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Abstract
Twelve Kunming mice were randomly divided into two groups (n = 6), and administered with distilled water containing 0 mg/L
and 160mg/L HgCl2 respectively, with an experimental period of 3 days. Our results showed that mercury exposure significantly
reduced weight gain in mice (P < 0.01). Through pathological observation of cecum tissues, significant pathological changes
were observed in cecum tissues of mice exposed to mercury. Furthermore, mercury exposure not only significantly increased
malondialdehyde (MDA) content in mice (P < 0.01) but also significantly decreased superoxide dismutase (SOD) activity
(P < 0.01) and glutathione peroxidase (GSH) level in mice (P < 0.01). Furthermore, high-throughput sequencing analysis showed
that at the genus level some microbial populations including Clostridiales, Lactobacillus, Treponema, Oscillospira, and
Desulfovibrio were significantly increased whereas some microbial populations including S24-7, Acinetobacter, and
Staphylococcus were significantly decreased. Moreover, correlation analysis indicated that microorganisms were not correlated
with biomarkers of oxidative stress. In summary, mercury exposure reduced the growth performance of mice, resulting in gut
microbiota alterations, and led to oxidative stress by increasing the concentration of malondialdehyde (MDA) and decreasing the
concentration of superoxide dismutase (SOD) and glutathione peroxidase (GSH).
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Introduction

Mercury has been considered by World Health Organization
(WHO) to be one of the most toxic heavy metals to humans,
livestock, and poultry, and one of the global environmental
hazards. Mercury, as the main pollutant of the environment,
accumulates in human and animal bodies in the form of food
chain, causing harm to human health. In the 1960s, residents
of Minamata, Japan, developed severe mental illness from
eating seafood contaminated with methylmercury [1].
Mercury pollution events have also occurred in other coun-
tries, such as Iraq, Brazil, Indonesia, and the USA. In recent
years, with the rapid development in industry and agriculture,

China’s mercury consumption has been increased significant-
ly [2]. In addition, combustion is the most important source of
mercury in the global atmosphere, with about 75% of mercury
emissions coming from burning fossil fuels, especially in
China, where a large amount of mercury may pose a threat
to the global environment [2]. In Fig. 1, we made the map of
global mercury emissions by country and sector based on
UNEP Global Mercury assessment data, which was retrieved
on December 20, 2019, via the link https://public.tableau.
com/ sha r ed /5S8FCT7QX? :d i sp l ay_coun t=no&:
showVizHome=no.

It has been confirmed that mercury exposure is associated
with multiple organ injury [3, 4]. The gut is the organ that
communicates with the outside world and is the first to suffer
when mercury enters the body through the mouth. Oxidative
stress is also thought to be an important marker of intestinal
injury [5]. For example, Bollengier et al. have pointed out that
oxidative stress significantly reduces the height, surface area,
and volume of jejunum villi in young hens, thus affecting
intestinal function [6]. Therefore, when mercury destroys the
antioxidant defense ability and produces too many free radi-
cals, it leads to the changes in oxidative stress and oxidase
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activity in the body, and also causes gastrointestinal diseases
in animals. The gut is the main organ for the digestion, ab-
sorption, and metabolism of nutrients in the human body. It is
also the place where most microorganisms gather in the body
[7]. When the intestinal environment changes, the intestinal
microbial community also changes, and some scholars have
found that lead, phosphorus, copper, Fe, and so on can cause
changes in intestinal microorganisms [8–11]. In recent years,
there have beenmany researches on oxidative stress caused by
heavy metals or gut microbiota. However, there is still a lack
of articles to analyze the correlation between oxidative stress
and gut microbiota.

