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oxidative stress and inflammation response  
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Abstract: This study was to verify the effects of chitosan oligosaccharides (COS) on intestinal integrity, oxidative 
status, and inflammatory response in a heat-stressed rat model. A total of 24 male Sprague Dawley rats were 
randomly divided into 3 treatment: CON, the control group; HS, the heat stress group; HSC, the heat stress group 
with 200 mg/kg COS. Rats in the HS and HSC group exposed to a cyclical heat stress for 7 consecutive days. The 
CON and HS group provided basal diet, and the HSC group provided the same diet with 200 mg/kg COS. Compared 
with the HS group, rats in the HSC group had lower serum diamine oxidase and D-lactate acid level, higher villus 
height of jejunum and ileum, lower malondialdehyde (MDA) content in duodenum, jejunum, and ileum mucosa, 
higher glutathione peroxidase (GSH-Px), catalase (CAT) and total antioxidant capacity (T-AOC) activity in duodenum 
mucosa, higher T-AOC activity in jejunum mucosa, and higher glutathione (GSH) level in ileum mucosa. Compared 
with the HS group, rats in the HSC group had higher interleukin-10 (IL-10) level, but lower tumor necrosis factor-α 
(TNF-α) level in duodenum, jejunum, and ileum mucosa. These results indicated that COS may alleviate intestinal 
damage under heat stress condition, probably by modulating intestinal inflammatory response and oxidative status.
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Introduction

Heat stress had detrimental effects on human beings 
and animal health, resulting in great economic losses in 
public health and animal production. In United States, 
there was an average estimated 1,500 heat-related deaths 
every summer [1]. In 2003, there were 50,000 Europeans 
that died due to heat wave [2, 3]. In 2006, heat wave led 
to the death of over 700,000 poultry and 25,000 cattle 
in California [4]. On average, heat stress reduced annal 
economic losses to 1.7 billion dollars in United States 
livestock industry, 897 million in dairy industry, 369 
million in beef industry, 299 million in swine industry, 
and 128 million in poultry industry, respectively [5]. 
Unfortunately, global warming would further accentuate 
heat stress-related problems, especially in subtropical 

and tropical regions [6]. The intestinal tract was sensitive 
to heat stress, and the intestinal dysfunction was re-
garded as the early symptom of heat stress [7]. Previous 
studies provided evidence that heat stress results in in-
testinal dysfunction and damage by changing digestive 
and absorption ability, intestinal morphology and bar-
rier function [8–12]. The crucial role of intestine is to 
absorb nutrient, as well as provides an innate defense 
barrier to resist the pathogens invade [5]. When heat 
stress-induced intestinal injury, the increase of intestinal 
permeability rose the translocation of pathogen bacte-
rial, causing intestinal mucosal inflammatory response. 
Meanwhile, heat stress dramatically increased the level 
of reactive oxygen species (ROS) and resulted in oxida-
tive stress [13]. Both oxidative stress and inflammation 
can damage intestinal function. Intestinal damage has 
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vital economics impact for produces, therefore, intestinal 
health is widely concerned to maintain animal perfor-
mance, welfare, and health [14]. There were growing 
attentions for nutritional intervention to improve intes-
tinal health, especially, under heat stress condition [6]. 
Recently, special attention was paid to prebiotic. It has 
been reported that cello-oligosaccharide, galacto-oligo-
saccharide, and mannan oligosaccharide could effec-
tively alleviate heat stress-induced intestinal injury and 
oxidative stress [8, 11, 15]. Chitosan oligosaccharides 
(COS), one of the functional oligosaccharides, was en-
zymatic or chemical hydrolysis from chitosan, the sec-
ond most abundant polysaccharide in nature [16]. Former 
studies reported the beneficial effects of COS on growth 
performance [17, 18], intestinal morphology [19], intes-
tinal barrier function [19], anti-bacterial capacity [20, 
21] free radical scavenging capacity [22], and particu-
larly the anti-oxidant [20, 23] and anti-inflammatory 
capacity [23–27]. COS had specific immunomodulatory 
effects, which can polarize the cytokine balance toward 
TH1 cytokines, decrease the production of the inflam-
matory cytokines tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6), down-regulate toll-like receptor-4 
(TLR4) and CD44 receptor expression, and inhibit T cell 
proliferation of weaning pigs [28]. However, the effect 
of COS on intestinal integrity, oxidative status and in-
flammation response under heat stress condition has not 
been reported previously, we hypothesized that dietary 
COS supplementation may improve intestinal integrity 
by alleviating oxidative stress and inflammation re-
sponse. Therefore, the purpose of this study was to 
verify the hypothesis by evaluating the effects of dietary 
COS on intestinal integrity, oxidative status, and inflam-
matory response in a heat stress rat model.

