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The abuse of chlorpyrifos (CHP), a commonly used organophosphorus pesticide, has caused many environmental
pollution problems, especially its toxicological effects on non-target organisms. First, CHP enriched on the
surface of plants enters ecosystem circulation along the food chain. Second, direct inflow of CHP into the water
environment under the action of rainwater runoff inevitably causes toxicity to non-target organisms. Therefore,
we used rats as a model to establish a CHP exposure toxicity model and studied the effects of CHP in rats. In
addition, to alleviate and remove the injuries caused by residual chlorpyrifos in vivo, we explored the alleviation
effect of chitosan oligosaccharide (COS) on CHP toxicity in rats by exploiting its high water solubility and natural

biological activity. The results showed that CHP can induce the toxicological effects of intestinal antioxidant
changes, inflammation, apoptosis, intestinal barrier damage, and metabolic dysfunction in rats, and COS has
excellent removal and mitigation effects on the toxic damage caused by residual CHP in the environment. In
summary, COS showed significant biological effects in removing and mitigating blood biochemistry, antioxi-
dants, inflammation, apoptosis, gut barrier structure, and metabolic function changes induced by residual CHP in

the environment.

1. Introduction

Chlorpyrifos [O, O-diethyl-O-(3,5,6-trichloro-2-pyridyl) phosphor-
othioate; CHP] is the fourth most widely used pesticide worldwide after
monocrotophos, acephate, and endosulfan and is the most frequently
detected organophosphorus insecticide [1,2]. According to the World
Health Organization (WHO) classification of organophosphorus pesti-
cides (OPPs), CHP is a moderately toxic class II pesticide; thus, it is
relatively safe compared with other OPPs, which has led to its indis-
criminate use and abuse in agricultural production [3]. Currently, CHP
is widely used in agriculture, industrial sites, household pesticides,
horticulture, and government as a nematicide and acaricide to control
various crops, lawns, and ornamental plants [4,5]. China alone used
more than 2000 tons of CHP in 2014, and in the past decade, its use in
Brazil reached 570 million litres [6,7]. By 2018, the total use of CHP in
China was 28,600 tons [2]. The amount acting on the intended target
after CHP application is less than 0.1%, and the remainder remains in
the environment [8]. Residual and non-target CHP enter ecosystem
circulation through rainwater runoff, accumulate in river water, soil,
and the atmosphere, and are then taken up by non-target organisms.
CHP has been widely detected in the water environment of agricultural
areas during the plant growing season [9]. CHP residues have also been
detected in common crops such as tomato, organic spinach, apple, and
soybean [10-13]. In addition, because of the strong hydrophobicity of
CHP, its half-life in the environment can exceed 2 years [14,15]. This
resulted in a detection rate of 54% in all surface water samples [16].
Residual CHP in food is also stable during storage and can even be
detected in processed products [17]. For example, after 120 days of
storage, the residue in wheat reached 28%. CHP residues in flour, cha-
pattis, and bread after processing reached 65-83%, 29-51%, and
25-75%, respectively [18]. After kneading, fermentation, and steaming,
CHP residues in Chinese steamed buns can only be reduced by 36%, 5%,
and 4-38%, respectively [19]. These residues eventually lead to CHP
enrichment in humans and animals through food, drinking water, and
direct contact with the skin [20]. For example, CHP and its metabolites
have been detected in the urine of pregnant women [21]. CHP use
peaked in the 1960 s, followed by approximately 278 documented cases
of human CHP poisoning between 1974 and 2005 [22]. Therefore, in
2000, the US Environmental Protection Agency proposed stopping the
use of CHP, which restricted and banned its application in many coun-
tries to ensure environmental safety and animal health [13,23].

The gut is the first physiological barrier to exposure to the environ-
mental pollutant CHP after ingestion [24]. Breakdown of the intestinal
barrier may affect digestion and absorption of nutrients by humans and
animals. After CHP is absorbed in the intestines, it is detoxified into 3,5,
6-trichloro-2-pyridinol and the active substance CHP-oxon under the
action of cytochrome P450 in vivo [25]. The latter blocks the cholinergic
pathway of nerve cells by irreversibly inhibiting the activity of

acetylcholinesterase (AChE) [26]. Oxidative stress is also a major
toxicity mechanism during chronic and subchronic CHP exposure [27].
CHP can cause neuronal damage through increased production of
reactive oxygen species (ROS), DNA damage, and lipid peroxidation,
resulting in deficits in motor activity, cognitive performance, and co-
ordination skills [28]. In addition, toxicity of CHP to other systems has
also been reported, including reduced male reproductive capacity [29]
and hepatotoxicity [30]. Long-term exposure to CHP can also lead to
impaired fertility, hatchability, and embryo deformities [31]. CHP
exposure can affect the foetal nervous system, thereby causing neuro-
logical damage in new-borns [32]. However, the toxicological effects of
CHP on gut health have not been reported, and after oral administration,
intestinal absorption is the main route by which environmental residual
CHP enters the body. Therefore, the effect of CHP on gut health is of
particular concern.

Therefore, we used rats as the research object [33] to establish a
poisoning model to evaluate the toxicological effects of CHP residues in
the environment on the gut. The toxicity of CHP to organisms and its
molecular mechanisms were evaluated from the aspects of small intes-
tine antioxidant capacity, inflammation, apoptosis, intestinal integrity,
intestinal metabolic function, and microbial abundance. In addition,
chitosan oligosaccharide (COS) is an oligomer with high water solubility
and biological activity that maintains significant natural biological ac-
tivity [34]. It may have the potential to improve immunity and regulate
the metabolism of toxins [35,36]. Moreover, COS exhibits biological
activity that promotes growth [37,38], improves intestinal morphology
and barrier function [39-42], enhances intestinal structure [43], and
improves antioxidant capacity and immunity [41,44]. COS is also
involved in scavenging intracellular free radicals, significantly inhibit-
ing the activation of NF-kB, effectively enhancing systemic immune
responses, and regulating the function of immunoreactive cells [45].
Based on these positive effects, we further hypothesised whether COS
could effectively remove and mitigate the toxicological effects of the
exogenous pollutant CHP on intestines. Our findings support the idea
that COS has a significant effect on removing and mitigating the toxicity
caused by residual CHP in the environment. In the present experiment,
we used COS to alleviate the toxic effects caused by CHP and explored
the related mechanisms for the first time. Furthermore, 16S rRNA
sequencing and metabolomics were used to investigate the CHP-induced
intestinal metabolite and microbial changes in rats and the mitigating
effects of COS. Finally, compared to previous experiments, we added
Spearman correlation analysis to predict the possible role of gut mi-
crobes in intestinal metabolic pathways [24,46-48]. These results offer
new prospects for the prevention and treatment of CHP.
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2. Materials and methods
2.1. Experimental design and feeding management

A total of 32 female SD rats with bodyweights ranging from 180 to
200 g purchased from Beijing Huafukang Bioscience Co., Ltd. (Beijing,
China) were selected for the experiment. A 7-day pre-experimentation
period was performed before the start of the experiment, and the
formal test began after the end of the pre-experimentation period. The
experiment adopted a 2 x 2, two-factor design. Before the start of the
formal test, the rats were randomly divided into four groups with eight
replicates in each group and one rat in each replicate. All experimental
procedures were approved by the Laboratory Animal Welfare and Ani-
mal Experimental Ethical Committee of the China Agricultural Univer-
sity (No. AW82211202-1-4). During the experiment, the indoor
temperature was maintained at 24 & 1 °C and the relative humidity was
maintained at 50-60%. All rats had access to food and water during the
study period.

Since previous studies found that CHP treatment for 5 days could
cause significant changes in the apparent indices of rats [49], one week
was chosen as the treatment period. Moreover, a COS dose of 500-600
mg/kg-BW-day can effectively induce its biological activity in rats [50,
51], and the daily intake of rats weighing approximately 200 g should be
100-120 mg/day. For example, if 200 g rats drink 22 mL of water per
day, then the concentration of COS in water should be 4.55-5.45
mg/mL. Therefore, a dose of 5 mg/mL was chosen in our experiments to
achieve the strongest biological activity of COS in the rats. The four
groups were treated as follows: (1) CHP-/COS- group (feeding a basal
diet); (2) CHP+/COS- group (feeding a basal diet + gavage adminis-
tration of corn oil containing 10 mg/kg BW CHP); (3) CHP-/COS+ group
(feeding a basal diet + drinking water containing 5 mg/mL COS); (4)
CHP-+/COS+ group (feeding a basal diet + gavage administration of
corn oil containing 10 mg/kg BW CHP + drinking water containing 5
mg/mL COS).