Thus, we analyzed the effects of administering oral mercu-
ry for 3 days on oxidative stress and gut microbiota in mice.
Firstly, we observed the intestinal morphology of mice.
Secondly, we observed the changes of gut microbiota through
16S rRNA Miseq sequencing. Finally, we measured the ex-
pression of some biomarkers of oxidative stress and analyzed
the correlation between biomarkers of oxidative stress and gut
microbiota. Our result provided an important basis for the
future study of the relationship between oxidative injury to
the intestine and gut microbiota under mercury exposure.

Materials and Methods

Animal Feeding and Sample Collection

Twelve 8-week-old female mice were obtained from the
Experimental Animal Center of Nanchang University. Each
mouse weighed about 25 g. After a week’s adaptation period,
the mice were randomly divided into two groups: control
group and Hg group. The mice were placed in a constant
environment (temperature 25 °C, humidity 42 °C, light/dark
cycle 12 h and 12 h, with plenty of water and food). All mice
were reared according to the feeding standard of mice in the
laboratory of School of Animal Science and Technology,
Jiangxi Agricultural University. The mice in the control group
were fed with 5ml of purewater every day, and themice in the
Hg group were fed with 5 ml of water containing HgCl2
(160mg/L) every day, and the experimental periodwas 3 days.
The selection of HgCl2 dose is based on the reasonable dose of
acute toxicity test in mice (1/20 ~ 1/5 of the median lethal dose
of LD50) [4].

The mice fasted food and water within 12 h before sam-
pling. In addition, 1 ml of blood was collected from each

Fig. 1 Map of global mercury emissions
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mouse’s eyeball. After the blood was placed for half an hour,
the blood was centrifuged at 3500 r/min for 10 min at 4 °C
[12]. The supernatant was collected, and the purpose of sepa-
rating serum was achieved. The contents of the cecum were
collected, and then, the cecal tissue was cut into 1cm3 cubes
and fixed with slice fixation solution. All experimental proto-
cols were approved by the Committee for the Care and Use of
Experimental Animals, Jiangxi Agricultural University,
Jiangxi, China (no. JXAULL-20200098).

Histopathological Examination

Cecal tissues were rinsed with saline, and then fixed in 4%
paraformaldehyde. The fixed cecal tissue was rinsed,
dehydrated, made transparent, and then waxed. The
paraformaldehyde-fixed samples were embedded in paraffin
and stained with hematoxylin and eosin (H&E). The crypt
depth and villus height were measured by image processing
and analysis system. Goblet cells were identified and enumer-
ated by light microscope for every 100 villous epithelial cells
in the same field [13].

Transmission Electron Microscopy

The cecal tissues were rapidly cut into pieces smaller than
1 mm3, and immersed in 2.5% glutaraldehyde solution at
4 °C. These fragments were immersed in a special electron
microscope fixative. The fixed specimens were sent toWuhan
Seville Biotechnology Co., Ltd. for transmission electron mi-
croscope preparation, projection microscope observation, and
image acquisition.

Measurement of Biomarkers of Oxidative Stress

The blood samples place at 37 °C for 2 h and then centrifuge
the samples at 3500 r at 4 °C for 15 min to the separation of
serum and stored at − 20 °C before analysis. Then, according
to the instructions of the manufacturer of Nanjing Jincheng
Company, the separated serum was used to determine SOD
activity, MDA, and GSH concentration.

16S rRNA Miseq Sequencing and Bioinformatic
Analysis

Microbial genomic DNA was extracted from cecal contents
for the PCR amplification. After quantification of DNA con-
centration using Nanodrop, each sample was diluted to the
concentration of 1 × 109 mol/μL in the Tris-EDTA buffer
and pooled together. Then, according to the manufacturer’s
instructions, we used the Illumina MiSeq sequencing system
to sequence 20μL of the pooledmixture. Quantification of the
PCR products was performed on the microplate reader
(BioTek, FLX800 FTX-800) real-time PCR instrument. The

V3-V4 region of 16S rRNA gene of gut microbiota was se-
quenced using Illumina MiSeq 2 × 250 bp, the high-
throughput platform. Raw pyrosequencing reads obtained
from the sequencer were denoised using the Titanium
PyroNoise software. We adopted widely used methods as de-
scribed in previous studies to analyze the resulting pyrose-
quencing reads.

