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A B S T R A C T   

Nickel is a common heavy metal pollutant in industrial areas and can cause oxidative damage to human and 
animal organs. As an essential amino acid with antioxidant function, methionine (Met) may protect the body 
from the oxidative stress induce by nickel, however, there is not enough research to study in this aspect. The 
study aims at investigating the effect of Met on the nickel-induced intestinal oxidative stress and further detected 
the gut microbiota changes. Mice were gavaged with quantitative NiCl2 (1.6 mg/ml, 0.25 ml) and fed with 
different doses of methionine in each group. The contents of intestinal oxidation product and antioxidant en-
zymes were determined by different biochemical quantitative methods, and the data showed that NiCl2 increased 
the content of intestinal oxidation product (MDA), and the antioxidant enzymes (GSH-Px, GR, SOD and CAT) 
were decreased. But this situation was alleviated in the group fed with additional methionine solution (0.5 mg/ 
ml). In addition, we detected changes in the gut microbiota using high-throughput sequencing, the results 
showed that the structure of intestinal flora was disturbed by NiCl2, but methionine restored the germs with 
antioxidant capacity. Based on the results, we speculate that methionine can alleviate the impact of NiCl2 on the 
intestinal by enhancing the activity of antioxidant enzymes and the number of gut bacteria with anti-oxidation, 
suggesting that methionine as a nutritional additive may have the potential to treat nickel poisoning.   

1. Introduction 

Nickel is essential in producing industrial alloyed and electroplated 
products, such as coins, batteries, and jewelries (Genchi et al., 2020). 
But with the continuous development of industry, the mining and use of 
nickel have been significantly strengthened, which leads to a serious 
problem: the frequency of high content of nickel in food, water and air is 
increasing (Dai et al., 2016). Previous studies have shown that excessive 
exposure to nickel usually leads oxidative damage to the liver, kidney, 
spleen and intestines (Wu et al., 2013; Pereira et al., 2015) of animals 
and humans. More specifically, nickel can increase lipid hydroperoxide 
levels resulting from reactive oxygen species formation, induces DNA 
damage and triggers apoptosis of cells (Wang et al., 2016) or inactivate 
antioxidant enzymes (such as glutathione reductase, superoxide dis-
mutase and catalase) directly (Guo et al., 2016). As a result, oxidative 
stress can be induced by nickel and lead to cell damage which ultimately 

result in organ injury. But other studies have shown that this symptom 
can be alleviated, Elangovan et al. reported in 2020 that troxerutin at a 
dose of 50 μg eliminated free radicals induced by nickel (20 mg/kg) in 
rat (Elangovan et al., 2020). Similar to this, Idrees et al. reported that 
10− 5 M salicylic acid significantly increased the activity of intracellular 
antioxidant enzymes (catalase and superoxide dismutase) in the case of 
nickel (150 mg/kg) injury (Idrees et al., 2013). These studies suggested 
that chemicals with antioxidant function might serve as detoxifying 
drugs of nickel poisoning. But using exogenous chemicals as treatments 
may hard to control the dose and cause side effects to the body. 
Therefore, we try to find a substance that is necessary for the body and 
has therapeutic effect. 

Methionine is an essential amino acid for human and animals that 
possesses high nutritional value and participates in various detoxify 
metabolisms (van Milgen et al., 2013). Several studies have shown that 
methionine can prevent cell from heavy metals damage. Campbell et al. 
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reported that the sulfur in methionine can prevent cisplatin poisoning by 
binding to cisplatin, preventing it from interacting with target mole-
cules, nucleophilic oxygen atoms, or sulfur atoms within cells (Campbell 
et al., 1996). And methionine was found to have the ability to scavenge 
free radicals induced by heavy metals (Colovic et al., 2018). In addition, 
it was found that methionine can serve as a direct antioxidant and 
protect other amino acids from oxidative damage by catalyzing 
oxidation-reduction cycle (Salmon et al., 2016). In summary, methio-
nine may have potential for the dietary nutritional treatment of nickel 
poisoning, but there are not enough studies to prove that methionine 
possesses this effect, it is necessary to study the interaction between 
methionine and nickel. 