Materials and Methods

Experimental design and dietary treatments
The experimental procedures were approved by the 

Animal Care and Use Committee of Guangdong Ocean 
University (SYXK-2018-0147). A total of 24 8-week old 
male Sprague Dawley rats (body weight 202.36 ± 8.31 
g) was purchased from Beijing Administration Office of 
Laboratory Animal (Beijing, China). The rats were in-
dividually housed, free accessed to standard chow diet 
and tap water, kept under the condition of controlled 
temperature (24 ± 1°C) and humidity (55 ± 5%), with a 
12-h light-dark cycle. After a week of acclimatization, 
the 24 rats were randomly divided into 3 treatment: 
CON, the control group; HS, the heat stress group; HSC, 
the heat stress group with 200 mg/kg COS supplementa-
tion. The heat stress treatment and COS supplementation 

dose were set up according to the previous study [29]. 
Briefly, rats in the HS and HSC group were exposed to 
cyclical heat stress conditions (35°C from 10:00 to 14:00 
and 24°C from 14:00 to 10:00) for 7 consecutive days, 
and rats in the CON group was maintained at 24°C. The 
initial and final body weight were measured, and the 
average daily gain was calculated during the experiment. 
Rats in the CON and HS group provided basal diet, while 
those in the HSC group provided the same diet with 200 
mg/kg COS supplementation. The COS was purchased 
from Jiangsu Xinrui Biotechnology Co., Ltd. (HPLC 
purity 95%, deacetylation degree over 95% and average 
molecular weight below 32kDa).

Sample collection
On the 7th day of the experiment, after heat stress 

treatment and body wight checking, rats were anesthe-
tized and sacrificed. The blood sample were collected 
through eyeballs and centrifuged at 3,000 g for 15 min 
at 4°C to obtain serum. The serum samples stored at 
−20°C until further analysis. The duodenum, jejunum 
and ileum samples collection were following the method 
described by Lu et al. [30]. The samples from the duo-
denum, jejunum, and ileum were divided into two parts: 
about 2-centimeter at the midpoint of duodenum, jeju-
num and ileum were fixed in 10% buffered formalin for 
morphology examination, and the rest parts were opened 
longitudinally and flushed with ice-cold phosphate-
buffered saline (PBS). Mucosa of each segment sample 
was collected using a sterile glass microscope slide, snap 
frozen in liquid nitrogen, and stored at −80°C for further 
analysis.

Serum diamine oxidase (DAO) and D-lactate acid 
(D-LA) determination

Serum diamine oxidase activity and D-lactate acid 
concentration were measured with commercial kits (Nan-
jing Jiancheng Institute of Bioengineering, Nanjing, 
China) according to the manufacturers’ instruction.

Intestinal morphology examination
Intestinal segments were fixed in 10% buffered for-

malin for 48 h at room temperature and subsequently 
dehydrated through a graded ethanol series, then cleared 
with xylene and finally embedded in paraffin for histo-
logical examination. For the histological analyses to 
measure villus height (VH), crypt depth (CD), serial 
tissue sections of 4 µm were cut and mounted 4 sections 
per side. The sections were deparaffinized, rehydrated, 
rinsed in distilled water, stained with hematoxylin and 
eosin, dehydrated, and mounted. The gastrointestinal 
morphometric variables evaluated VH, CD, and the ratio 
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of villus height to crypt depth (VH:CD). Morphological 
parameters were measured using Image Pro Plus 6.0 
software (Media Cybernetics, Silver Spring, MD). Each 
sample was subjected to 6 replicate measurements for 
each variable studied, then averaged to generate a mean 
value. The VH was measured from the top of the villus 
to the top of the lamina propria. CD was measured from 
the base upward to the region of transition between the 
crypt and villus.