Statistical Analysis

The SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. All results are expressed as mean
± SE. Analysis of variance and t test were used to compare
between groups. P < 0.05 is “significant;” P < 0.01 is “ex-
tremely significant” [14]. Pearson was measured by R lan-
guage, and the relationship between intestinal flora and bio-
markers of oxidative stress was analyzed.

Results

Effects of Mercury on Cecal Histopathological
Changes

The weights of mice were presented in the format of mean ±
SD. Compared with CK group (41.6623 ± 5.32666 g), the Hg
group (34.6169 ± 4.50942 g) were significantly decreased
(P < 0.01). As shown in Fig. 2a, compared with CK group,
there was obvious hyperemia on the surface of the cecum of
mice in Hg group. As shown in Fig. 2 a and c, in the cecal
tissue of the Hg group, there were observed histopathological
lesions consisting of shortening and atrophy of colorectal
gland, increased thickness of inner muscularis and outer
muscularis, widened submucosa, mild to moderate necrosis
of enterocytes, and a decrease in the number of goblet cells.

Analysis of Intestinal Morphology

As shown in Fig. 3a, the length of the colonic glands in the Hg
group was significantly lower than that in the CK group
(P < 0.01). As shown in Fig. 3b, the crypt depth in the Hg
group was also significantly lower than that in the CK group
(P < 0.01). As shown in Fig. 3c, the number of goblet cells in
the Hg group was also significantly lower than that in the CK
group (P < 0.01).

Effects of Mercury Exposure on Cecal Ultrastructure

As shown in Fig. 4, the CK group showed normal mitochon-
dria morphology. On the contrary, mercury exposure caused
significant mitochondrial damage in cecum, including rupture
of internal and external mold and fracture of internal crest.
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Effects of Mercury Exposure on Oxidative Stress

As shown in Fig. 5, mercury exposure not only could dramat-
ically increase MDA (Fig. 5a) formation but also obviously
lessened SOD (Fig. 5b) and GSH (Fig. 5c) in mice.

Analysis of Intestinal Flora Differences

In order to study the differences between gut microbiology
composition in different groups, we detected the difference
of relative abundance of microbiota in mice. As shown in
Fig. 6, at the phylum level, compared with the CK group,
Firmicutes, Actinobacteria, and Spirochaetes were signifi-
cantly increased in the Hg group. At the same time,
Bacteroidetes and Proteobacteria were decreased in the Hg
group. At the genus level, Clostridiales, Lactobacillus,
Treponema, Oscillospira, and Desulfovibrio were increased
in the Hg group. S24-7, Acinetobacter, and Staphylococcus
were decreased in the Hg group.

Correlation Analysis

Figure 7 shows the relationships between the relative abun-
dance of composition of intestinal microbiota and biomarkers
of oxidative stress. We found there was no significant corre-
lation between biomarkers of oxidative stress includingMDA,
SOD, and GSH and gut microorganisms (P > 0.05). However,
Actinobacteria is significantly negatively correlated to
Bacteroidetes. There is strong positive correlation between

Spirochaetes and Proteobacteria. Acidobacteria is signifi-
cantly negatively correlated to Verrucomicrobia.

Discussion

To the best of our knowledge, there are some studies showing
that mercury is related with and may cause kidney, nerve,
reproductive system, and immune system injury, but there
have been few studies on the effects of mercury exposure on
intestinal injury [3, 4, 15, 16]. In this study, we found that
mercury affected the body weight, induced pathological
changes in intestinal tissues and gut microbiota, and caused
oxidative stress in mice. These results provide some basis for
the study of the relationship between gut microbiota and ox-
idative stress under mercury exposure.