As the important organ in direct contact with the external environ-
ment, the intestine is more vulnerable to nickel invasion. Therefore, its 
physiology changes can better reflect the degree of nickel injury and the 
therapeutic effect of drugs. In addition, the changes of gut flora can also 
reveal the health status and pathological changes of the body (Guarner 
and Malagelada, 2003). Based on the hypothesis that methionine may 
alleviate intestinal oxidative stress induced by nickel, we designed this 
study and focused on the gut to assess its protective function. The 
oxidative stress products and antioxidant enzymes were detected by 
biochemical quantitative methods, and the microbiota diversity was also 
detected by high-throughput sequencing and gene sequences analysis as 
it is indispensable for gut. Overall, this study evaluates a way to alleviate 
the nickel toxicity from the nutrition perspective. 

2. Materials and methods 

2.1. Chemicals and reagent 

Nickel chloride hexahydrate (NiCl2⋅H2O, Cell culture grade) was 
obtained from Shanghai Aladdin Biochemical Technology Co., Ltd 
(Shanghai, China) and DL-Methionine (Met, purity > 99%) was pur-
chased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, 
China). MDA assay kit (Cat. No.: A003–1–2), SOD assay kit (Cat. No.: 
A001–1–2), GSH-Px assay kit (Cat. No.: A005–1–2), GR assay kit (Cat. 
No.: A062–1–1) and CAT assay kit (Cat. No.: A007–2–1) both purchased 
from Nanjing Jiancheng Bioengineering Institute of China (Nanjing, 
China). 

2.2. Animals and treatment 

All animal experiments were approved by the Animal Welfare 
Committee of China West Normal University in accordance with the 
Laboratory Animal Guidelines for Ethical Review of Animal Welfare 
(China, cwnu2022D008). One hundred and fifty male Kunming mice 
(both from Experimental Animal Center, North Sichuan Medical Col-
lege, Sichuan, China) were divided into six groups (25 mice in each 
group) as Table 1 shown, each group contained 5 replicates with 5 mice 
per replicate. All mice were housed at room temperature of 24 ± 2 ℃, 
the relative humidity was 55 ± 5 %. At the start of the study, the mice 
were 4 weeks old and weighed 25 ± 5 g (mean ± SD). The standard cage 
(30 in total, 320 × 215 × 170 mm length/width/height) for mice was 
used for each replicate in each group and equipped with freely accessed 
food and water. And the feed composition was designed according to the 
NRC nutritional standard for mice, except methionine. Specific Met 
feeding and NiCl2 treatment methods are shown in Table 1. The doses of 
NiCl2 and methionine were determined after reference to previous 
studies (Wu et al., 2013, 2022) and a series of pre-experiments. All 
experimental process was conducted strictly under the guide of the na-
tional standards (Chinese, gb4925–2010). 

After 21 days of feeding, all mice in each group were euthanized. The 
intestine of each mouse was dissected and cut into duodenum, jejunum 
and ileum for saving, all operation was performed on a clean bench 
which had sterilized 30 min by UV before operation. After washing 3 
times with phosphate buffered saline (PBS), the samples were then 

stored in − 80 ℃ freezer for experimental use. 

2.3. Detection of the oxidative product and the antioxidant enzymes 
activity 

Separated 0.5 g of each intestinal segment and washed with normal 
saline, cut into pieces and put into a test tube, 5 ml of 0.86% cold normal 
saline was added into the tube. Then tissue pieces and liquid were 
transferred to a glass homogenate tube placed in an ice box, after 
grounding 30 times (about 6 min), tissue homogenate was obtained. And 
then centrifuged at 3000r/min for 10 min to obtain the supernatant. The 
activities of superoxide dismutase (SOD), glutathione reductase (GR), 
glutathione peroxidase (GSH-Px), catalase (CAT) and the content of 
malondialdehyde (MDA) in the supernatant were detected by different 
biochemical methods following the instructions of the reagent kits (MDA 
assay kit, Cat. No.: A003–1–2; SOD assay kit, Cat. No.: A001–1–2; GSH- 
Px assay kit, Cat. No.: A005–1–2; GR assay kit, Cat. No.: A062–1–1; CAT 
assay kit, Cat. No.: A007–2–1, both purchased from Nanjing Jiancheng 
Bioengineering Institute of China, Nanjing, China). The absorbance 
(OD) of MDA was measured by Thiobarbituric acid (TBA) method at 
532 nm; the OD value of SOD was measured by hydroxylamine method 
at 550 nm; the OD value of GR was measured by UV colorimetry at 340 
nm; the OD value of GSH-Px was measured by colorimetry method at 
412 nm; the OD value of CAT was measured by Ultraviolet method at 
240 nm; the OD value of tissue homogenate protein was determined by 
BCA method at 562 nm. All OD values were measured by a microtitre 
plate reader (Thermo, Varioskan Flash, USA). The tissue protein con-
centration was calculated by relevant standard curve to convert the 
activity of oxidative stress biomarkers (Fig.S1), the conversion formulas 
was from the kit instruction. 