Determination of intestinal mucosal oxidative status 
and cytokines

About 1 g of duodenum, jejunum, and ileum mucosa 
samples were homogenized at a ratio of 1: 9 (weight/
volume) with ice-cold PBS. Homogenate was centrifuged 
at 3,000 g for 15 min at 4°C to obtain supernatant, and 
immediately conduct the analysis. The protein concentra-
tion of the supernatant was determined by the Bradford 
method [31]. The activity of superoxide dismutase 
(SOD), glutathione peroxidase (GSH-Px), catalase 
(CAT), and total antioxidant capacity (T-AOC), the malo-
ndialdehyde (MDA), glutathione (GSH), interleukin-1β 
(IL-1β), IL-6, IL-10, and tumor necrosis factor-α (TNF-α) 
level were measured with corresponding assay kits (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China) 
following the manufacturer’s instruction.

Statistical analysis
The individual rat was used as the experiment unit and 

all data was analyzed with SAS 2003 (v. 9.1, SAS Insti-
tute Inc., Cary, NC, USA). All data was analyzed using 
one-way analysis of variance followed by Duncan’s 
multiple range test to analyze differences among treat-
ments. Differences were considered significant at P<0.05.

Results

Growth performance and Intestinal morphology
The initial and final body weight, and average daily 

gain were presented in Table 1. No significant differ-
ences were observed in initial and final body weight 
among treatments. Compared with the control group fed 

the basal diet, heat stress decreased average daily gain 
(P<0.05). Compared with the heat stress group, dietary 
COS supplementation increased average daily gain under 
heat stress condition (P<0.05).

Figure 1 and Table 2 showed intestinal morphology 
measurements. Compared with the control group fed the 
basal diet, heat stress decreased villus height of duode-
num, jejunum, as well as ileum, and villus height to crypt 
depth ratio of ileum (P<0.05). Compared with the heat 
stress group, dietary COS supplementation increased 
villus height of jejunum and ileum under heat stress 
condition (P<0.05).

Serum DAO activity and D-LA content
The serum DAO activity and D-LA level were useful 

markers for evaluating the intestinal integrity. As shown 
in Fig. 2, compared with the control group fed the basal 
diet, heat stress increased serum DAO activity and D-LA 
content (P<0.05). Compared with the heat stress group, 
dietary COS supplementation decreased serum DAO 
activity and D-LA content under heat stress condition 
(P<0.05).

Intestinal oxidant status
Intestinal barrier function, which was influenced by 

intestinal oxidant status, was demonstrated in Fig. 3. 
Compared with the control group fed the basal diet, heat 
stress increased duodenum, jejunum and ileum mucosal 
MDA content, decreased duodenum mucosal GSH-Px, 
CAT, and T-AOC activity, jejunum mucosal CAT, GSH, 
and T-AOC activity, as well as ileum mucosal GSH ac-
tivity (P<0.05). As expected, compared with the heat 
stress group, dietary COS supplementation decreased 
duodenum, jejunum and ileum mucosal MDA content, 
increased duodenum mucosal GSH-Px, CAT, and T-AOC 
activity, jejunum mucosal T-AOC activity, as well as 
ileum mucosal GSH activity under heat stress condition 
(P<0.05). No significant differences were observed in 
duodenum mucosal SOD or GSH activity, jejunum mu-
cosal SOD or GSH-Px activity, as well as ileum mucosal 
SOD, GSH-Px, CAT, or T-AOC activity among treat-
ments.

Table 1.  Effects of chitosan oligosaccharides on body weight of Sprague Dawley rats under 
heat stress

item1 Con HS HSC SEM P-value

Initinal body weight, g 202.49 203.00 201.58 3.30 0.3309 
Final body weight, g 288.50 276.67 283.50 3.72 0.1008 
average daily gain, g 12.29a 10.52b 11.70a 0.26 0.0060 

1CON group, basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 
200 mg/kg COS and heat stress. a, bDifferent superscripts within the same row present sig-
nificance (P<0.05).
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Intestinal inflammatory cytokines
As shown in Fig. 4, compared with the control group 

fed the basal diet, heat stress increased duodenum mu-
cosal IL-1β and TNF-α level, jejunum and ileum muco-

sal TNF-α level, decreased duodenum, jejunum, and 
ileum mucosal IL-10 level (P<0.05). As expected, com-
pared with the heat stress group, dietary COS supple-
mentation decreased duodenum, jejunum, and ileum 

Fig. 1. Effects of chitosan oligosaccharides (COS) on the intestinal morphology in Sprague Dawley rats under heat stress. CON group, 
control group fed the basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 200 mg/kg COS and heat stress; 
VH, villus height; CD, crypt depth. Hematoxylin and eosin staining with magnification ×100. Bars represent 50 µm.

