.35
Chol (U/1) 2.77£0.31 2.81%0.36 2.83+0.37 2.79+0.31
MDA (nmol/l) 11.37+0.38° 6.36%0.15 12.53+0.39° 7.23+£0.57
K (mmol/l) 3.99+0.37 4.03+0.58 3.75+0.38 3.35+0.37
Na (mmol/l) 129.354+5.89 121.76£8.37 116.35£5.33 113.37+4.31
Ca (mmol/l) 2.28+0.21 2.31+£0.23 2.52+0.17 2.72+0.19
IP (mmol/l) 1.89£0.32 1.85%0.26 1.63+0.12 1.57+0.17
Mg (mmol/l) 0.89£0.11 0.91£0.12 0.73£0.03 0.81+0.04

Cp = ceruloplasmin, LDH = lactate dehydrogenase, AKP = alkaline phosphatase, AST = aspartate aminotransferase, ALT = alanine aminotransferase, BUN = blood urea

nitrogen, SOD = superoxide dismutase, GSH-Px = glutathione peroxidase, CAT = catalase, MDA = malondialdehyde, T-AOC = total antioxidant capacity,

CRT = creatinine, Chol = cholesterol, K = potassium, Na = sodium, Ca = calcium, IP = inorganic phosphorus, Mg = magnesium.

*P<0.01

https://doi.org/10.1371/journal.pone.0207423.t008
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Table 9. Serum protein concentrations in animals and humans.

Parameters Animal Human

Affected animal Control Affected human Control
Total protein (g/1) 55.86+4.23% 65.54+5.97 57.73+3.92°% 63.51£5.97
Albumin (g/1) 43.28+2.36% 49.79+3.73 45.15+3.76% 47.78+3.14
o-Globulin (g/1) 1.79+0.16" 2.77£0.23 1.73+0.22° 2.67£0.27

B- Globulin (g/1) 3.23+0.33% 4.25+0.57 3.39+0.31° 4.46+0.43

v- Globulin (g/1) 7.56+0.68% 8.73£0.72 7.46+0.67% 8.62+0.82

A/G 3.44+0.31 3.16£0.23 3.59+0.33 3.03£0.32

A = albumin, G = globulin
*P<0.01

https://doi.org/10.1371/journal.pone.0207423.t009

facilities has been used to irrigate surrounding pastures and farmlands and was therefore also a
source of heavy metal contamination (Pb, Cd, Cu, and Zn) in the agricultural soils of the study
area.

As an environmental contaminant, Pb is often associated with Cd, since both elements have
similar properties and their health effects are additive [21, 24]. In this study, Pb, Cd, Cu, and
Zn concentrations in the tissues (wool, blood, heart, lung, liver, muscle, spleen, and bone) of
affected sheep were markedly higher than those in controls (P < 0.01). Hypochromic micro-
cytic anemia was also evident in affected animals. It is generally believed that high skeletal Pb
and Cd concentrations are characteristic of chronic exposures to Pb and Cd [25-27]. The cor-
tex of the kidneys of affected sheep contained higher Pb and Cd concentrations than livers. Cd
and Pb also accumulated in the bones of affected sheep. All such data are consistent with previ-
ous studies of livestock that indicated that those tissues are the critical organs for Pb and Cd
accumulation [28-30]. It was therefore concluded that heavy metal contamination due to
industrial activities in the vicinity of a zinc smelting facility in the Wumeng mountain area
had resulted in serious harm to sheep health.