2.4. Gut Bacterial 16S rDNA Sequence and Analysis 

Genomic DNA was extracted from every stool sample using the 
QIAamp DNA stool extraction kit (Qiagen, Germany) according to 
manufacturer’s protocols. This study used the forward primer 338 F (5′- 
ACTCCTACGGGAGGCAGCA-3′) and the 806R reverse primer (5′- 
GGACTACHVGGGTWTCTAAT-3′) to amplify the V3-V4 region of the 
bacterial 16 s ribosomal RNA gene. The PCR process followed such 
process: 94 ◦C for 3 min(1 cycle), 25 cycles at 94 ◦C for 45 s, 50 ◦C for 60 
s, and 72 ◦C for 90 s and a final extension at 72 ◦C for 10 min. PCR re-
action were performed in triplicate and the reaction system for each was 
as follows: 2 μL of 2.5 mM dNTPs, 20 μL mixture containing 4 μL of 5 ×
FastPfu Buffer, 0.4 μL of FastPfu Polymerase (Transgene, Beijing, 

Table 1 
Experimental groups and daily treatments.  

Groups Treatment 

Diet Additional Met NiCl2 exposure 

MDN Met deficient 
diet 

Drinking purified water Gavaging 0.25 ml NiCl2 

(1.6 mg/ml) 
MN Normal diet Drinking purified water Gavaging 0.25 ml NiCl2 

(1.6 mg/ml) 
HMN Normal diet Drinking Met solution 

(0.5 mg/ml) 
Gavaging 0.25 ml NiCl2 

(1.6 mg/ml) 
MD Met deficient 

diet 
Drinking purified water Gavaging 0.25 ml purified 

water 
HM Normal diet Drinking Met solution 

(0.5 mg/ml) 
Gavaging 0.25 ml purified 
water 

BC Normal diet Drinking purified water Gavaging 0.25 ml purified 
water 

Note: There are six groups include Met deficient+NiCl2 group (MDN), normal 
Met+NiCl2 group (MN), high-dose Met +NiCl2 group (HMN), Met deficient 
group (MD), high-dose Met group (HM), and blank control group (BC). Normal 
diet was designed according to NRC standards, including methionine, while Met 
deficient diet was similarly designed but without methionine. High-dose Met 
means drinking methionine solution along with normal diet. 
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China), 0.8 μL of each primer (5 μM), and 10 ng of template DNA. The 
amplicons were purified using the AMPure XP beads (Beckman Coulter, 
USA) according to the manufacturer’s instructions. The quantification 
experiment was conducted using QuantiFluor™-ST (Promega, Wiscon-
sin, USA). Finally, purified amplicons were pooled in equimolar and 
paired-end sequenced (2 × 250) on an Illumina HiSeq 2500 platform 
((Illumina, SanDiego, USA) for further detection. 

2.5. 16S rRNA gene sequences processing 

Raw fastq files were demultiplexed by the FLASH software (v1.2.7) 
(Mago and Salzberg, 2011). Quality filtering was done using Trimmo-
matic (version 0.33) (Bolger et al., 2014). Paired reads were merged 
under USEARCH fastq merge pairs command (version 9.2.64, 
http://drive5.com/uparse/) (Edgar and Flyvbjerg, 2015) set with stan-
dard parameters. Operational units (OTUs) were clustered with 97 % 
similarity cutoff using USEARCH UPARSE (Edgar, 2013). The chimeric 
sequences were identified in the UPARSE pipeline before removing, and 
the phylogenetic analysis was conducted by USEARCH SINTAX algo-
rithm (Edgar, 2016) with a defined confidence threshold of 0.8. The 
OTUs identified as mitochondrial or chloroplast rRNA sequences were 
also discarded before the rarefaction analysis based on USEARCH α_di-
versity (Edgar, 2010). Richness, chao1, Simpson and Shannon diversity 
indices were calculated in this study as the diversity indices and the β 
diversity analysis was performed using UniFrac metrics (Lozupone and 
Knight, 2005) in QIIME (version 1.9.1) (Caporaso et al., 2010) pipeline. 

