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Background: Inflammatory bowel disease (IBD) is characterized by chronic relapsing 
inflammation of the gastrointestinal tract. Oxidative stress plays a pivotal role in the 
pathogenesis of IBD. Selenium-containing amino acids reportedly have anti-oxidative and 
anti-inflammatory properties, but it remains unknown if selenium-containing amino acids can 
be used to treat IBD. This study aimed to investigate the effects of two selenium-containing 
amino acids – selenocysteine and selenocystine – on oxidative stress and chronic inflamma-
tion in a mouse model of dextran sulfate sodium (DSS)-induced IBD.
Methodology: C57BL/6 mice were randomly assigned to the following six groups: control, 
DSS, DSS+selenocysteine, DSS+selenocystine, DSS+sodium selenite, and DSS 
+N-acetylcysteine (NAC). IBD was induced by 3% DSS. Pro-inflammatory cytokines [inter-
leukin-1β (IL-1β), monocyte chemotactic protein 1 (MCP-1), IL-6, and tumor necrosis 
factor-α (TNF-α)] and markers for oxidative and anti-oxidative stress [malondialdehyde 
(MDA), reactive oxygen species (ROS), superoxide dismutase (SOD), and glutathione 
peroxidase (GPx)] were measured using immunohistochemical analysis.
Results: Selenocysteine and selenocystine significantly attenuated IBD-related symptoms, 
including preventing weight loss, decreasing disease activity index (DAI) scores, and 
increasing colon length. Selenocysteine and selenocystine significantly ameliorated the DSS- 
induced oxidative stress, as demonstrated by a reduction in ROS and MDA activity and an 
increase in SOD and GPx activity. IL-1, MCP-1, IL-6, and TNF-α levels were significantly 
increased in the IBD mice, while treatment with the selenium-containing amino acids 
significantly reduced the levels of these pro-inflammatory cytokines. In vivo safety analysis 
showed minimal side effects of the selenium-containing amino acids.
Conclusion: We found that selenocysteine and selenocystine ameliorated DSS-induced IBD 
via reducing oxidative stress and intestinal inflammation, indicating that selenium-containing 
amino acids could be a novel therapeutic option for patients with IBD.
Keywords: Inflammatory bowel diseases, colitis, selenium-containing amino acids, 
selenocysteine, selenocystine, oxidative stress, inflammation

Introduction
Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, is 
characterized by chronic relapsing and persistent inflammation of the intestinal 
mucosa.1,2 Although the pathogenesis of IBD is not fully understood, intestinal barrier 
dysfunction, oxidative stress, inflammation, and microbiota-host interaction play key 
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roles in the development of IBD.3,4 At present, the main 
pharmacological treatment options for IBD patients include 
aminosalicylic acid, glucocorticoids, antibiotics, immuno-
suppressants, and biological agents.5 These drugs exert ther-
apeutic effects in patients with IBD through regulating 
inflammation in the microenvironment, but long-term use 
of these drugs may cause side effects and increase risk of 
developing other diseases.6 As such, new treatments for IBD 
are needed.

It has long been recognized that oxidative stress is cri-
tical in the pathogenesis and progression of IBD. For 
instance, reactive oxygen species (ROS) have been proposed 
to contribute to the development of IBD, especially since 
oxidative stress can promote the pro-inflammatory process 
by activating several immune cells.7 Previous findings have 
implicated anti-oxidants as potential new treatments for 
IBD, such as synthetic active pharmaceutical ingredients 
(API), natural compounds, ions, and vitamins.8,9 Therefore, 
anti-oxidative drugs could potentially improve IBD.