For the first seven days, the third and fourth groups were given
drinking water containing 5 mg/mL COS. For the next seven days, the
third and fourth groups continued to be given drinking water containing
COS, while the second and fourth groups were gavaged with 10 mg/kg
BW CHP. All the rats were fed a basal diet during the study period.
Nutritional levels of the basal diets are shown in Table S1.

2.2. CHP and chemicals

The CHP (# 2921-88-2) standard was purchased from Beijing Putian
Tongchuang Biotechnology Co., Ltd. (Beijing, China) with a purity of
98.9%. COS (effective concentration>95%) was purchased from Qing-
dao Honghai Biotechnology Co., Ltd. (Qingdao, Shandong, China). The
basal maintenance diet used in the experiment was purchased from
Beijing Huafukang Bioscience Co., Ltd. (Beijing, China).

2.3. Preparation before gavage

Because CHP is slightly soluble in water and easily soluble in organic
solvents, it was dissolved in peanut oil before gavage. CHP (20 mg) was
weighed and dissolved in 10 mL of corn oil. During gavage, each rat in
the CHP-+/COS- and CHP+/COS+ groups was given 1.0 mL of corn oil
(CHP orally administered, approximately 10 mg/kg BW) daily, and the
other two groups were given the same amount of vehicle.

2.4. Sample collection

All rats were fasted overnight before slaughter and remained fasted
for 12 h. Subsequently, the mice were euthanized. Blood was collected
and the rat liver, spleen, and kidney organs were accurately weighed
rapidly. After standing at 4 °C for 2 h, the blood was centrifuged at 3500
rpm for 15 min, and the upper serum was extracted and stored at — 80 °C
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for the determination of blood biochemical indicators.

The duodenum, jejunum, and ileum of the rats were isolated. The
duodenum and jejunum without chyme were selected and placed in 4%
paraformaldehyde for observation of tissue sections and immunofluo-
rescence (IF), and another part (without chyme or without chyme after
washing) was stored at — 80 °C and was used to detect other indicators.
Finally, the contents of the colon and ileal tissues were collected and
stored at — 80 °C for the determination of CHP residues. The isolated
caecal contents were stored at — 80 °C for gut microbiota profiling via
16S rRNA amplicon sequencing.

2.5. Production performance and organ index

Each rat was weighed before starting the experiment (T1). According
to the weight, the rats were injected with 1.0 mL of CHP-containing corn
oil or normal corn oil. After the rats drank water containing COS for one
week (T2), each rat was weighed to obtain the initial weight (IW).
During this period, the daily body weight and food intake of each rat was
recorded. After the experiment (T3), each rat was weighed to obtain the
final weight (FW). The total feed intake of each rat in the second week
was recorded, and the average daily gain (ADG) and average daily feed
intake (ADFI) were calculated. The organ index was calculated from
organ weights after slaughter.

2.6. Determination of CHP residues

The CHP enzyme-linked immunosorbent assay (ELISA) kit (#
HB248-NC) used in this experiment was purchased from Shanghai Jinma
Laboratory Equipment Co., Ltd. (Jinma, Shanghai, China). Sample pre-
treatment and experimental steps were performed according to the
detailed instructions of the kit.

2.7. Determination of blood biochemical indicators

The commercial kits used for the determination of blood biochemical
indexes in this experiment were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, Jiangsu, China). Measurement in-
dicators include albumin (ALB, # A028-1-1), alkaline phosphatase
(AKP, # A059-1-1), alanine aminotransferase (ALT, # C009-2-1),
aspartate aminotransferase (AST, # C010-2-1), total bilirubin (TBIL, #
C019-1-1), direct bilirubin (DBIL, # C019-2-1), creatinine (CRE, #
C011-2-1), blood urea nitrogen (BUN, # C013-1-1) and uric acid
(URIC, # C012-1-1). All assay steps were performed following the in-
structions in the Kkits.

2.8. Determination of serum neurochemical parameters

The AChE activity kit (# L-735-SH) was purchased from Shanghai
Jinma Laboratory Equipment Co., Ltd. (Jinma, Shanghai, China).
Acetylcholine (ACh) content kit (# A105-1-1) was purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).
All test steps were performed following the corresponding instructions
in the kits.

2.9. Determination of antioxidant capacity of intestinal tissue

Commercial kits used for the determination of antioxidant indices in
duodenal and jejunal tissues were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, Jiangsu, China), including total
antioxidant capacity (T-AOC, # A015-1-2), total superoxide dismutase
(T-SOD, # A001-1-1), glutathione peroxidase (GPx, # A005-1-2),
glutathione S-transferase (GST, # A004-1-1), catalase (CAT, #
A007-1-1), hydrogen peroxide (H20,, # A064-1-1), and methane
dicarboxylic aldehyde (MDA, # A003-1-1). Tissue homogenates (10%)
were prepared prior to testing. The sample pre-treatment steps are
shown in Fig. S1. All test steps were performed according to the
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manufacturer’s instructions.

2.10. Observation of intestinal tissue sections

The duodenum and jejunum tissues preserved in 4% para-
formaldehyde (over 24 h) were removed, and pathological tissue sec-
tions were prepared via dehydration, paraffin embedding, sectioning,
dewaxing, and hematoxylin-eosin (HE) staining, and photographs were
obtained using a microscope (BX63, OLYMPUS, Japan) and cellSens
standard imaging software (cellSens, Japan). At least three samples were
selected for observation in each group. Villus height is a measure of the
vertical distance from the tip of the villi to the crypt opening. Crypt
depth is the measurement of the vertical distance from the opening to
the base of the crypt. Mucosal thickness is a measure of the vertical
distance from the mucosal epithelium to the muscular mucosa, including
the muscular mucosa.

2.11. Determination of serum inflammatory factors by enzyme-linked
immunosorbent assay (ELISA)

The serum at — 80 °C was taken out to analyze the concentration of
inflammatory factors. The ELISA kit used in the experiment was pur-
chased from Shanghai hengyuan biological technology Co., Ltd. (Hen-
gyuan, Shanghai, China). Measurement indicators include interleukin-
1p (IL-1B, # HB1074-Mu), interleukin-6 (IL-6, # HB1061-Mu), inter-
leukin-10 (IL-10, # HB1087-Mu), and tumour necrosis factor-a (TNF-,
# HB049-Mu). All assay steps were performed as directed by the kit.

2.12. Immunofluorescence (IF) staining

First, paraffin sections were de-paraffinized. The sections were then
placed into a citrate antigen retrieval solution (# P0083, Beyotime
Biotechnology, Shanghai, China) for antigen retrieval. The retrieved
samples were incubated with 5% goat serum in phosphate buffered sa-
line (PBS) for 30 min at room temperature and then stained using a
fluorescently labelled primary antibody [BioLegend Biotechnology Co.,
Ltd. (San Diego, CA, US)] against inflammatory cell markers (CD11b, #
101207; CD64, # 139316; F4/80, # 123108; CD3, # 100204; CD19, #
115507). The jejunal sections were additionally incubated using a pri-
mary antibody against tight junction proteins without fluorescent
labelling, which was purchased from Sangon Biotech (Shanghai) Co.,
Ltd. (Claudin-1, # D260403) and Proteintech Co., Ltd. (USA) [Zona
occludin-1 (ZO-1), # D264329; Occludin, # 13409-1-AP]. The sections
were then incubated using a secondary antibody (# HX2074, Beijing
Huaxingbio Genetic Technology Co., Ltd.) from the same source as the
primary antibody with fluorescent labelling. Nuclei were counterstained
using 4’,6-diamidino-2-phenylindole (DAPI) (# C0065, Beijing Solarbio
Science & Technology Co., Ltd. Beijing, China) and then rinsed using
PBS to remove the excess staining solution. Finally, the slides were
mounted using an anti-fluorescence decay mounting medium (# $2100,
Beijing Solarbio Science & Technology Co., Ltd. Beijing, China) and
observed using laser scanning confocal microscopy (LSCM) (ECLIPSE
Ti2, Nikon, Japan). An imaging software analysis platform (Nikon NIS-
Elements AR, Nikon, Japan) was used for imaging.