2.6. Statistical analysis 

The data obtained in this study conformed to normal distribution and 
passed the homogeneity test of variance, which was analyzed by 
MANOVA method using SPSS 21.0. To visualize the results, data were 
then expressed as mean ± SD to make bars and statistical figures. The 
results of comparison between groups were made based on P value. P 
value < 0.05 indicates significant difference, and P > 0.05 indicates no 

significant difference between compared groups. 

3. Results 

3.1. The content of malondialdehyde (MDA)-an oxidative stress product 

The content of MDA was measured in each intestinal segments to 
illustrate oxidative stress induced by nickel exposure and protective 
effect of methionine. MDA content in MDN group were significantly 
higher than other groups (P < 0.05) in each intestinal segment. As 
shown in Fig. 1 A-C, the MDA content in MDN group was about 2.5 
nmol/mg protein, while the content in other groups was only in the 
range of 1.5–2.0 nmol/mg protein (Fig. 1 A-C). The mice treated with 
normal methionine or high methionine diets show no significant dif-
ferences with BC groups in each segment. In methionine control study 
only, the MDA content in HM group was significantly lower (P < 0.05, 
Fig. 1D) than it in MD and BC group in duodenum. No significant dif-
ference was found in other intestinal segments regarding single methi-
onine control. 

3.2. Change of intestinal antioxidant enzymes activities GSH-Px, GR, 
SOD and CAT 

Glutathione reductase (GR), glutathione peroxidase (GSH-Px), su-
peroxide dismutase (SOD) and catalase (CAT) are antioxidant enzymes 
which reflect antioxidant function of organs. The activities of GR, GSH- 
Px, SOD and CAT were measured in each intestinal segments in this 
study and the results were showed in Figs. 2, 3, 4 and 5. 

As shown in Fig. 2A and B, GSH-Px activities decreased significantly 
in duodenum and jejunum (P < 0.05) in MDN and MN group compared 
with BC group, it was almost 600–900 U/mg protein lower (Fig. 2A, B). 
In duodenum, GSH-Px activities in MN group was higher than that in 
MDN group (P < 0.05), increased from 1012.86 in MDN to 1272.73 U/ 
mg protein in MN (Fig. 2A) and in jejunum it was 264.78 U/mg protein 
lower in HMN group (P < 0.05) (Fig. 2B). This suggests that the role of 

Fig. 1. Intestinal MDA content in duodenum, jejunum and ileum (nmol/mg prot). Data were expressed as mean ± SD (n = 5). (A-C): comparison between methi-
onine + NiCl2 treatment groups and control group; (D-E): comparison between single methionine treatment groups and control group. Different letters on bars 
indicate statistical differences between groups (P < 0.05), while the same letters indicate no significant differences (P > 0.05). 
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methionine in maintaining GSH-Px activity in duodenum and jejunum. 
As shown in Fig. 2D and E, the GSH-Px activity in MD group was 
significantly lower than it in HM and BC group (P < 0.05) in duodenum 
and jejunum, specially, there is no significant differences of GSH-Px data 
in HM and BC group in jejunum. This may indicate a dosage effect. 

GR activity decreased significantly in NiCl2 treated groups 
(P < 0.05) compared with BC group except when high doses of methi-
onine was provided, MDN group at the bottom of the chart. MN group 
was relatively higher, while there was no significant difference between 
HMN and BC group. The activity of group MDN was the lowest with only 

Fig. 2. GSH-Px activity in different intestinal segments (U/mg prot). Data were expressed as mean ± SD (n = 5). (A-C): comparison between methionine + NiCl2 
treatment groups and control group; (D-E): comparison between single methionine treatment groups and control group. Different letters on bars indicate statistical 
differences between groups (P < 0.05), while the same letters indicate no significant differences (P > 0.05). 

Fig. 3. GR activity in duodenum, jejunum and ileum (U/g prot). Data were expressed as mean ± SD (n = 5). (A-C): comparison between methionine + NiCl2 
treatment groups and control group; (D-E): comparison between single methionine treatment groups and control group. Different letters on bars indicate statistical 
differences between groups (P < 0.05), while the same letters indicate no significant differences (P > 0.05). 
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about 15 U/mg protein, followed by group B, and group BC was the 
highest with about 37 U/mg protein (Fig. 3 A-C). In methionine control 
study only, the addition of methionine did not change the GR activity 
significantly while the deprivation of it showed significant decreases 
(P < 0.05) compared with BC group in each intestinal segment (Fig. 3 D- 

F). 
In duodenum, jejunum, and ileum, the SOD activity of MDN and MN 

groups were significantly lower compared with HMN and BC group 
(P < 0.05), while there were no significant activity changes between 
HMN and BC group in ileum and duodenum (Fig. 4A, B, C). There was an 

Fig. 4. SOD activity in duodenum, jejunum and ileum (U/mg prot). Data were expressed as mean ± SD (n = 5). (A-C): comparison between methionine + NiCl2 
treatment groups and control group; (D-E): comparison between single methionine treatment groups and control group. Different letters on bars indicate statistical 
differences between groups (P < 0.05), while the same letters indicate no significant differences (P > 0.05). 