Table 2.  Effects of chitosan oligosaccharides on intestinal mucosal morphology of Sprague 
Dawley rats under heat stress

item1 Con HS HSC SEM P-value

Duodenum
 Villus height (μm) 276.04a 234.90b 255.38ab 10.84 0.0664
 Crypt depth (μm) 103.82 90.67 96.41 8.55 0.5699
 Villus height:crypt depth 2.79 2.68 2.68 0.27 0.9457

Jejunum
 Villus height (μm) 214.73a 152.59b 195.96a 12.85 0.0181
 Crypt depth (μm) 81.68 71.13 65.19 9.34 0.4761
 Villus height:crypt depth 2.72 2.38 3.13 0.34 0.3329

ileum
 Villus height (μm) 176.83a 111.56b 152.19a 8.15 0.0007
 Crypt depth (μm) 59.35 47.85 62.47 5.91 0.2324
 Villus height:crypt depth 3.09a 2.44b 2.44b 0.17 0.0306

1CON group, basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 200 
mg/kg COS and heat stress. a, bDifferent superscripts within the same row present significance 
(P<0.05).
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mucosal TNF-α level, increased (P<0.05) duodenum, 
jejunum, and ileum mucosal IL-10 level under the heat 
stress condition (P<0.05). No significant differences 
were observed in duodenum mucosal IL-6 level, jejunum 
and ileum mucosal IL-1β or IL-6 level among treatments.

Discussion

Heat stress, known to induce oxidative stress and in-
flammation response, and the detrimental effects of heat 
stress on intestinal function has been widely concerned 
[7, 8, 11, 32–34]. Intestinal mucosal permeability di-
rectly reflected the gut health. To evaluate intestinal 
health, the indices of gut morphology and serum DAO 
and D-LA level were assessed. Previous studies indi-
cated that heat stress resulted in a shorter VH, deeper 
CD, and a lower VH:CD ratio [35, 36]. Similarly, in this 
study, heat stress decreased VH of duodenum, jejunum 
and ileum, as well as ileum VH:CD ratio. However, di-
etary COS supplementation increased VH of jejunum 
and ileum, suggesting that COS may prevent the jejunum 
and ileum from epithelial cell necrosis and villous atro-
phy. In consistent with our results, Liu et al. (2008) in-
dicated that dietary COS supplementation increased VH 
in the jejunum and ileum of weaning pigs [35]. How-
ever, Li et al. (2019) indicated that dietary COS supple-
mentation increased VH in the duodenum of broilers 
[19]. These differences may relate to the species, adding 
dosage, deacetylation level, polymerization degree, and 
purity of COS. As N-acetylglucosamine is the func-
tional component of COS, former studies indicated that 
N-acetylglucosamine may bind to gut microflora and 
interfere with their adhesion in gut [29]. Mourao et al. 
(2006) demonstrated that there was a correlation with 
increased VH in the ileum and decreased microflora [37]. 
Dietary COS supplementation may create a convenient 
intestinal microflora environment, which is the possible 

reason to explanation the increased VH in the jejunum 
and ileum with COS supplementation in this study.

The increased serum DAO and D-LA level were the 
indicators of intestinal dysfunction [38]. In parallel with 
the aforementioned findings, serum DAO and D-LA 
level were significantly decreased with dietary COS 
supplementation. Similarly, Li et al. (2019) indicated 
that dietary COS supplementation decreased serum DAO 
activity [19]. Based on these results, dietary COS supple-
mentation may be a promising way to alleviate the in-
testinal barrier damage under heat stress condition.

ROS played a vital role in intestinal dysfunction and 
injury. Under heat stress condition, the ROS level en-
hanced dramatically [39]. The imbalance between ROS 
and the available anti-oxidants culminated oxidative 
stress. COS was known to have anti-oxidant capacity in 
vitro and in vivo [40]. Dietary COS supplementation 
could alleviate heat stress-induced oxidative stress in 
liver, spleen, and kidney of Sprague Dawley rats [26]. 
In this study, we observed that heat stress-induced high-
er duodenum, jejunum and ileum mucosal MDA content, 
decreased duodenum mucosal GSH-Px, CAT, and T-
AOC activity, jejunum mucosal CAT, GSH, and T-AOC 
activity, and ileum mucosal GSH activity. MDA was 
served as the marker of oxidative stress, as expected, 
dietary COS supplementation decreased duodenum, je-
junum, and ileum mucosal MDA content, increased 
duodenum mucosal GSH-Px, CAT, and T-AOC activity, 
jejunum mucosal T-AOC activity, and ileum mucosal 
GSH activity. The decreased MDA content and the in-
creased activity of GSH-Px, CAT, GSH, and T-AOC in 
small intestine reflected the enhanced anti-oxidant capac-
ity [41]. These results suggested that dietary COS supple-
mentation may alleviate heat stress-induced small intes-
tine mucosal oxidative stress.