Selenium is a well-known essential trace element, which 
exists mainly as selenocysteine containing selenoproteins in 
the human body.10,11 Selenoprotein family members play 
important roles in maintaining the healthy function of the 
immune system.12,13 Previous studies have demonstrated 
that both serum selenoprotein P levels and glutathione per-
oxidase activity are decreased in patients suffering from 
Crohn’s disease,14 and that abnormally low selenium levels 
are associated with elevated levels of pro-inflammatory 
mediators [eg prostaglandin E2 (PGE2), interleukin-6 (IL- 
6), and tumor necrosis factor-α (TNF-α)] in patients with 
IBD.15 Sodium selenite, an inorganic selenium supplement, 
has been demonstrated to exert a protective role in attenuat-
ing dextran sulfate sodium (DSS)-induced colitis in mice.16 

Similar to sodium selenium, organic selenium supplements 
exhibit higher bioactivity and lower toxicity.17 Several pre-
vious studies have reported that organic selenium-containing 
amino acids (eg selenocysteine and selenocystine) act as 

both direct anti-oxidants and a source of selenium in the 
synthesis of selenium-dependent proteins.18,19 However, it 
remains unknown whether and how selenium-containing 
amino acids exert beneficial impacts in IBD. In this study, 
we tested the hypothesis that selenocysteine and selenocys-
tine can be used to effectively prevent or treat DSS-induced 
IBD.

We aimed to investigate the effects of two selenium- 
containing amino acids – selenocysteine and selenocys-
tine – on oxidative stress and chronic inflammation in 
a mouse model of DSS-induced IBD, and compared their 
activity with sodium selenite and N-acetylcysteine (NAC).

Materials and Methods
Reagents
Selenocysteine and selenocystine (Figure 1), sodium sele-
nite, and NAC were purchased from Sigma Aldrich 
(St. Louis, MO, USA). DSS was obtained from MP 
Biomedicals (36000−50000 MW) (Santa Ana, CA, USA).

Experimental Animals
Male C57BL/6 mice at 8 weeks of age were purchased from 
Beijing Vital River Laboratory Animal Technology (Beijing, 
China). The mice were maintained in the animal facility at the 
College of Basic Medical Sciences, Xi’an Jiaotong University 
(Xi’an, Shanxi, China). All mice were acclimatized for at least 
7 days prior to experimentation. All animal protocols were 
reviewed and approved by the Ethics Committee for the Use 
of Experimental Animals of Xi’an Jiaotong University (Xi’an, 
Shanxi, China), and the Committee for the Purpose of Control 
and Supervision of Experimentation on Animals (CPCSEA) 
guidelines were followed during the experiment.

IBD Induction and Treatment
C57BL/6 mice were randomly allocated to the following 
six groups: control, DSS, DSS+selenocysteine, DSS+sele-
nocystine, DSS+sodium selenite, and DSS+NAC. IBD 

Figure 1 Chemical structure of selenium-containing amino acids used in this study. Chemical structure of (A) selenocystine and (B) selenocysteine.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                

Journal of Inflammation Research 2021:14 86

Shi et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


was induced by 3% (wt./vol) DSS (dissolved in drinking 
water and administered ad libitum). DSS-challenged mice 
were treated with selenocysteine, selenocystine, or sodium 
selenite with the same selenium concentrations (0.9 mg/ 
kg) or NAC (2 mg/kg) [dissolved in phosphate-buffered 
saline (PBS) and administered vial oral gavage]. Mice in 
the control group were treated with the same volume 
of PBS.

Disease Activity Index (DAI)
DAI scores were calculated as the sum of the scores of 
stool consistency [hard (0), soft (2), and diarrhea (4)], 
fecal occult blood [negative (0), positive (2), macroscopic 
(4)], and weight loss [<1% (0), 1–5% (1), 5–10% (2), 
10–20% (3), and >20% (4)].

Histological Examinations
Upon completion of the proposed experiments, the mice 
were sacrificed, after which the entire colon of each mouse 
was removed. The colon tissues were soaked in 4% par-
aformaldehyde overnight and subsequently sent to the 
pathological core facility of the Xi’an Jiaotong 
University for histological analysis. In brief, the paraffin- 
embedded colon sections were stained with hematoxylin 
and eosin (H&E), visualized under a microscope, and 
reviewed by independent pathologists. Severity of inflam-
mation was assessed using histology scores as follows: no 
inflammation (0), slight inflammation (1), moderate 
inflammation (2), and severe inflammation (3); depth of 
injury: none (0), mucosa (1), mucosa and submucosa (2), 
and transmural (3); PMN infiltration/HPF: (0, <5; 1, 5–20; 
2, 21–60; 3, 61–100; 4, >100); crypt damage: none (0), 
basal 1/3 (1), basal 2/3 (2), only surface epithelium intact 
(3), entire crypt lost (4), and adjusted to tissue involve-
ment by multiplying the percentage factor (x1: 0–25%, x2: 
26–50%, x3: 51–75%, x4: 76–100%).