Fig. 5. CAT activity in duodenum, jejunum and ileum (U/mg prot). Data were expressed as mean ± SD (n = 5). (A-C): comparison between methionine + NiCl2 
treatment groups and control group; (D-E): comparison between single methionine treatment groups and control group. Different letters on bars indicate statistical 
differences between groups (P < 0.05), while the same letters indicate no significant differences (P > 0.05). 
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apparent increasing trend from MDN, MN, HMN to BC groups, (Fig. 4A, 
B, C). This suggested that SOD content decreased in nickel treatment 
groups and addition of methionine alleviated the changes. Shown be-
tween methionine treatment groups and control group (Fig. 4D-F), SOD 
activity in HM group was significantly higher than it in MD and BC 
group (P < 0.05) in duodenum, the SOD activity was lower in HM 
groups (P < 0.05) in jejunum and ileum but it was significant higher 
when compared with MD group (P < 0.05). 

As showed in Fig. 5A-C, the activity of CAT in jejunum of MDN and 
MN groups was significantly lower than that of HMN and BC groups 
(P < 0.05), but there was no significant difference between HMN and BC 
groups (P > 0.05) (Fig. 5B). The similar trend was found in the ileum, 
but the MDN group was significantly lower than the MN group in the 
ileum (P < 0.05) (Fig. 5C). This suggests that nickel caused a decrease in 
intestinal CAT activity, but the additional methionine diet was able to 
increase CAT activity and even restore it to healthy levels. Moreover, in 
the single methionine treated groups, the CAT activity of the additional 
methionine diet group was significantly higher than the methionine 
deficient group, but closed to the control group (Fig. 5D-F). This indi-
cated that this dose of additional methionine could maintain the normal 
activity of CAT in the intestine of mice. 

3.3. Changes of microbiota structure 

UCLUST in QIIME software was used to cluster Tags at 97% simi-
larity level to obtain OTU (Operational Taxonomic Unit). Fig. 6A 
showed the number of features obtained by sequencing each sample, 
with the smallest sample containing less than 1500 features (species) 
and the highest sample containing nearly 5500 features (species). It can 
be found that the OTU counts of different samples vary greatly (Fig. 6A). 
Rarefaction curve is to randomly select a certain number of sequences 
from the sample, count the number of species represented by these se-
quences, and construct a curve based on the number of sequences and 
species to verify whether the amount of sequencing data is sufficient to 
reflect the diversity of species in the sample, and indirectly reflect the 
richness of species in the sample. Fig. 6B showed that the curves of 
almost all samples tend to be flat when the sequencing depth approaches 
2000, indicating that the species in this environment will not increase 
significantly with the increase of sequencing quantity, and the 
sequencing quantity has reached a reasonable depth for data analysis 

(Fig. 6B). 
Alpha diversity and beta diversity were used to analyze the species 

diversity of gut microbiota. As shown in Fig. 7A and B, both the 
microbiota richness and diversity index show no significant differences 
between the groups (P > 0.05), but the Fig. 8 showed that the PCoA 
distribution was very close between group HMN and BC (Fig. 8). 

In the species abundance diagram at the subordinate level, it showed 
that the species composition proportion within group HMN and BC, 
group HM and MN is similar (Fig. 9A) The species with relative abun-
dance higher than > 1 % include Firmicutes, Actinobacteriota, Patesci-
bacteria, Proteobacteria and Cyanobacteria. Firmicutes occupies the 
biggest space in the gut in the BC group followed by Actinobacteriota, 
Patescibateria, Proteobacteria, Cyanobacteria and others (Fig. 9A). As 
shown in column F, A, E, C, the nickel treatment decreased the pro-
portion of Actinobacteriota, and increased the proportion of Fimicutes, 
while HMN and BC group show very similar proportions of them. As 
shown in Fig. 9B, the generic level analysis showed high abundance of 
generic level groups include Corynebacterium, Clos-
tridia_vadinBB60_group, Incertae_Sedis, Enterorhabdus, Candida-
tus_Saccharimonas, [Ruminococcus]_torques_group and so on with 
occupation order in BC group. To be concluded for group MDN(A), MN 
(E), HMN(C), and BC(F), the nickel addition cultivated a new genus, the 
Coriobacteriaceae_UCG-002, and increased the abundance of Enter-
orhabdus while the high methionine addition helped restricted this 
change. The single methionine control (column B and column D) also 
shows altered microbiota in genus level especially for Coriobacter-
iaceae_UCG-002. The more detailed changes are shown in Fig. 9B. 