2.13. Detection of apoptosis by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labelling (TUNEL) method

The experimental operation was performed according to the in-
structions of the one-step TUNEL apoptosis assay kit (# C1086) pro-
duced by Beyotime Biotechnology Co., Ltd. (Shanghai, China). Nuclei
were stained with DAPI (# G8170, Beijing Solarbio Science & Tech-
nology Co., Ltd. Beijing, China) and immediately photographed with an
LSCM (ECLIPSE Ti2, Nikon, Japan). Finally, the image software analysis
platform (Nikon NIS-Elements AR, Nikon, Japan) was used for imaging.
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2.14. Quantitative real-time polymerase chain reaction (qRT-PCR)

First, total RNA from the intestinal tissue was extracted using TRI-
ZON. The concentration of total RNA was determined using a Nano
Photomeyer P-Class (Implen GmbH, Munich, Germany). RNA (4000 ng)
was reverse-transcribed into 10 pL of cDNA using a reverse transcription
kit Yeasen Biotechnology Co., Ltd., Shanghai, China, # 11120ES60). The
reverse transcription system (10 pL) included (1) 5 pL of 2 x HifairR II
Super Mix and (2) 5 pL of template RNA+ddH30. The specific operation
steps were performed according to the manufacturer’s instructions.

The reverse-transcribed cDNA was diluted 16-fold for qRT-PCR (ABI
7500, Alameda, CA, USA). A qRT-PCR kit (# PC6002) was purchased
from Beijing Aidlab Biotechnologies Co., Ltd. (Beijing, China). The total
reaction volume was 10 pL, including (1) 5 pL of 2 x SYBR qPCR Mix
(Low ROX), (2) 1 pL of DNA Template, (3) 0.2 pL of Forward Primer (10
Mm), (4) 0.2 pL of Reverse Primer (10 pM), and (5) 3.6 pL of ddH,0. The
primer sequences used are listed in Table S2 (Supplementary Material).
The reaction was run for one cycle at 95 °C for 2 min, 40 cycles at 95 °C
for 15 s, and 60 °C for 34 s. The results were calculated and analysed
using the 222t method, based on the final output Ct value of the
housekeeping gene glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) and the target gene.

2.15. Western blot analysis

The jejunum samples stored at — 80 °C were fully ground in liquid
nitrogen to extract tissue proteins, and the protein concentration of the
samples was determined using the bicinchoninic acid method. The final
protein loading was 40 ng, according to the protein concentration. So-
dium dodecyl sulphate-polyacrylamide gel electrophoresis (10%) was
used to separate protein molecules of different molecular weights, which
were then transferred to a polyvinylidene fluoride (PVDF) (Beyotime
Biotechnology, Shanghai, China) membrane with a 0.45-pm pore size.
After removing the PVDF membrane, it was blocked using 5% bovine
albumin for 2 h. According to the instructions of the protein marker, the
target molecule bands were then cut out and incubated overnight with
the corresponding primary antibodies at 4 °C. After washing the PVDF
membrane the next day, it was incubated with an HRP-labelled sec-
ondary antibody for 2 h at room temperature and photographed using
the Image Quant LAS 4000 mini system (GE Healthcare, Piscataway, NJ,
USA) after washing. All primary and secondary antibodies were diluted
in accordance with the manufacturer’s instructions. As a reference, the
grey value of each target protein was compared with that of p-actin to
obtain the relative expression of the protein.

2.16. Metabolomics profiling

Metabolite detection was provided by Wekemo Tech Group Co., Ltd.
Shenzhen China. The data were analyzed on the free online platform of
Wekemo Bioincloud. The figures in the results were completed using the
Wekemo Bioincloud (https://www.bioincloud.tech). The metabolites
extraction, UHPLC-MS/MS analysis, data processing, and metabolite
identification involved in the experimental process are shown in Sup-
plementary Material.

2.17. Gut microbiota profiling by 16S rRNA amplicon sequencing

Sequencing service was provided by Wekemo Tech Group Co., Ltd.
Shenzhen China. The data were analyzed on the free online platform of
Wekemo Bioincloud. The figures in the results were completed using the
Wekemo Bioincloud (https://www.bioincloud.tech). The DNA extrac-
tion and PCR amplification, Illumina Novaseq sequencing, and infor-
mation analysis involved in the experimental process are shown in
Supplementary Material.
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2.18. Statistical analyses

The data analysis software SPSS 16.0 (IBM-SPSS Inc., Chicago, IL,
USA) was used to process and analyse the experimental data using
analysis of variance (ANOVA) with a 2 x 2 factorial arrangement. The

A

statistics calculated included the effects of CHP and COS on the rats and
their interactions. Differences among groups were evaluated using one-
way ANOVA and Tukey’s post-hoc test. P < 0.05 was considered sta-
tistically significant. All figures were prepared using Adobe Photoshop
(Adobe Photoshop CS5, Inc., San Jose, California, USA), GraphPad Prism
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Fig. 1. (A) Experimental period and processing time; (B-C) COS alleviates the effects of CHP-induced production performance and the curves of daily weight and
daily gain to initial weight ratio over time; (D) COS alleviates the effects of CHP-induced organ weight and the organ index in rats. COS-, drinking normal water;
COS+, drinking water containing 5 mg/mL COS; CHP-, gavage corn oil; GHP+, gavage administration corn oil containing 10 mg/kg BW CHP. *>¢ For each
parameter, different lowercase letters represent significant differences at P < 0.05. Values are the means from 8 individual rats and are presented as the mean + SEM.
CHP, Chlorpyrifos; COS, Chitosan oligosaccharide; IW, Initial weight; FW, Final weight; ADG, Average daily gain; ADFI, Average daily feed intake.
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(version 5.0, Graph Pad Software Inc., San Diego, CA, USA), and Pow-
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3. Results

erPoint in Microsoft 365. The correlation analysis between the gut

microbiome and metabolites was investigated using the Spearman cor-

relation test by R 4.2.2. P < 0.05 was considered significant.

3.1. Growth performance and organ index

A schematic diagram of each treatment programme is shown in
Fig. 1A. The daily body weight and food intake of the rats were recorded
during the experiment to calculate the production performance. The
results revealed a significant decrease in FW, ADFI, and ADG in the CHP-

A CHP residues in the ileum and colonic contents of rats in different treatments

COS- COS+ P-value
Items SEM
CHP- CHP+ CHP- CHP+ CHP COS CHPxCOS
Ileum (ppb) 0.250° 0.373? 0.213° 0.259° 0.013 <0.001 <0.001 0.015
Colonic contents (ppb) 0.194°¢ 0.243° 0.197°¢ 02712 0.007 <0.001 0.018 0.045
Ileum/colon contents 1.299% 1.546* 1.087% 0.964¢ 0.054 0.424 <0.001 0.022

abeFor each parameter, the values with different small superscript letters indicate a significant difference (P<0.05).
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CHP*COS  P=0.015 CHP*COS  P=0.045 CHP*COS  P=0.022
C COS alleviates the effect of CHP on the blood biochemical level in rats
COS- COS+ P-value
Items SEM
CHP- CHP+ CHP- CHP+ CHP COS CHPxCOS
ALB (g/L) 36.12 37.46 37.48 34.64 0.623 0.553 0.559 0.104
AKP (U/L) 116.29 111.24 91.67 135.80 9.440 0.314 0.999 0.207
ALT (UL) 28.24 27.65 23.88 23.38 0.963 0.771 0.028 0.979
AST (U/L) 21.59° 33.55° 2531° 27.40% 1.164 0.001 0.500 0.010
AST/ALT 0.77° 1.26* 1.11%® 1.19° 0.058 0.008 0.168 0.051
TBIL (umol/L) 2.35 2.45 2.47 2.70 0.094 0.402 0.356 0.750
DBIL (umol/L) 0.79 1.00 0.87 0.66 0.058 0.983 0.260 0.076
CRE (umol/L) 49.84 43.36 41.83 43.16 1.280 0.296 0.101 0.118
BUN (mmol/L) 3.83 3.99 4.74 5.04 0.210 0.568 0.020 0.866
URIC (mg/L) 48.66 49.30 49.76 49.06 0.318 0.969 0.513 0.314
&b For each parameter, the values with different small superscript letters indicate a significant difference (P<0.05).
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Fig. 2. Residual status of CHP and COS alleviates the effect of CHP on the blood biochemical level in rats. (A-B) Residual levels of CHP in ileal and colonic contents
and the proportion of ileal/colonic contents on rats in different treatment groups; (C-D) Alleviating effect of COS on CHP-induced abnormal blood biochemical levels
in rats. ®>¢ For each parameter, different lowercase letters represent significant differences at P < 0.05. SEM: pooled standard error of the means. Values are the
means from 8 individual rats and are presented as the mean + SEM. The P values represent the main effect of COS, the main effect of CHP, or the interaction of COS
and CHP. The annotation of CHP and COS can be seen in the legend of Fig. 1.
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treated group compared with the control group (P < 0.05). FW, ADG,
and ADFI were significantly higher in the CHP+/COS+ group than in
the CHP-treated group (P < 0.05), and there was no significant differ-
ence between the CHP+/COS+ and control groups (Fig. 1B). In addition,
to show the daily trend of body weight and daily weight gain of the rats,
the curves in Fig. 1C were obtained by calculating the ratio of the two to
IWs. The ratio of daily body weight and daily weight gain to IW in the
CHP-treated group exhibited a decreasing trend over time. At the end of
the experiment, the weight of each organ was measured, and it was
found that the weights of the liver, spleen, and leftover and their
respective organ indices were significantly decreased in the CHP-treated
rats compared with the control group (P < 0.05), while the COS
remission group (CHP+/COS+) showed a significant increase compared
to the CHP-treated group (P < 0.05) (Fig. 1D). This suggests that
exposure to CHP can reduce the productive performance of rats and that
COS can resist this effect induced by CHP.
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3.2. Residues of CHP in ileal and colonic contents