Heat stress impaired the intestinal barrier function, 
promoting luminal antigens translation, and finally caus-

Fig. 2. Effects of chitosan oligosaccharides (COS) on serum diamine oxidase (DAO) and D-lactate 
acid (D-LA) in Sprague Dawley rats under heat stress. CON group, control group fed the 
basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 200 mg/kg COS 
and heat stress. Values are mean ± SE. *P<0.05.
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Fig. 3. Effects of chitosan oligosaccharides (COS) on oxidant status of small intestine in Sprague Dawley rats under heat stress. CON 
group, control group fed the basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 200 mg/kg COS and 
heat stress. A1–F1, duodenum; A2–F2, jejunum; A3–F3, ileum; MDA, malondialdehyde; SOD, superoxide dismutase; GSH-Px, 
glutathione peroxidase; CAT, catalase; GSH, glutathione; T-AOC, total anti-oxidant capacity. Values are mean ± SE. *P<0.05.
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ing systemic and mucosal inflammatory response. Acti-
vation of the corresponding receptors resulted in the 
inflammatory cytokines production and tissue injury. 
TLR4 was an important innate immune receptor, which 
can control inflammation by inhibition NF-κB signaling 
pathway [42]. TLR4 activated NF-κB signaling pathway, 
which lead to the following induction of NF-κB signal-
ing pathway genes, such as IL-1β, IL-6, IL-10 and TNF-α 
[43]. The intestinal barrier integrity could be affected by 
the imbalance between anti- and pro-inflammatory cy-
tokines [44, 45]. Former studies indicated that the intes-
tinal barrier disruption accompanied with increased IL-6 
and IL-8 level [46, 47]. Song et al. (2017) indicated that 

heat stress increased IL-1β level, as well as IL-1β and 
IL-6 mRNA abundances in jejunum and ileum [33]. In 
this study, heat stress decreased duodenum, jejunum, and 
ileum mucosal anti-inflammatory IL-10 level, increased 
duodenum mucosal pro-inflammatory IL-1β and TNF-α 
level, jejunum and ileum mucosal pro-inflammatory 
TNF-α level. These results suggested that heat stress-
induced intestinal inflammatory response. It has been 
reported that dietary COS supplementation could en-
hance immune response by modulating the production 
of inflammatory cytokines [21, 27]. As expected, dietary 
COS supplementation increased duodenum, jejunum, 
and ileum mucosal IL-10 level, as well as decreased 

Fig. 4. Effects of chitosan oligosaccharides (COS) on inflammatory cytokines of small intestine in Sprague Dawley rats under heat 
stress. CON group, control group fed the basal diet; HS group, basal diet and heat stress; HSC group, basal diet with 200 mg/
kg COS and heat stress. A1–D1, duodenum; A2–D2, jejunum; A3–D3, ileum; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-10, 
interleukin-10; TNF-α, tumor necrosis factor-α. Values are mean ± SE. *P<0.05.
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TNF-α level, these results suggested that COS had ben-
eficial effects on alleviating intestinal inflammatory re-
sponse under heat stress condition. After COS adheres 
to intestinal mucosa, the immune system could recognize 
its amine part and initiate immunomodulation system, 
which may help to prevent intestinal inflammation. 
Therefore, the positive effects of COS on intestinal func-
tion may associated with its anti-inflammatory capacity 
[43], resulted in higher anti-inflammatory cytokines 
level, and lower pro-inflammatory cytokines.

Conclusions

In conclusion, heat stress impaired intestinal morphol-
ogy, increased intestinal permeability, impaired intestinal 
anti-oxidant status, and enhanced inflammatory response. 
Nevertheless, dietary COS supplementation had benefi-
cial effects on intestinal morphology, permeability, anti-
oxidant capacity and inflammatory response under heat 
stress condition. These results suggested that dietary 
COS could alleviate heat stress-induced intestinal oxida-
tive stress and inflammatory response.
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