Some studies have shown that mercury can cause toxic
effects through oxidative stress, thereby changing cell func-
tions and eventually leading to pathological or physiological
damage of various cells, and even cell death. What is more,
mercury’s toxicity is considered to be related with strengthen-
ing of oxidative stress by either ROS overproduction or reduc-
ing the antioxidant defense system [4]. On the one hand, mer-
cury poisoning can increase the production of free radicals,
which lead to the increase of membrane lipid peroxidation by
attacking the cell membrane and eventually produce MDA.
Mercury, on the other hand, binds to mercaptan proteins, lead-
ing to the consumption of the powerful cellular antioxidant
GSH [17, 18]. At the same time, SOD is an antioxidant

Fig. 2 The histological analysis of rectal and cecal tissues (HE. 50 ×). a
Apparent observation of cecum in mice. b and c The histological analysis
of cecal tissues (HE. 100 ×). The two groups are CK group (b) and the Hg

group (c). The numbers in the figures indicated (1) colorectal gland, (2)
inner muscularis, (3) submucosa, and (4) outer muscularis

Fig. 3 Effect of mercury on the cecal morphology. a is the height of colonic gland. b is the depth of crypt. c is the number of goblet cells
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enzyme in all mammalian cells, which plays a protective role
in cell damage [19]. Our results showed that mercury signifi-
cantly increased the content of MDA in vivo and decreased
the activity of SOD and GSH. This also demonstrated that
exposure to mercury induced oxidative damage in mice. In
addition, some scholars found that oxidative stress caused
intestinal mucosal injury, and significantly reduced activity
of intestinal mucosal marker enzymes such as sodium-
potassium ATPase and sucrose, which also resulted in signif-
icantly reduced glucose transport capacity of mesenteric mem-
brane [20]. Moreover, oxidative damage also resulted in re-
duced expression of proteins associated with the tight junc-
tions between intestinal epithelial cells [21]. This also demon-
strated that oxidative damage caused by exposure to mercury
damaged the integrity of intestinal cells in mice.

The intestinal mucosa of animals is the main site of nutrient
digestion and absorption. The changes in villi structure or
intestinal gland structure will directly affect nutrient absorp-
tion. Mercury is a potent poison that can cause gastrointestinal
disorders, esophagitis, and blood in the stool [22]. What is
more, Zhang et al. proposed that HgCl2 andMeHg cause mild
inflammation of the ileus villi in mice [23]. Through the path-
ological observation of the intestinal tract, we found that mer-
cury exposure can cause intestinal gland atrophy, moderate
necrosis of intestinal epithelial cells, and decreased goblet cell
number in the cecum. These pathological changes also con-
firmed the destruction of the integrity of the intestinal epithe-
lial cells. We found significant weight loss in the Hg group.
These results showed that mercury exposure caused intestinal
injury in mice and affected their growth performance. In

addition, some studies have shown that intestinal oxidative
damage also causes intestinal villi to shorten, recess depth
increased, directly affecting intestinal digestion and absorp-
tion [6]. In our results, we found that the cecal tissue showed
a shortening in the height of colonic gland, a deepening of the
depth of crypt, and a decrease in the number of goblet cells, so
our study shows that not only mercury is damaging the integ-
rity of the cecum but also oxidative stress is indirectly dam-
aging the cecum.

Mitochondria play a vital role in determining the cell des-
tiny [4]. Oxidative stress can not only lead to intestinal dam-
age but also leads to metabolic disorders and impaired mito-
chondrial function [5]. When the body’s oxidative capacity
and antioxidant defense capacity are reduced, ROS production
increases, oxygen and phosphorus decrease, and ATP produc-
tion decreases, which leads to the impairment of mitochondri-
al function [24]. Our results showed that the rupture of internal
and external mold and fracture of internal crest occurred in the
mitochondria after exposure to mercury. Therefore, when
mercury exposure causes oxidative damage to the intestinal
tract, it also damages the structure of the intestinal mitochon-
dria, leading to mitochondrial dysfunction.