To determine the absorption of CHP in vivo, the residual amount of
CHP in the ileal and colonic contents of rats was measured, and the ratio
of CHP in the ileal and colonic contents was calculated (Fig. 2A-B). It can
be seen from the results that, after the rats were protected by COS
(CHP+/COS+ group), the content of CHP in the ileum tissue was
significantly lower than that in the CHP+/COS- group (P < 0.05), but
the content of CHP in the colonic content was significantly higher than
that in the CHP-+/COS- group (P < 0.05). Moreover, based on the pro-
portion of CHP residues between the ileum and colon contents, the
amount of CHP absorbed by the body was normally greater than the
amount excreted (ratio > 1). After COS protection, absorption in the
body decreased and excretion increased (ratio < 1). This indicates that
COS can effectively inhibit CHP absorption.
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B COS alleviates the effect of CHP on the antioxidant capacity of the duodenum and jejunum in rats
COS- COS+ P-value
It SEM
ems CHP-  CHP+ CHP- _ CHP+ CHP COS _ CHPxCOS
Duodenum
T-AOC (U/mg prot) 2.08 2.03 1.99 191 0.039 0.452 0.210 0.864
T-SOD (U/mg prot) 22.54 25.18 24.40 22.00 0.600 0919 0.577 0.039
GPx (U/mg prot) 21.96 22.03 21.58 21.44 0.580 0.975 0.692 0.936
GST (U/mg prot) 232.81 219.25 217.08 226.06  3.766 0.765 0.561 0.148
CAT (U/mg prot) 55.01° 51.75° 93412 54.92° 3.885 <0.001 <0.001 0.001
H>0: (mg/g prot) 22.03 26.23 24.36 23.96 0.630 0.125 0.982 0.066
MDA (nmol/mg prot) 1.05 1.27 1.03 1.09 0.041 0.082 0214 0.293
Jejunum
T-AOC (U/mg prot) 3.14 3.04 2.96 2.98 0.074 0.812 0.430 0.692
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H,0, (mg/g prot) 20.39 23.09 21.55 21.72 0.679 0.307 0.937 0.367
MDA (nmol/mg prot) 1.09 1.36 1.08 1.20 0.036 0.005 0.198 0.287
b ¢For each parameter, the values with different small superscript letters indicate a significant difference (P<0.05).
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Fig. 3. COS alleviates CHP-induced neurotoxicity and changes antioxidant capacity in rats. (A) COS alleviates CHP-induced changes in serum ACh content and AChE
activity in rats; (B) Determination of antioxidant capacity in rats’ duodenum and jejunum tissues; (C) Expression of genes related to the Keapl/Nrf2 signalling
pathway in rats. The annotation of CHP, COS, SEM, P values, and *>¢ can be seen in the legend of Fig. 2.
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3.3. Effect of CHP, COS, and combined effects on blood biochemical
parameters

To evaluate the effect of CHP on liver and kidney function in rats and
the protective effect of COS, we measured the blood biochemical levels
of the experimental rats in each group, and the results are shown in
Fig. 2C-D. As shown in the figure, oral CHP at a concentration of 10 mg/
kg BW had no significant effect on ALB, ALP, ALT, TBIL, DBIL, CRE,
BUN, or URIC levels in the rats (P > 0.05). However, oral CHP

A CHP-/ICOS- CHP+/COS- CHP-/COS+ CHP+/COS+

Journal of Hazardous Materials 446 (2023) 130669

significantly affected the AST index (P < 0.05), which significantly
decreased with oral COS dose (P < 0.05). This suggests that CHP can
induce abnormal liver function in rats and that COS can effectively
protect liver function.

3.4. Neurochemical parameters in serum

Reduced AChE activity is one of the most significant manifestations
of OPP poisoning. The measured neural parameters included AChE
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Fig. 4. COS attenuates CHP-induced inflammatory cell infiltration and expression of inflammatory cytokines in rats. (A) Inflammatory cells markers in the duo-
denum and jejunum of rats in different treatment groups was determined by IF; (B) Expression of related genes of inflammatory factors in the duodenum and jejunum
of rats in different treatment groups; (C) Levels of inflammatory factors in the serum of rats in different treatment groups. The annotation of CHP, COS, SEM, P values,

and *™° can be seen in the legend of Fig. 2.
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activity and ACh content (Fig. 3A). AChE activity was significantly
inhibited at a CHP dose of 10 mg/kg BW compared with that in the
control group (P < 0.05). There was a significant increase in AChE ac-
tivity after COS treatment (P < 0.05). Since the substrate of AChE is the
neurotransmitter ACh, reduced AChE activity leads to excessive accu-
mulation of ACh in target organs and causes neurological dysfunction.
Although COS protection resulted in a decreasing trend in ACh content
with increasing AChE activity, it could not be restored to the same level
as the control group.
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CHP+/COS-

FITC DAPI

Merge
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3.5. COS attenuates CHP-induced changes in intestinal anti-oxidation

To understand the effect of CHP on intestinal antioxidant levels in
rats and the intervention effect of COS, the levels of antioxidant-related
indicators in the duodenal and jejunal tissues were measured, as shown
in Fig. 3B. It can be seen that COS could significantly enhance the ac-
tivity of CAT in tissues (P < 0.05) and showed a significant alleviation
effect on CHP-treated rats (P < 0.05).

Therefore, to further verify the alleviating effect of COS on CHP-
induced changes in antioxidant capacity at the molecular level, we
measured the relative mRNA expression of genes in the Keapl/Nrf2
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Fig. 5. COS attenuates CHP-induced apoptosis in intestinal cells. (A) Apoptosis of duodenum and jejunum of rats in different treatment groups was measured using
the TUNEL method; (B-C) Relative gene expression of pro-apoptotic and anti-apoptotic factors in NF-kB signalling pathway in the duodenum and jejunum of rats in
different treatment groups; (D-E) Protein expression of pro-apoptotic and anti-apoptotic factors in NF-kB signalling pathway in jejunum of rats of different treatment
groups. The annotation of CHP, COS, SEM, P values, and &b can be seen in the legend of Fig. 2
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antioxidant signalling pathway in the jejunum and duodenum (Fig. 3C).
The results showed that oral CHP significantly increased the expression
of the nuclear factor erythroid 2-related factor 2 (Nrf2) gene in the
duodenum and jejunum (P < 0.05). When measuring the relative
expression of downstream genes of this pathway, we found that the
relative expression of the superoxide dismutase in mitochondrial (SOD2)
gene in the oral COS group (CHP-/COS+) was significantly higher than
that in the control group (P < 0.05), indicating that COS stimulates
organismal antioxidant defence. In the jejunum, we also found that oral
administration of CHP caused a significant upregulation of glutathione
peroxidase cytoplasm (GPx1) gene expression in tissues (P < 0.05),
while it was significantly downregulated after oral administration of
COS (P < 0.05). This suggests that the organism may resist CHP-induced
oxidative damage by activating its own GPx1 activity in the absence of
active substance intervention.