As a result of activities conducted in smelting facilities in the Wumeng mountain area, a
large increase in Cd, Pb, Cu and Zn concentrations was observed in the surrounding soils and
herbage. Considering that the sheep were fed exclusively with forage from this pasture, the
ingested heavy metal rates were estimated to be in the range of 3.27-38.47 and 0.19-3.36 mg/
kg body wt./day for Pb and Cd, respectively. The registered values for the minimum cumula-
tive fatal dosage for sheep are estimated at 4.42 and 1.13 mg/body wt./day for Pb and Cd,
respectively [14, 31]. Therefore, the ingestion of forages growing in this pasture, especially in
the sites closest to the smelting facility constituted a clear Cd and Pb toxicity hazard for live-
stock. Pb and Cd intake levels in the affected pasture surpassed the fatal dosage (P < 0.01). As
a consequence of the Cd and Pb uptake, elemental concentrations in tissues (wool, blood,
heart, lung, liver, muscle, spleen, and bone) in affected sheep surpassed the critical and control
concentrations. Such findings confirmed the potential toxicity of the pasture [32,33]. Sheep
were predominantly fed locally grown fodder or grazed in the pasture in the vicinity of the
zinc smelting facility and are the primary livestock species exposed to heavy metal contamina-
tion in the area. Therefore, the determination of Cd, Pb, Cu and Zn concentrations in domes-
tic animals in that area is important for assessing the potential effects of pollutants on
livestock, and for quantifying contaminant uptake by humans.

Pb, Cd, Cu, and Zn concentrations in blood and hair samples from humans living in the
vicinity of the zinc smelting facility were also significantly higher than those in the controls
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(P < 0.01). Hypochromic microcytic anemia was also evident in affected humans. The levels of
SOD, GSH-Px, and total antioxidant capacity are given in Table 8.

Serum total antioxidant capacity is an integrative index used to reflect the antioxidant
capacity of the body [34-36]. Little is known about the effects of Pb and Cd on the total antiox-
idant capacity of sheep. Our results indicated that the total antioxidant capacity levels of
affected humans and animals were significantly reduced (P < 0.01), and the enhanced peroxi-
dation of lipids in intracellular and extracellular membranes resulted in damage to cells, tis-
sues, and organs. SOD and GSH-Px are important antioxidant enzymes that protect against
this process [37]. The SOD catalyzes the destruction of the superoxide radical, with potential
toxicity arising from dismutation and hydrogen peroxide formation, while The GSH-Px cata-
lyzes the conversion of hydrogen peroxide to water and directly reduces tissue injury from
lipoperoxidation [34, 38]. A significant decrease in the activity of either enzyme would there-
fore cause an increase in free radicals; thus, injuring the corresponding tissues. The results
show that SOD and GSH-Px activities in the serum of affected humans and animals were
markedly decreased (P < 0.01). Thus, it can be seen that heavy metal contamination not only
resulted in harm to sheep health, but also entered the human body through the food chain and
interfered with the normal functions of the body, resulting in harm to human health in indi-
viduals living in the vicinity of the zinc smelting facility.

In this study, concentrations of Cu and Zn in soil, herbage, and food were markedly higher
in samples from the affected area than those from the control area (P < 0.01). In general, the
maximum tolerable concentrations in sheep were 25 and 300 mg/kg for Cu and Zn, respec-
tively [13,39-40]. Thus, it appears that the heavy metal poisoning of the sheep in the affected
pasture was not related to Cu and Zn.On the other hand, an increased intake of Cd interferes
with the absorption, accumulation and utilization of iron(Fe),Manganese (Mn) and selenium
(Se) and so on, replacement of Cu and Zn in proteins, and decreasing the bio-activity of pro-
tein[41-42]. Se element is located the active center of GSH-Px, and each mole of GSH-Px con-
tains 4 g atoms Se in seleno-cysteine (SeCys) residues[41]. Cu, Zn, Mn and Fe in the body are
essential for the activity of numerous enzymes, Based on the metal co-factor used by the
enzyme, the SODs are broadly categorised in to three distinct groups viz, Fe-SOD, Mn-SOD
and Cu/Zn-SOD, that are distributed in different compartments of the cell[42-43]. The Cu
and Zn ions play essential roles in Cu/Zn-SOD[43]. The Fe and Mn ion play also important
roles in Fe-SOD and Mn-SOD, respectively[44].
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