As showed in Fig.S2 (A and B) and Fig.S3, there was no biomarker for 
phylum level species among the six groups, but in the genus level, there 
were significant differences in different groups. 

4. Discussion 

Nickel is a trace element widely distributed in air, water and soil. 
However, due to the discharge of industrial wastes and the use of solid 
fuels, nickel has caused environmental pollution. Human and animals 
ingest nickel mainly through water and food and causing various health 
effects (Genchi et al., 2020), the gut becomes an important organ in 
direct contact with nickel. Previous studies have shown that excessive 
nickel ions induce cells to produce a large number of free radicals, 

Fig. 6. OTU analysis. (A) Number of OTUs of samples Frequency distribution histogram: the horizontal axis marks the total number of OTUs of each sample, and the 
vertical axis counts the number of samples whose number of OTUs is distributed within a certain range. (B) Rarefaction curve: the abscissa is the number of randomly 
selected sequencing items, and the ordinate is the OTU number obtained by clustering based on the sequencing items. Each curve represents a sample and is marked 
with different colors. 
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leading to intestinal oxidative damage (Huang et al., 2022). Methionine 
is an essential amino acid for the body and has antioxidant function. 
Therefore, we speculate that methionine may have the ability to prevent 
intestinal cell damage caused by nickel. In this study, we measured the 
content and activity of oxidation product (MDA) and antioxidant 

enzymes (SOD, CAT, GSH-Px and GR) to determine the impact of nickel 
ion and the mitigative effect of methionine on intestine. In addition, we 
examined the structural changes of gut flora to preliminary study the 
effects of nickel ion and methionine on intestinal microbes. 

Malondialdehyde (MDA) is the final product of lipid peroxidation 

Fig. 7. Differences in bacterial abundance and diversity of intestinal flora (n = 3). Alpha diversity reflects the species diversity within the sample. The image are 
alpha diversity analysis boxplots, and the T-test and Wilcox test were used to test the differences between groups, P < 0.05 was considered as significantly difference 
in alpha diversity between groups， but the difference was not significant (P > 0.05). (A) Observed_OTUs index reflects species richness in colonies. (B) Shannon 
index measures species diversity. (Note: A-MDN, B-MD, C-HMN, D-HM, E-MN, F-BC). 

Fig. 8. Beta diversity: compare the microbial community differences of each group (n = 3). The principal coordinate analysis (PCoA) of beta diversity was carried 
out by R software package. The contribution of group factors was tested by Adonis /PERMANOVA. (Note: A-MDN, B-MD, C-HMN, D-HM, E-MN, F-BC). 
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caused by oxygen free radicals. MDA content reflects the degree of lipid 
peroxidation and oxygen free radical production in the tissue (Cosgun 
Binnaz et al., 2018). This study showed that nickel chloride increased 
the MDA content in intestine, this suggested that nickel induced the 
production of oxidative products in intestine, which is consistent with 
the finding of Wu et al. (2013). Among NiCl2 exposure groups, mice fed 
methionine deficient diet had the highest intestinal MDA content. Pre-
vious studies have reported that nickel could induce free radical pro-
duction and cause lipid peroxidation, and then produce excessive MDA 
(Yadav and Malathi, 2020). But the MDA content was significantly 
decreased in methionine fed groups. In addition, the MDA content of 
mice fed methionine was significantly lower than that of the methionine 
deficient group and close to that of the control group. The extra addition 
of methionine significantly reduced the content of MDA and eased the 
oxidative production and the oxidative damage in the gut tissue. We 
speculate that it relates to the antioxidant function of methionine. The 
sulfur in methionine combines with oxygen free radicals induced by 
heavy metals or chelates heavy metal ions directly and removes them, 
which reduces oxidative stress (Campbell et al., 1996; Colovic et al., 
2018). Meanwhile, methionine catabolism leads to an increase in 
glutathione content or is directly used by the liver to synthesize gluta-
thione, which is a low-molecular-weight antioxidant (Blachieret al, 
2013). Therefore, we speculate that methionine decreases nickel 
induced oxidative stress through these functions. 