3.6. COS attenuates CHP-induced intestinal inflammation in rats

First, we analysed the number of inflammatory cells in the duo-
denum and jejunum of the rats in each group using IF. As shown in
Fig. 4A, COS significantly reduced the increase in inflammatory cells
(CD11b™, CD64™, F4/807, CD3™, and CD19™) induced by CHP in the
duodenum and jejunum (P < 0.05), indicating that COS can effectively
alleviate the inflammatory effect of the small intestine. In addition, in
the determination of relative mRNA expression and protein expression
in jejunum and duodenum (Fig. 4B-C), COS could effectively alleviate
the high expression of pro-inflammatory factors (IL-1f, IL-6, and TNF-a)
and the high expression of chemokines [glutamate cysteine ligase ca-
talyses subunit (GCLC) and glutamic acid cysteine ligase modified sub-
unit (GCLM)] in mRNA expression caused by CHP (P < 0.05). Moreover,
COS significantly reversed the high mRNA expression of nuclear factor
kappa B (NF-kB) induced by CHP (P < 0.05). This indicates that COS can
effectively control CHP-induced inflammatory responses in rats at the
molecular level.

3.7. COS attenuates CHP-induced apoptosis in intestinal cells

To further prove the protective effect of COS on the intestinal barrier,
we used the TUNEL assay to detect apoptosis in the duodenum and
jejunum of the rats. As shown in Fig. 5A, the number of apoptotic cells
(green fluorescence) in the duodenum and jejunum of rats triggered by
CHP treatment (CHP+/COS- group) was higher than that in the control
group. The number of apoptotic cells was significantly reduced in the
tissues of rats cotreated with COS and CHP (CHP+/COS+ group).

At the molecular level, we examined gene and protein expression
associated with the nuclear factor kappa B (NF-kB) apoptosis signalling
pathway in further. COS can effectively suppress the upregulation of
pro-apoptotic genes [Bcl2 associated death promoter (Bad), Bcl2-
associated X (Bax), caspase-3, and caspase-9] and alleviate the down-
regulation of anti-apoptotic genes [B-cell lymphoma-2 (Bcl-2)] in the
duodenum and jejunum caused by CHP (Fig. 5B-C). Moreover, COS
significantly inhibited the upregulation of pro-apoptotic proteins and
promoted the expression of anti-apoptotic proteins in the jejunum
induced by CHP at the protein level (P < 0.05) (Fig. 5D-E). This in-
dicates that COS has a good inhibitory effect on CHP-induced excessive
apoptosis in rat intestinal cells, which is beneficial for maintaining in-
testinal homoeostasis.

3.8. COS attenuates CHP-induced intestinal barrier damage in rats

Intestinal villi morphology can effectively respond to the integrity of
the intestinal barrier. Therefore, we performed HE staining of the duo-
denum and jejunum to determine the effect of CHP on intestinal barrier
damage and COS. The results showed that the intestinal villi of the CHP-
treated group (CHP+/COS-) were sparsely arranged and the tips of the
villi were slightly damaged. After COS protection (CHP+/COS+), the

10

Journal of Hazardous Materials 446 (2023) 130669

morphology of the intestinal villi significantly improved, showing a
dense and regular arrangement (Fig. 6A). After measurement and
calculation, we found that oral administration of COS in the rats
significantly inhibited CHP-induced reduction in villus height (jejunum)
and crypt depth increase (duodenum) and balanced the villi to crypt
ratio (V/C) (P < 0.05) (Fig. 6B). This suggests that COS plays a positive
role in protecting against CHP-induced changes in the intestinal
morphology.

In addition, we measured the gene and protein expression of tight
junction proteins ZO-1, Claudin-1, and Occludin (Fig. 6C-D). It can be
seen from the figure that COS can effectively alleviate the decrease in
Z0-1, Claudin-1, and Occludin expression in the duodenum and jejunum
caused by CHP when co-treated with CHP (P < 0.05). In detecting the
localisation of tight junction proteins (Fig. S2) in the jejunum, we also
found results consistent with gene and protein expression. This suggests
that COS can effectively protect the integrity of the intestinal barrier
from damage by CHP at the molecular level.

3.9. Metabolite alterations in rats in different treatment groups

Metabolomics is a research method used to determine the relative
relationships between metabolites and physiological and pathological
changes. Therefore, we used LC-MS/MS-based metabolomics to deter-
mine the intestinal metabolome. Among them, the grouped percentage
stacking histogram and grouped clustering heat map can visualise the
proportion of different metabolites in the intestine (Fig. 7A-B). The re-
sults showed that oleamide accounted for the largest proportion of the
metabolites in each group. Metabolites oleamide, oleoyl ethylamide,
fenpropimorph, L-(-)-methionine, L-tyrosine, indole-3-acrylic acid, and
DL-Tryptophan in the CHP+/COS- group had the greatest differences
with other experimental groups, and there was no significant difference
between the CHP-+/COS+ group and the control group. Principal
component analysis (PCA) was performed to observe the metabolic
differences between the control and CHP+/COS- groups. The PCA plot
(Fig. 7C) showed that the samples from the CHP+/COS- group and the
other groups were distributed in different areas, indicating that the
cardiometabolic groups were significantly different than the CHP+/
COS- group. To eliminate and highlight the differences between the
groups, we performed partial least-squares discriminant analysis (PLS-
DA) to analyse the samples of each group. As shown in Fig. 7D, signif-
icant differences were found between the CHP-treated, CHP-/COS+, and
CHP-+/COS+ groups, whereas the PCA results for the CHP-/COS+ and
CHP-+/COS+ groups were highly similar. In addition, from the results of
random forest and support vector machine analysis, it was verified that
the accuracy of the sample grouping prediction in this experiment
satisfied the reliability of the data model (Fig. S3A-B). These results
indicate that COS is an effective protective agent against CHP-induced
jejunal metabolic abnormalities.

Based on this, we used the t-test to calculate P-values and fold
changes to plot volcano plots. Based on the annotated results in the
corresponding databases, we finalised the differential metabolites be-
tween groups (P < 0.05). Differential metabolites in the CHP+ /COS-,
CHP-/COS+, and CHP+ /COS+ groups compared to the controls
included nucleotide metabolism (S7p), amino acid metabolism (Uroca-
nic acid, Phenylpyruvic acid), protein metabolism (ANH, Methyl Violet),
antibiotic biosynthesis (Kanosamine, ACar 18:3, ACar 14:2), lipid
metabolism (4-Butylresorcinol, Estriol, Sebacic acid, lysoPA 16:0, Che-
nodeoxycholic Acid, Etiocholanolone), and carbohydrate metabolism
(Solanine, YLX) (Fig. S3C-E). Only one metabolite was significantly
downregulated in the CHP+/COS+ group compared to the CHP-/
COS+ group, but 13 were significantly upregulated (Fig. S3F). At the
same time, the 25 features with the most significant differences between
the groups were selected, and a boxplot was drawn using ANOVA to
show the data dispersion (Fig. S4). (For an explanation of the colours in
this legend, the reader is referred to the web version of this article).

In addition, a t-test (or ANOVA) was used to identify significantly
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Fig. 6. COS attenuates CHP-induced intestinal barrier damage in rats. (A) HE staining of duodenum and jejunum of rats in different treatment groups; (B) Villus
height, crypt depth, mucosal thickness, and villi to crypt ratio in duodenum and jejunum of rats in different treatment groups; (C) Expression of tight junction
proteins in the duodenum and jejunum of rats in different treatment groups; (D-E) Protein expression of rat jejunal tight junction proteins in different treatment
groups. The annotation of CHP, COS, SEM, P values, and ¢ can be seen in the legend of Fig. 2.

different metabolites, over-representation analysis was used to find the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that were
significantly enriched by these metabolites, and the topological influ-
ence was calculated. To elucidate specific pathways, the -logl0 (P)
threshold was set to 1.301 to filter the pathways annotated through the
KEGG database. The 44 important metabolic pathways were specifically
annotated (Fig. 8A). The bubble plot shows the top 20 pathways that
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were significantly enriched in KEGG (Fig. 8B). The size of the bubbles
indicates the degree of enrichment of the metabolic pathways involved.
The three most significantly enriched pathways shown in the figure are
phenylalanine, tyrosine, and tryptophan biosynthesis (Fig. 8C), D-
glutamine and D-glutamate metabolism (Fig. S5A), and histidine meta-
bolism (Fig. S5B), respectively. This indicates that COS can effectively
relieve and remove metabolic disorders caused by CHP by regulating
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Fig. 7. Changes in jejunal metabolites in rats of different treatment groups. (A) The 10 most dominant metabolites across different treatment groups are plotted; (B)
Heatmap obtained using clustering analysis of the top 20 ANOVA test metabolites in rat jejunum of different treatment groups; (C) Differences in the first two
principal components of jejunal metabolites in the rat jejunum of different treatment groups were plotted on the x-axis and y-axis using principal component analysis
(PCA); (D) Partial least-squares discriminant analysis (PLS-DA) score plot derived from normalised data of rat jejunum in different treatment groups. The annotation

of CHP and COS can be seen in the legend of Fig. 1; n =5 per group.

amino acid metabolism in the jejunum tissue.