Examination of Oxidative and 
Anti-Oxidative Stress Markers in Colon 
Tissues
Oxidative and anti-oxidative stress markers in the colon 
tissues, including ROS, malondialdehyde (MDA), super-
oxide dismutase (SOD), and glutathione peroxidase (GPx), 
were measured using ROS, MDA, SOD, and GPx assay 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
Jiangsu, China) according to the manufacturer’s 
instructions.

Determination of Pro-Inflammatory 
Cytokines IL-1, MCP-1, IL-6, and TNF-α 
in Colon Tissues
A number of important pro-inflammatory cytokines, 
including IL-1, MCP-1, IL-6, and TNF-α, were measured 
in colon tissues using an MCYTOMAG-70K Kit (Merck, 
Germany) following the manufacturer’s instructions.

In vivo Safety Profiles
After 7 days of treatment, the experimental mice were 
sacrificed. The heart, liver, lung, kidney, and spleen were 
removed, fixed, and stained with H&E. Biochemical tests, 
including alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), urea nitrogen (BUN), and creatinine 
(CRE), were analyzed automatically using Coulter LX2D 
instrumentation (Beckman, Brea, CA).

Statistical Analysis
Statistical analyses were carried out using GraphPad Prism 
software (La Jolla, CA). Data are expressed as means ± 
standard errors of mean (SEM). The student’s t test was 
performed for a simple two-sample comparison to deter-
mine the significance of differences between groups. For 
comparison of multiple samples, one-way analysis of var-
iance (ANOVA) with Tukey’s post-hoc test was conducted 
to analyze differences between groups.

Results
Selenium-Containing Amino Acids 
Attenuate Symptoms of IBD in Mice
We first examined the effects of selenium-containing amino 
acids on the characteristic symptoms of IBD (eg weight 
loss, diarrhea, and rectal bleeding), pro-inflammatory 
response, and intestinal histological alterations in mice fol-
lowing the DSS challenge. As shown in Figure 2, the DSS- 
challenged group had significant decreases in body weight 
(Figure 2A), increases in DAI scores (Figure 2B), and 
shortened colon lengths (Figure 2C and D) compared to 
the control group. Notably, selenocysteine and selenocys-
tine treatment significantly increased body weight, reduced 
the DAI score, and prevented DSS-induced shortening of 
colon length, suggesting that selenium-containing amino 
acids can attenuate the main symptoms of IBD in mice. 
The selenium-containing amino acids had greater effects on 
relieving the main symptoms of IBD compared to sodium 
selenite and NAC alone.
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Selenium-Containing Amino Acids 
Ameliorate Inflammatory Injury in 
a Mouse Model of IBD
Histopathological examinations were performed to evaluate 
the effects of selenium-containing amino acids on inflamma-
tory injury in the mouse model of IBD. As shown in Figure 3, 
the DSS-challenged group had severe inflammation, abnormal 
alterations in epithelial structure, mucosal lesions, increased 
leucocyte infiltration in the mucosa and submucosa, vascular-
ization, edema, and loss of crypts compared to the control 
group. However, the DSS-induced abnormalities of the epithe-
lial cell lining, muscle layer thickness, and infiltration of 
immune cells were significantly less in the mice treated with 
selenocysteine and selenocystine compared to the other 

groups. Expectedly, the pathological scores of the mice treated 
with selenium-containing amino acids were significantly lower 
compared to the DSS-challenged mice (Figure 3B). Consistent 
with the DAI scores, the pathological scores of mice treated 
with sodium selenite or NAC were significantly higher than the 
scores in the selenocysteine or selenocystine group.