In addition, the results of our current study demonstrated
that mercury exposure not only causes oxidative stress, it also
causes perturbed cecal microbiota in mice. To elucidate the
underlying mechanisms of mercury injury to intestinal tract,
we detected different populations in the gut microbiota. At the
phylum level, mercury increased the abundance ofFirmicutes,
Actinobacteria, and Spirochaetes. It is considered that most of
the bacteria in these three phyla are anaerobes. Some scholars
proposed that mercury poisoning would increase the forma-
tion of free radicals, inhibit the activity of GSH-Px, and thus
inhibit the formation of oxygen [25]. Furthermore, mercury
reduces the production of oxygen, reduces the content of ox-
ygen in the intestinal tract, and increases the production of
anaerobic bacteria. Therefore, mercury poisoning can increase
the growth of anaerobic bacteria such as Clostridiales,
Lactobacillus, Treponema, Oscillospira, and Desulfovibrio,
and decrease the abundance of aerobic bacteria such as S24-
7, Acinetobacter, and Staphylococcus. In summary, we have
shown that mercury exposure induced changes in gut micro-
bial composition in mice. This finding offers a novel pathway

Fig. 5 Effects of mercury on oxidative stress in mice. a The concentration of MDA. b The activity of SOD. c The concentration of GSH

Fig. 4 Effect of mercury on the ultrastructure of mitochondria. The
numbers in the figures indicated (1) intact mitochondria, (2) rupture of
internal and external membrane, (3) vacuolation of mitochondria, (4)
rupture of inner crest, and (5) increase in mitochondrial matrix particles
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in studying the mechanisms involved in the development of
mercury poisoning.

The correlation analysis can further reveal that the upregu-
lation or downregulation of expression in biomarkers of oxi-
dative stress is associated with some specific bacteria [26].
However, we found that MDA, SOD, and GSH of oxidative
stress were not strongly correlated with intestinal microorgan-
isms. We only found correlations between certain bacteria and
other bacteria. Therefore, the relationship between biomarkers
of oxidative stress and intestinal microorganisms needs more
experimental research.

Strong Points of the Study

Our manuscript mainly contains the experimental results,
which show oxidative stress and intestinal microbial changes
caused by mercury in mice, such as pathological observation,
detection of biomarkers of oxidative stress, and gut microbial
analysis. The innovation lies in the association between the
expression of biomarkers of oxidative stress and gut microor-
ganisms, and the results and evidences motivate future study
on the pathogenesis of intestinal injury caused by heavy
metals.

Fig. 7 Relationships between
biomarkers of oxidative stress and
the compositions of intestinal
microbiota. Pairwise comparisons
of intestinal microbiota were
displayed with a color gradient
denoting correlation coefficients.
Biomarkers of oxidative stress
were related to each gene by
mantel test

Fig. 6 The red dots represent the Hg group and the blue dots represent the CK group. aRelative abundance of phylum between Hg group and CK group.
b Relative abundance of genus between Hg group and CK group
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Limitations of the Study

One significant limitation of our study is that we found that
MDA, SOD, and GSH of oxidative stress were not strongly
correlated with intestinal microorganisms.We only found cor-
relations between certain bacteria and other bacteria.
Therefore, the relationship between biomarkers of oxidative
stress and intestinal microorganisms needs more experimental
research.

Conclusion

In summary, the results of our study showed that mercury
exposure in mice affected the body weight, caused cecal his-
topathological lesions, and altered cecal ultrastructure of mi-
tochondria. Meanwhile, mercury exposure led to oxidative
stress by increasing the concentration of malondialdehyde
(MDA) and decreasing the concentration of superoxide dis-
mutase (SOD) and glutathione peroxidase (GSH).
Furthermore, exposure to mercury caused changes in micro-
bial composition, structure, and diversity of microbial flora in
mice.
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