3.10. COS regulated the rat gut microbiota composition of CHP-induced
alterations

Gut microbiota plays a key role in regulating the intestinal barrier.
Therefore, it is necessary to study the composition of CHP-induced in-
testinal flora in rats. The gut microbiota of rat caecal contents was
analysed using 16S rRNA amplicon sequencing. As shown in Fig. 9A, the
CHP-treated groups (CHP+/COS-, CHP+/COS+) showed a significant
decrease in the relative abundance of Lactobacillus at the genus level
(P < 0.05) compared with the CHP-/COS- group. The Venn diagram
showed the number of unique bacterial operational taxonomic units
(OTUs) in the gut microbiota of rats in different treatment groups
(Fig. 9B), which can also reflect the diversity of the intestinal micro-
biome. The results showed that the four treatment groups shared 591
OTUs. Moreover, the number of unique OTUs in the CHP-treated groups
was significantly reduced compared to that in the control group (CHP-/
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COS-) (P < 0.05). However, COS had no significant effect on CHP-
induced changes in microbial composition or the number of bacterial
OTUs. Moreover, Chaol, OTUs, Faith’s phylogenetic diversity, and the
Shannon index in alpha diversity reflected changes in the diversity and
richness of the gut microbiota in the different treatment groups
(Fig. 9C). It was found that the combined use of CHP significantly
reduced the Chaol and OTUs indices (P < 0.05) but had no significant
effect on the Shannon and Faith’s phylogenetic diversity indices. The
combination of CHP and COS did not affect the Chaol and OTU indices.
Bray—Curtis dissimilarity and weighted UniFrac distance results were
obtained using non-metric multidimensional scaling (NMDS) analysis
(Fig. 9D). This is a measure of beta diversity in the distribution of the
faecal microbiome across treatments and a measure of similarity in
microbial composition between individuals. The results showed no sig-
nificant differences among the different treatment groups. Additionally,
principal coordinate analysis (PCoA) based on these two methods can
assess structural changes in the gut microbiota to better assess the het-
erogeneity of beta diversity. The results showed that the microbial
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compositions of the different treatment groups were highly similar.
Because alpha and beta diversity are often used to characterise within-
habitat diversity and between-habitat diversity, respectively, these
indices may reflect changes in the functional modules of
microorganisms.

We also used linear discriminant analysis effect size (LEfSe) to
identify bacteria with differences in abundance between groups and
samples to identify genera with significantly high abundance among the
groups. In the clade diagram, species with no significant difference in
abundance are uniformly coloured in yellow and species with signifi-
cantly different biomarkers are coloured according to the group. The

diameter of each circle represents the relative abundance of the taxo-
nomic units. As shown in the figure, the specific microbial species (23
species) in the CHP treatment group were significantly lower than those
in the CHP-/COS- group (58 species) (P < 0.05), while the remission
effect of the CHP+/COS+ group (30 species) was not significant
(P > 0.05) (Fig. 10A). The same result was confirmed in the histogram of
the linear discriminant analysis (LDA) distribution (Fig. S6).

To explore the potential links between relevant environmental fac-
tors and microbial communities, we used redundancy analysis (RDA) to
summarise the linear relationships between them. As can be seen from
Fig. 10B-C, two factors of CHP and COS were positively correlated with
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microbial community composition. Moreover, the heatmap also
explored the correlation between the two treatments, such as the cor-
relation between bacterial abundance at the genus level and environ-
mental factors CHP and COS. An asterisk (*) indicates a significant
correlation with P < 0.05, two asterisks (**) indicate P < 0.01, and
three asterisks (***) denote a strong correlation with P < 0.001. As
shown in Fig. 10E, there was a significant correlation between both CHP
and COS and bacterial abundance, with Treponema, Peptos-
treptococcaceae_Clostridium, and WAL_1855D showing a strong negative
correlation and Moraxellaceae Acinetobacter, Enterococcus, Anaerostipes,
and Weissella showing a strong positive correlation (P < 0.001). This
suggests a correlation between the two factors of CHP and COS and the
abundance of faecal microorganisms. In addition, the strength of the
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correlation between microbial communities at the genus level was
clearly observed in the network analysis. The red line represents a
positive correlation, the blue line represents a negative correlation, and
the thicker the line, the stronger is the correlation (Fig. 10D). The
strongest correlation was observed between the genera in Firmicutes.
Among them, the strongest correlation was observed between Lactoba-
cillus and other genera. This was consistent with the species abundance
shown in Fig. 9A. This suggests that there are potential links between
both CHP and COS and microorganisms.
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3.11. Potential correlation between the changes of gut microbiota and
metabolites

To elucidate the functional correlation between gut microbes and
metabolites, a correlation matrix was calculated using Spearman’s cor-
relation coefficients between microbes and metabolites, and heat maps
were drawn. The red squares represent positive correlations and the blue
squares represent negative correlations. Significant correlations were
observed between the alterations in metabolites and genus-level gut
microbes (P < 0.05). The correlations between the top 50 gut microbes
and different metabolites are presented in Fig. S7, with 55 microbe-
metabolite groups identified as having correlations. For example, the
metabolites associated with carbohydrate metabolism [D-Glucose 6-
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phosphate, D-mannose 1-phosphate, 2-Deoxyribose 5-phosphate, and
glutathione (oxidised)] were positively correlated with the abundance
of Ruminococcaceae Ruminococcus and negatively correlated with the
abundance of Adlercreutzia and Weissella. Lipid metabolism-related
metabolites LPC 16:0 and LysoPE 18:0 and the purine metabolite
xanthine were significantly negatively correlated with the abundance of
Lachnospira. In addition, most lipid metabolism-related metabolites
(docosahexanoic acid, trans-petroselinic acid, LysoPA 18:0, LPC 18:2,
taurolithocholic acid, glycerol 3-phosphate, and docosatrienoic acid)
were significantly positively correlated with the abundance of Bilophila.
In contrast, the glycodeoxycholic acid content was significantly nega-
tively correlated with the abundance of Bilophila. The interfering effect
of CHP on carbohydrate and lipid metabolism in rats was attributed to
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the alteration of gut microbiota indirectly regulated by CHP. Interest-
ingly, some of the metabolic intermediates (D-ribose, stearic acid, D-
Gluconic acid, xanthosine, and D-glutamine) showed significant positive
correlations with a few genera, such as Parabacteroides and Oscillospira,
and significant negative correlations with many gram-positive bacteria
(Jeotgalicoccus, Bifidobacterium, Turicibacter, Corynebacterium, Lactoba-
cillus, and Staphylococcaceae Staphylococcus); however, the correlation
between reduced glutathione and these genera showed an opposite
trend. Glutathione (reduced) also showed positive correlations with
some bacteria that produce short-chain fatty acids, such as Butyricimonas
and Blautia. In addition, some other metabolites, such as Thromboxane
B2, which is a prostaglandin, showed a significant positive correlation
with Odoribacter, Sutterella, Coprococcus, and Desulfovibrio and a signif-
icant negative correlation with Clostridium and Streptococcus. There was
also a significant negative correlation between pantothenate or pan-
tothenic acid, as coenzymes, and Roseburia. These results suggest that
exposure to CHP leads to significant taxonomic perturbations in the gut
microbiome, which are closely associated with alterations in the
metabolomic profile, as evidenced by the changes in metabolites asso-
ciated with multiple gut microbial communities. Therefore, the health
risks associated with CHP systems cannot be ignored.

4. Discussion

In this experiment, both the toxicological and environmental sig-
nificance of CHP were considered in the dose selection. In terms of
toxicological significance, 10 mg/kg BW of CHP induced intestinal
oxidative stress and decreased AChE activity, which is also 1/15 of the
LD50 [52-56]. In terms of environmental significance, we considered
both the intake dose of CHP and the environmental concentration.
Firstly, in terms of intake dose, the residues of CHP detected in the
soybean systems of Anhui, Jilin, and Shandong provinces were between
0.23 and 70.7 mg/kg [57]. Based on the ADFI of 30 g for rats weighing
approximately 200 g, it was calculated to range between 0.046 and
14.4 mg of daily intake in rats. The 10 mg/kg BW used in our experi-
ment was the daily intake of 2 mg of CHP by rats, which is also within
the upper limit of the detected CHP residue concentration in soybean;
Secondly, in terms of concentration selection, crops are the first target of
CHP application, while soil and water environments are indirectly
exposed to CHP. Since CHP enters animals or humans through residues
in food, oral administration of crops is the most appropriate method for
ingestion of chlorpyrifos [58]. The concentration of CHP in our formu-
lated corn oil was higher than the maximum concentration detected
(70.7 mg/kg) for two reasons: (1) The intestinal tolerance of rats is
higher than that of humans [55]; (2) CHP in our experiment is a
short-term high dose intake. In the real environment, although CHP is a
long-term low dose exposure process, this can lead to a large accumu-
lation of CHP in the body [6,59]. So our dosing method can mimic the
relationship of CHP exposure in the environment. Therefore, the
selected doses were of environmental and toxicological significance.