Selenium-Containing Amino Acids 
Reduce Oxidative Stress in the 
DSS-Induced Mouse Model of IBD
To evaluate the effects of selenium-containing amino acids on 
oxidative stress in the DSS-induced mouse model of IBD, we 
measured levels of oxidative stress markers, including ROS, 
MDA, and SOD activity, in the colon tissues. As shown in 

Figure 2 Effects of selenium-containing amino acids on the main symptoms of IBD in mice. Weight loss, DAI scores, and colon length were compared between groups. (A) 
Weight loss; (B) DAI scores; (C) colon length; and (D) colon images in different groups. Eight mice per group; #P < 0.05, compared with DSS group. $P < 0.05, compared 
with selenocysteine group. &P < 0.05, compared with selenocystine group. Data are expressed as mean ± SEM.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                

Journal of Inflammation Research 2021:14 88

Shi et al                                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 4A–C, mice in the DSS-challenged group showed 
significantly higher ROS and MDA levels, but lower SOD 
activity, compared to the control mice. As expected, seleno-
cysteine and selenocystine treatment significantly reduced the 
MDA and ROS levels and increased the SOD activity. 
Interestingly, NAC treatment significantly increased the SOD 
activity, while sodium selenite did not alter SOD activity. To 
determine the relationship between the anti-oxidant capability 
of selenium-containing amino acids and their colonic protec-
tive effect, we measured GPx activity in the colon tissues. As 
shown in Figure 4D, DSS challenge was associated with 
a significant decrease in GPx activity, whereas treatment 
with selenocysteine or selenocystine significantly restored 
the GPx activity in the DSS-challenged mice.

Selenium-Containing Amino Acids 
Reduce Levels of Pro-Inflammatory 
Cytokines in a Mouse Model of IBD
To evaluate the effects of selenium-containing amino acids 
on inflammation, we measured levels of IL-1, MCP-1, IL- 

6, and TNF-α in the colon tissues using ELISA. As shown 
in Figure 5, pro-inflammatory cytokine levels in the DSS- 
challenged mice were significantly higher compared to the 
levels in the control mice. Selenocysteine and selenocys-
tine treatment decreased the levels of all colonic pro- 
inflammatory cytokines. Similar effects were observed in 
the sodium selenite and NAC groups.

In vivo Safety Profiling of 
Selenium-Containing Amino Acids Shows 
Minimal Side Effects
In vivo safety profiling of selenium-containing amino acids 
was evaluated using biochemical tests and H&E staining of 
the heart, liver, spleen, lung, and kidney. As shown in Figure 
6A–D, negligible pathological changes were found in terms 
of serum biochemical parameters, including AST, ALT, 
BUN, and CRE, in all of the groups. There were no histo-
pathologic alterations in the heart, liver, spleen, lung, and 
kidney tissues in the treatment groups (Figure 7), suggesting 

Figure 3 Histological examinations of effects of selenium-containing amino acids on DSS-induced IBD in mice. (A) Representative H&E-stained colon sections of each group 
(scale bar, 200 μm); (B) Histological scoring of mice treated with selenium-containing amino acids in DSS-induced IBD. Eight mice per group; #P < 0.05, compared with DSS 
group. $P < 0.05, compared with selenocysteine group. &P < 0.05, compared with selenocystine group. Data are expressed as mean ± SEM.
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Figure 4 Effects of selenium-containing amino acids on oxidative stress markers in DSS-induced IBD in mice. Levels of oxidative stress markers including (A) ROS, (B) SOD, 
(C) MDA, and (D) GPx in colon tissues from different groups. Eight mice per group; #P < 0.05, compared with DSS group. $P < 0.05, compared with selenocysteine group. 
&P < 0.05, compared with selenocystine group. Data are expressed as mean ± SEM.

Figure 5 Effects of selenium-containing amino acids on levels of pro-inflammatory cytokines in DSS-induced IBD in mice. Levels of (A) IL-1β, (B) IL-6, (C) MCP-1, and (D) 
TNF-α in colon tissues of mice from different groups. Eight mice per group; #P < 0.05, compared with DSS group. $P < 0.05, compared with selenocysteine group. &P < 0.05, 
compared with selenocystine group. Data are expressed as mean ± SEM.
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that there were minimal side effects of the selenium- 
containing amino acids.