Superoxide dismutase (SOD) is an antioxidant enzyme which plays 
an important role in scavenging superoxide anion free radicals (Mon-
meesil et al., 2019). Glutathione peroxidase (GSH-Px) is a peroxide 
decomposition enzyme that reduce toxic peroxides through catalytic 
reactions (Kinowaki et al., 2018). Glutathione reductase (GR) can 
catalyze the reduction of oxidized glutathione and reduce the oxidative 
damage to cells (Rosety-Rodriguez et al., 2021). Catalase (CAT) is one of 
the most important antioxidant enzymes and is present in almost all 
aerobic organisms. Catalase breaks down two hydrogen peroxide mol-
ecules into one molecule of oxygen and two molecules of water in a 
two-step reaction, to prevent further production of the more toxic hy-
droxyl radicals, thereby protecting cells from oxidative damage (Nandi 
et al., 2019). In this study, four enzymes were selected as the antioxidant 
indices in the intestine. The results showed that nickel chloride induced 
the reduction of the activity of SOD, GSH-Px, GR and CAT significantly, 
which was consist with the finding of Singh et al. in 2022, in the 

reproductive organs of nickel exposed mice (Singh et al., 2022). It 
suggested that although nickel chloride caused the increase of oxidative 
products level, it failedto activate the antioxidant enzyme system suc-
cessfully. Usually, the antioxidant enzymes GSH-Px, SOD, GR and CAT 
in the intestinal tissue performed the function of decomposing perox-
ides, removing superoxide anions, and reducing oxidized glutathione 
(Rosety-Rodriguez et al., 2021). However, the content of each antioxi-
dant reductase in methionine supplemental groups, especially the 
additional methionine drinking group was significantly higher than the 
other experimental groups, but close to the control group, indicating 
that methionine may prevent oxidative stress caused by nickel. In 
addition, by comparing single methionine treatment groups, the anti-
oxidant enzymes in the gut of mice given additional methionine were 
significantly higher than those of mice lacking methionine in their diet, 
but not significantly different from controls, which suggested that this 
dose of additional methionine prevents nickel-induced injury while 
maintaining the normal activity of intestinal antioxidant enzymes. In 
other words, methionine significantly increased the content of GSH-Px, 
CAT, SOD and GR in the intestine, which may be related to the antiox-
idant function of Met proved before. Yu et al. found that dietary 
methionine increased antioxidant function evidenced by the enhanced 
serum GSH-Px activity and upregulation of Gpx1, Gpx4, and SOD1 (Yu 
et al., 2020). In addition, methionine is ready-made cysteine through the 
transsulfuration pathway as a precursor of glutathione (GSH), hydrogen 
sulfide, and taurine, these metabolites have been demonstrated to 
scavenge hydroxyl radical and superoxide directly and serving as a 
cofactor for the antioxidant enzymes, including GSH-Px, ect (Yu et al., 
2015). Therefore, we hypothesized that dietary supplementation with 
methionine could prevent the oxidative damage caused by nickel in the 
intestine by increasing the activity of antioxidant enzymes. 

We also analyzed the microbiota changes by using high-throughput 
sequencing. As shown in Fig 6, microbiota diversity in nickel treated 
groups were higher, while methionine addition can maintain it to the 
level in normal line. The PCA and PcoA analysis shows significant dis-
tances within the six groups. Among them, the distance is shorter be-
tween the HM and MN groups, and between MDN and MD group than 
others. So, it can be concluded that methionine addition may restored 
the structure of intestinal flora or prevented the damage of nickel to the 
flora (Fig. 7 and 8). As shown in Fig 9, we analyzed the abundance of 
microbiota at phylum and genus levels. Phyla level groups with high 