In toxicology studies, significant changes in body and organ weight
are usually regarded as the most intuitive indicators for evaluating toxic
chemicals [60]. Moreover, previous studies have shown that the primary
toxic effect of CHP is neurological toxicity [55,61,62]. AChE activity was
significantly inhibited in the CHP-treated group in our experiments,
which may lead to structural defects in the digestive tract [32]. More-
over, oxidative stress is a major contributor to intestinal tissue damage
and intestinal diseases [63]. In pre-experiments, we have found that
CHP at this dose can cause intestinal oxidative stress. This corresponds
to the changes in gut morphology that we measured. This leads to
restricted absorption of nutrients in rats. Moreover, studies have shown
that CHP can be rapidly absorbed by mammals, causing damage to the
metabolism of tissues and organs [64]. The accumulation of CHP in
adipose tissue is the highest among all tissues and organs, leading to
weight loss in animals [23]. Moreover, COS not only has a strong ability
to protect impaired lipid metabolism [65], but low molecular weight
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and doses of COS can also enhance the growth rate of monogastric an-
imals by improving the structure and morphology of the small intestine
[66]. Therefore, in this study, COS alleviated weight loss in rats by
interfering with CHP-induced abnormalities in lipid metabolism and
protecting intestinal morphology.

Digestion and absorption of nutrients occur mainly in the brush
border membrane and enterocytes of the small intestine [67], which
play an important role in material metabolism. Before the experiment,
we determined the CHP residues in the ileum tissue, colonic contents,
and the proportion between the ileum and colonic contents to determine
whether CHP was absorbed by the small intestine or excreted by the
body. The results indicate that part of the CHP was absorbed into the
body by the small intestine, and part of it was excreted in the faeces.
Owing to its good biocompatibility, COS is considered to form a pro-
tective film through emulsification in the digestive tract [66], thereby
reducing the absorption of CHP in the gastrointestinal tract of rats
during growth. Therefore, the COS remission group had more CHP
residues in the colonic contents than the CHP group, as measured in our
study, because the physical protective effect of COS facilitates the
excretion of CHP.

To examine CHP toxicity, many enzyme activities that are important
indicators of exogenous contaminant toxicity have been measured in
serum [68]. When liver tissue is damaged, the liver cell membrane
ruptures and ALT and AST are released into the blood [69]. Therefore,
ALT and AST levels are important diagnostic indicators for evaluating
the degree of liver cell damage. Studies have also confirmed that OPPs
can disturb the balance of enzymatic and non-enzymatic antioxidants in
the body, resulting in excessive peroxide generation and the loss of cell
membrane integrity [52]. CHP has long been reported to cause hepa-
totoxicity [70]. In our experiment, CHP caused liver dysfunction,
rupture of the hepatocyte membrane, and a large influx of AST from the
liver to the blood, resulting in a significant increase in the serum AST
content and an imbalance of the AST/ALT ratio, indicating a diseased
state in the liver.

In our study, we also observed a decrease in AChE activity and an
increase in the amount of ACh in the serum of CHP-treated rats. AChE
hydrolyses ACh in central and peripheral cholinergic synapses [62].
CHP has typical neurotoxic effects as an OPP. The mechanism of toxicity
involves inhibiting the activity of AChE by phosphorylating its active
site, thus causing excessive accumulation of ACh and continuous stim-
ulation of ACh receptors (AChRs) [26]. Synapses formed by vagal nerve
branches are the main source of ACh signals in the gastrointestinal tract
[71]. Muscarinic receptors (MRs) are closely associated with smooth
muscle and digestive gland secretions in the gastrointestinal tract [61].
Moreover, recent studies have shown that these drugs play a key role in
influencing neuromodulation and sensory input at the level of chemo-
receptor receptors and further influence intestinal activity, which is a
key factor inducing functional dyspepsia [72]. In turn, vagal mechano-
receptor terminals stimulate gastric dilatation-sensitive neurons in the
ventral medial nucleus of the hypothalamus, which can further modu-
late neurocentral activity and digestive motility to induce satiety [73].
Thus, the neurotoxic effects of CHP can also interfere with gastrointes-
tinal (GDtract activity and eating behaviour via the brain-gut axis
pathway.

In addition, oxidative stress can also reflect the toxic effects of CHP,
manifested as excessive accumulation of peroxidation products (HOo,
MDA, etc.) [74] in the body, or altered activity of cellular antioxidants
(GPx, GST, CAT, SOD, etc.) [75]. Oxidative stress is caused by ROS or
other oxidants in the body that disrupt the balance of oxidative and
antioxidant systems, resulting in various diseases. Among these, the
antioxidant defence system is the main system associated with the
above-mentioned antioxidant enzymes [76]. T-SOD catalyses the con-
version of ROS to Oy and Hy04. CAT then catalyses HyO, into Oy and
H»0 without side effects [77-79]. Through this process, the body ach-
ieves the protective ability of self-clearing ROS [80]. Therefore, in this
experiment, changes in the activity of T-SOD and CAT indirectly
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reflected changes in the levels of reactive oxygen species in the body.
However, the reason for the lack of change in the ROS content is that the
body resists this oxidative imbalance by increasing CAT activity.

In this study, COS significantly inhibited CHP-induced oxidative
stress. COS is the only naturally positively charged cationic basic amino
oligosaccharide. Not only does it provide a positive charge to free rad-
icals, but, because COS is an oligosaccharide, it also has many active
hydroxyl and amino groups [81]. This shows that COS has a high
reducing ability, can effectively remove ROS in the body, and improves
antioxidant capacity [82]. This has been confirmed by studies showing
that COS can effectively increase the gene expression of antioxidant
enzymes, such as SOD and GPx [83], which is consistent with our ob-
servations. COS itself has antioxidant functions. It relieves the imbalance
of the antioxidant system caused by CHP by increasing the expression of
nuclear transcription factor Nrf2, the activity of CAT, and other anti-
oxidant enzymes and reduces oxidative stress without the need for the
body to adjust itself. Therefore, it is not difficult to understand that,
while COS improves the antioxidant status of rats, it avoids the
damaging effect of ROS on hepatocyte membranes, thereby effectively
preventing the leakage of AST in hepatocytes.

CHP exposure not only disrupts the antioxidant system but also
causes immune-related gene expression and histological damage [84].
On the one hand, CHP-mediated mitochondrial oxidative stress stimu-
lates inflammasomal and innate immune responses [85]. However,
excessive ROS production due to destruction of the antioxidant system is
often accompanied by inflammation and apoptosis [86]. Moreover,
NF-kB is extremely sensitive to oxidative stress and plays an important
role in stimulating the activation of pro-inflammatory cytokines. TNF-a
is necessary for stimulating the activation of IL-1p and IL-6 [87]. The
upregulation of these cytokines is directly related to inflammation in
animals [88]. Moreover, some studies have shown that NF-«B activation
leads to the activation of a large number of pro-inflammatory genes,
which in turn triggers the production of excess ROS [86]. This is
consistent with the results of our experiments. This indicates that CHP
promotes inflammatory responses by activating NF-kB molecules,
resulting in over-expression of pro-inflammatory factor genes in the rat
duodenum and jejunum, low expression of anti-inflammatory factor
genes, and a significant increase in inflammatory cells, thereby aggra-
vating toxicity.

Inflammatory processes are often accompanied by apoptosis. This
process is controlled by proteins of the Bcl-2 family, including pro-
apoptotic proteins (Bax and Bad) and anti-apoptotic proteins (Bcl-2)
[89]. Bcl-2 inhibits ROS formation by inhibiting mitochondrial depo-
larisation and blocking the mitochondrial pathway [90]. Exposure to
CHP shifts the balance between anti-apoptotic and pro-apoptotic pro-
teins toward the pro-apoptotic pathway, which results in a reduction in
anti-apoptotic proteins and activation of pro-apoptotic proteins [91].
Some studies have confirmed that CHP promotes apoptosis signalling
through increased ROS levels, mitochondrial membrane collapse, and
the release of cytochrome C [92]. Caspase-3 activates other caspases and
initiates apoptosis. Cytochrome C can also activate caspase-3 and
caspase-9 to induce apoptosis [93]. This indicates that CHP exposure is
associated with apoptosis, which manifests as increased expression of
Bax and Bad genes, downregulation of Bcl-2 expression, and a cascade
response of caspase-3 and caspase-9. Moreover, mitochondrial
dysfunction and apoptosis often occur at these inflammatory sites [94],
similar to the findings of our current study. CHP alters the balance be-
tween cellular inflammation and apoptosis by altering the expression of
Bcl-2 family proteins and caspases.