Discussion
The major novel findings of this study are summarized as 
follows: (1) Selenocysteine and selenocystine significantly 
attenuated the main symptoms of IBD, as evidenced by stable 
body weight, a decrease in DAI scores, and an increase in colon 
length in the DSS-challenged mice. (2) Selenocysteine and 
selenocystine significantly ameliorated DSS-induced oxidative 
stress, as evidenced by decreased levels of ROS and MDA 
activity and increased SOD and GPx activity in the mice. (3) 
DSS-challenged mice treated with selenocysteine or seleno-
cystine showed significantly lower levels of pro-inflammatory 
cytokines (IL-1, MCP-1, IL-6, and TNF-α) compared to the 
control mice. (4) There were minimal side effects of the 
selenium-containing amino acids in the DSS-challenged 
mice. These findings suggest that selenocysteine and seleno-
cystine can ameliorate DSS-induced IBD via attenuating oxi-
dative stress and intestinal inflammation. Therefore, these 
selenium-containing amino acids have potential as novel and 
safe agents in preventing and treating IBD.

Although the etiology and pathogenic mechanisms under-
lying IBD are not fully understood, it has been thought that 

oxidative stress and abnormalities in cellular immunity and 
autoimmunity play important roles in IBD pathogenesis.20,21 

Previous studies have shown that selenium-containing agents 
significantly scavenge ROS and ameliorate oxidative stress,22 

and that these compounds also act on the immune system to 
promote the proliferation of lymphocytes, induce expression of 
cytokine receptors, and enhance the activity of both natural 
killer and cytotoxic cells.23 In this study, we found that sele-
nocysteine and selenocystine significantly attenuated oxidative 
stress and intestinal inflammation in a mouse model of DSS- 
induced IBD, suggesting significant therapeutic benefits of 
these selenium-containing agents in mice.

The oxidative system mainly includes excessive ROS that 
can induce oxidative stress, trigger lipid peroxidation, attack 
cell membrane lipids, and cause colonic mucosal damage.24,25 

In response to injury, neutrophils, monocytes, eosinophils, and 
macrophages from the blood are activated to produce free 
radicals and ROS, which act as mediators that promote the 
inflammatory response.26 They also have cytotoxic effects. 
This killing effect on target cells is non-specific, and can there-
fore damage the intestinal mucosa while killing pathogens. The 
development and progression of IBD are also closely related to 
lipid peroxidation induced by oxygen free radicals.27 SOD is 
an important peroxide decomposing enzyme, and MDA is the 

Figure 6 Effects of selenium-containing amino acids on biochemical test parameters in DSS-induced IBD in mice. Serum levels of (A) ALT, (B) AST, (C) BUN, and (D) CRE 
in different groups. Differences were assessed via one-way analysis of variance (ANOVA) with Tukey’s multiple comparison tests. Six mice per group; Data are expressed as 
mean ± SEM.
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final product of lipid peroxidation.28 It has been shown that 
SOD can inhibit lipid peroxidation in intestinal tissues and 
stabilize the cell membrane via reducing levels of oxygen 
free radicals.29 In fact, SOD activity can partly reflect cell 
membrane function and the body’s anti-inflammatory 
response. The level of MDA largely relies on the toxic effects 
of reactive oxygen radicals. Excessive oxygen radicals cause 
lipid peroxidation of unsaturated fatty acids on biofilm and 
increase peroxides in tissues, thereby enhancing the secretion 
of peroxide decomposition products, such as MDA.30 This 
leads to the destruction of the cell membrane structure, an 
increase in the release of inflammatory cytokines, and aggra-
vated tissue damage. MDA is an important indicator of the 
oxidative stress response that can reflect the degree of lipid 
peroxides and indirectly assess the degree of cell and tissue 
damage. The anti-oxidant system mainly includes anti- 
oxidants (eg vitamin C and vitamin E) and anti-oxidant 
enzymes (eg GPx and SOD).31 The anti-oxidant system can 
scavenge oxygen free radicals, prevent lipid peroxidation, and 
maintain cell membrane stability.32 For example, SOD can 
decompose active oxygen radicals into water and oxygen 
molecules, quench superoxide ions, and protect cells from 
the cytotoxic effects of active oxygen radicals.33 In this study, 
MDA, ROS, and GPx levels in the colon tissues of mice in the 
NAC and selenium and selenium protein treatment groups 
were significantly reduced, while the SOD level was signifi-
cantly increased, suggesting that NAC and selenium- 

containing amino acids can inhibit inflammation by regulating 
the redox system.