Fig. 9. Species abundance level of phylum and genus. QIIME2 software was used to generate the species abundance table at different taxonomic levels, and R 
language tool was used to draw the community structure map at each taxonomic level. (A) Community composition at the level of phylum (top 5). (B) Community 
composition at the level of genus (top 20). (Note: A-MDN, B-MD, C-HMN, D-HM, E-MN, F-BC). 
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abundance (>1 %) included Firmicutes, Actinobacteriota, Patescibacteria, 
Proteobacteria and Cyanobacteria as also found by Han et al. in 2020, who 
reported that Firmicutes is the most abundant bacterial species in the 
ileum, followed by Actinobacteria and Proteobacteria (Han et al., 2020). 
These bacteria carry out important metabolic functions for the host via 
conversion of indigestible dietary and interaction with the immune 
system (Kau et al., 2011). Firmicutes, Proteobacteria and Actinobacteria 
were highly resistant to heavy metals (Zhao et al., 2019), and they have 
strong antioxidant capacity (Ahmed and Jambi, 2018). As Sutherland 
et al. reported in 2021, many bacteria have genes with the potential to 
produce nickel-binding metalloform of the SOD enzyme (SodN), 
including Actinobacteriota (Actinobacteria), Chloroflexota (Chloroflexi), 
Cyanobacteria, Proteobacteria, Patescibacteria, and others (Sutherland 
et al., 2021). In this study, we found that the abundance of Proteobac-
teria, Actinobacteria, Patescibacteria and Cyanobacteria were the lowest in 
MDN group, and it was relatively low in MD group, but high in HMN, 
HM and BC groups, meanwhile, the total amount of these bacteria in 
HMN and HM group was higher than that in BC group. Therefore, we 
predict that methionine may produce protective effect for the nickel 
oxidative injury by increase these bacteria with antioxidant activity, and 
thus maintain the intestinal integrity and the health of the gut. 

At the genus level, we found that higher abundance of Clos-
tridia_UCG-014, [Ruminococcus]_torques_group, and Romboutsia in MDN 
group, the abundance of Corynebacterium, Clostridia_vadinBB60_group, 
Incertae_Sedis and Colidextribacter were higher in BC group, Candida-
tus_Saccharimonas higher in HMN and HM, the abundance of Gas-
tranaerophilales，Gordonibacter，Colidextribacter，Enterorhabdus and 
Lachnospiraceae NK4A136 group lower in MDN group, Coriobacter-
iaceae_UCG-002 lower in BC group. Increased abundance of Clostridia 
indicates decreased antioxidant activity (Yu et al., 2015), the higher 
abundance of Ruminococcus torques group and Romboutsia are considered 
to be associated with the decrease of intestinal integrity (Lee et al., 
2018). These were found in MDN group, the decreased Lachnospiraceae 
NK4A136 abundance group may indicate the injury of gut barrier 
(Stadlbauer et al., 2020). These results suggest that nickel exposure may 
cause intestinal damage together with the alteration of microbiota 
structure. Candidatus_Saccharimonas has beneficial effects on the intes-
tinal integrity (Cruz et al., 2020), and it showed higher abundance in 
HMN and HM group, which suggests that methionine may attenuate 
intestinal damage by increasing the number of this beneficial bacteria. 
Gastranaerophilales and Gordonibacter can produce indole and urolithin, 
which have antioxidant properties (Rosario et al., 2021), these two 
bacteria were found lower in MDN group, which indicated that the 
methionine deficiency and nickel exposure may reduce intestinal anti-
oxidant capacity. Colidextribacter can produce inosine and reduce the 
malondialdehyde (MDA) concentration (Guo et al., 2021). The higher 
abundance of Colidextribacter was found in BC group, but lower in MDN 
and MN groups. Higher abundance of Enterorhabdus was found in HMN 
group, which indicated the increase of antioxidant capacity (Chi et al., 
2021), but it was lower in MDN group, which consistent with the find-
ings in Pb-exposed mice (Wu et al., 2016), it suggested that methionine 
may protected the intestine by increasing the number of bacteria that 
have antioxidant capacity. 

In summary, the intestinal oxidative stress and intestinal flora 
changes caused by nickel were alleviated by methionine. Therefore, we 
speculate that methionine as an essential amino acid, can relieve the 
intestinal damage caused by nickel while maintaining the normal 
physiological function of the body, so methionine may be an effective 
nutrient for preventing and relieving nickel poisoning. 

5. Conclusion 

In this study, oxidative stress caused by NiCl2 increased the content 
of oxidative product, decreased the activity of antioxidant enzymes, and 
also led to the disturbance of intestinal microbiota composition. But the 
addition of methionine significantly alleviated the oxidative stress and 

maintained the gut microbiota diversity, especially the bacteria with 
antioxidant function. This suggests that the extra methionine diet helps 
to protect the gut from nickel induced oxidative damage. But more 
appropriate methionine dosage needs to be further studied to ensure 
that it is effective and harmless to the body, and it is necessary to 
investigate on the molecular level for the mechanisms of methionine 
alleviating nickel damage. 
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