Cytokines are mainly produced by activated T helper (Th)1 
and Th2 cells,34 some of which are formed by mononuclear 
macrophages and plasma cells. Cytokines are mainly involved 
in immune and inflammatory reactions.35 For instance, IL-1 
has been shown to be involved in the early stage of inflamma-
tion, and it can also stimulate the production of IL-2 and IL-6.36 

MCP-1 is mainly produced by Th2 cells and induces the 
growth and differentiation of Th2 cells and the proliferation 
of secreted B cells.37 MCP-1 is considered a key cytokine that 
stimulates the Th2 immune response.38 IL-6 is a key inflam-
matory response factor, and its level is elevated in IBD.39 TNF- 
α can induce the proliferation and activation of lymphocytes 
and macrophages in the colon, and strengthen the cytotoxic 
effect of cytotoxic T cells, leading to intestinal mucosal micro-
circulation disorders in IBD patients.40 TNF-α is an important 
regulatory factor in IBD and a major factor that regulates the 
proliferation and apoptosis of intestinal epithelial cells.41 In 
this study, we found that serum levels of anti-inflammatory 
factors IL-1, MCP-1, IL-6, and TNF-α, which are crucial in the 
progress of intestinal mucosal inflammation in IBD, were 
significantly reduced in response to selenium-containing 
amino acids. There is a possibility that selenium-containing 
amino acids affect the release of inflammatory factors, thereby 
regulating the immune response via exerting their anti- 
inflammatory properties.

Figure 7 Histological examination of the safety of selenium-containing amino acids. Lung, kidney, heart, liver, and spleen tissues were collected, H&E stained, and analyzed 
for the safety profile of selenium-containing amino acids. Scale bar is 100 μm.
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Selenium, an active oxygen free radical scavenger and 
catalyst, has been shown to remove lipid peroxidation free 
radicals and hydroxyl free radicals, thereby protecting cell 
membranes.42 Selenium is also an essential component of 
GPx that regulates its activity.43 Selenium-containing proteins 
are a class of natural occurring organic selenium with two 
different metabolic pathways. Selenium-containing proteins 
enter the inorganic selenium metabolism pool as a precursor 
for the synthesis of various selenium-containing amino acids 
and proteins, embedded in various proteins in the form of 
selenocysteine. In addition, selenium-containing proteins 
enter the methylated selenium metabolic pool to generate 
methyl selenol as a source of methylated selenium. It is evident 
that organic selenium has greater effects on enhancing the 
activity of GPx compared with inorganic selenium.44 In our 
study, selenium-containing amino acids significantly increased 
the SOD activity and the effects were better than sodium 
selenite alone. The selenium-containing amino acids led to 
better anti-oxidant and anti-inflammatory effects in mice com-
pared to sodium selenite. These findings are promising, and 
future in-depth studies are needed to elucidate the molecular 
mechanisms underlying the anti-inflammatory effects of sele-
nium-containing amino acids.

Our findings support the proposed mechanisms of sele-
nium-containing amino acids and their therapeutic effects on 
IBD. The gut barrier is essential for host defense and its 
dysfunction has been associated with colitis. Under the condi-
tion of selenium deficiency, intestinal permeability is 
decreased, while pro-inflammatory cytokines (eg TNF- α, IL- 
1β) are increased. As such, a Se-deficient diet is associated with 
increased sensitivity to DSS-induced IBD in mice. Notably, 
dietary selenium supplementation can modulate the immune 
response, alter the profile of inflammatory cytokines, and 
promote the resolution of inflammation, potentially conferring 
protection in IBD.

In summary, this study provides the first scientific evi-
dence, to the best of our knowledge, that selenocysteine and 
selenocystine ameliorate IBD via attenuating oxidative stress 
and intestinal inflammation in mice. These findings may have 
clinical implications in that selenium-containing amino acids 
may be potentially novel and safe agents in the prevention or 
treatment of IBD.
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