Studies have indicated that, when encountering environmental tox-
icants, the body regulates the intestinal inflammatory response by
regulating the secretion of cytokines, thereby destroying the intestinal
structure [95]. Intestinal villi are a typical structure in the small intes-
tine, and their structural integrity directly reflects the ability of the small
intestine to digest and absorb nutrients [96]. Furthermore, a higher
villus/crypt ratio indicates a higher growth rate [66]. In our study, CHP
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was found to cause tissue damage in the duodenum and jejunum, which
is related to changes in the inflammatory factors in the gut. This is also
the fundamental reason for the weight loss in CHP-treated rats. If the
outer villi of the gut are the first defence barrier against external stimuli,
then the tight junction proteins in the inner layer form the second im-
mune barrier [97]. When stimulated by external oxidative stress, the
intestinal microenvironment changes, and the concentration of tight
junction proteins is reduced, which leads to an increase in intestinal
permeability and causes a variety of intestinal diseases, including in-
testinal inflammation [98]. This suggests that, in our experiments, CHP
exposure led to alterations in the intestinal microenvironment of rats,
thus causing damage to the villi and reducing the expression of tight
junction proteins, which threatens health.

Based on these toxic effects of CHP, it is necessary to select an
effective palliative agent. Antioxidant therapy using natural substances
is considered an appropriate strategy to improve oxidative stress,
inflammation, and apoptosis [31,87]. As a naturally healthy food, COS
has remarkable effects on antibacterial, antitumour, and antioxidant
processes, immune regulation, and alleviation of inflammation [99] and
can be called a natural immune enhancer [100]. COS changes the cell
membrane permeability by increasing the number of cationic amines
and changing the potential of the cell membrane surface. In addition,
electrostatic complexation can be generated between COS and proteins
in food, thereby forming COS-protein precipitates. This composite pre-
cipitate has various physical properties such as gelling, foaming, and
emulsifying [101,102]. Therefore, these precipitates can accumulate on
the intestinal surface to form a physical protective film to prevent CHP
damage to epithelial cells, thereby reducing the inflammatory response
and apoptotic signal of CHP in rats. This plays a crucial role in protecting
the integrity and structure of the intestinal barrier.

Metabolomics has been used as an important assay for assessing
environmental pollutants and the effects of pollutants on exposed or-
ganisms [103-105]. Therefore, intestinal metabolomics was selected for
this experiment, which confirmed the strong effect of CHP on the in-
testinal metabolic capacity of rats and that COS supplementation regu-
lated these impairments. Studies have found that low-dose CHP (as low
as 1 pM) can affect fat metabolism and promote obesity [106]; however,
the concentration of CHP used (10 mg/kg BW) is higher than the critical
value that can promote obesity. We observed a significant decrease in
long-chain fatty acid amides and oleamides in the CHP+/COS- group. In
addition, oleamide, a fatty acid amide with endocannabinoid properties,
has neuroprotective and modulating properties in toxically injured or-
ganisms [107] as well as a significant antidepressant effect [108].
However, the oleamide content decreased after CHP treatment, and the
addition of COS prevented the decrease in the oleamide content, indi-
cating that the neuroprotective effect of oleamide was reduced after CHP
treatment. This also suggests that, in addition to reducing AChE activity,
CHP has other neurotoxic mechanisms triggered by reducing the ole-
amide content, and COS has an effective protective effect on this
mechanism.

Among these metabolites, amino acids are key factors in the
biosynthesis of important molecules in the immune response, which are
related to their important cellular functions and role as precursors to
hormones and enzymes [109]. Unlike tyrosine, D-tryptophan is an
essential amino acid. Although it is not involved in protein synthesis
[110], it has special physiological functions such as inhibiting bacterial
growth and bacterial biofilm development [111]. However, once a
deficiency occurs, the harm caused by these two amino acids in the body
cannot be ignored. Tryptophan can also be converted into hormones and
neurotransmitters through biochemical reactions, such as melatonin
through hydroxylation reactions [112], and the synthesis of the
important neurotransmitter 5-hydroxytryptamine (5-HT) [113]. Thus,
after CHP treatment, the endocrine function and nervous system are in a
state of imbalance based on the detection of the lack of some amino acids
or the abnormality of related amino acid metabolic pathways.

Gut microbiota is currently considered to play a role in regulating
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intestinal motility, maintaining the integrity of the intestinal epithelial
barrier, and regulating the normal development and activity of the im-
mune system [114,115]. Therefore, structural changes are considered
important indicators for assessing the biological effects of contaminants.
Although recent studies have demonstrated that CHP affects lipid
metabolism [106], the role of gut microbiota is not well understood.
Numerous studies have shown that Lactobacillus is involved in lipid
metabolism and is closely related to obesity [116-118]. However, we
found that the CHP-induced decrease in the relative abundance of
Lactobacillus did not cause obesity in rats, but decreased body weight.
This is because the concentration of CHP (10 mg/kg BW) exceeds the
highest concentration that causes obesity (1 pM), resulting in a more
severe destruction of the intestinal epithelial barrier than a greater
change in the relative abundance of Lactobacillus. In addition, decreased
gut microbiota diversity and richness are important indicators of gut
inflammation and oxidative stress [119]. Several environmental pol-
lutants have been shown to reduce gut microbiota diversity, alter gut
composition, and ultimately negatively impact gut microbiota [120].
Therefore, on the one hand, CHP causes intestinal inflammation and
oxidative damage directly, and on the other hand, it can be achieved
indirectly by reducing microbial diversity and richness. However, COS
cannot alleviate changes in microbial diversity and abundance because
its alleviating effect on intestinal damage is a direct result of the for-
mation of a physical protective layer and is not achieved by the modu-
lation of microorganisms in the intestinal environment.

To further demonstrate that CHP alters intestinal homoeostasis by
altering the relationship between metabolites and gut microbial abun-
dance, we performed functional correlation analysis between gut bac-
teria and metabolites at the genus level. We found a significant
correlation between CHP-altered metabolites and intestinal flora.
Interestingly, we found that multiple carbohydrate metabolites corre-
lated with the abundance of family including Lactobacillus (Weissella)
and Coriobacteriia (Adlercreutzia). Early studies on Weissella and Adler-
creutzia cells detected monosaccharides such as ribose, galactose, and
glucose as their main carbohydrate sources, and they use mono-
saccharide metabolism to obtain the intermediate product glucose 6-
phosphate, which is necessary for cellular activity [121,122]. More-
over, the Adlercreutzia cells were able to produce arginine dihydrolase
and showed weak responses to the production of arginine arylamidase
and leucine arylamidase [123]. Not surprisingly, the results provide
further evidence for the metabolic pathway in Fig. 8A, which also sug-
gests that altered intestinal metabolic function is attributed to indirect
regulation of CHP. We also found a strong correlation between pro-
biotics inhabiting the GI tract, such as Lactobacillus and Bifidobacterium,
and the small molecules intermediate in most metabolic pathways. In
support of this, previous studies have shown that host-microbe in-
teractions can influence host metabolism and induce metabolic changes
similar to the metabolic syndrome [124]. Here, these probiotics affect
host metabolism mainly just by playing an important probiotic role
through the protection against gut microbiota imbalance and immune
dysregulation, among other pathways [125]. Thus, from these aspects it
can be concluded that there is an inextricable link between host gut
metabolic function and microorganisms.

In the present study, we applied COS to alleviate the adverse effects
of CHP that have not been reported. Notably, Spearman analysis to
predict the relationship between CHP-induced changes in intestinal
microbial structure and metabolic differences demonstrated that
changes between the two were significantly correlated. Other results
showed that the CHP+/COS+ group showed excellent relief of intestinal
inflammation, apoptosis, barrier integrity, and metabolic function
compared with the CHP group, and the relief was largely consistent with
that of the control group. These results are also unprecedented in pre-
vious studies. However, it is still unknown whether COS still has the
same effect on rats chronically exposed to CHP, so further systematic
studies are needed.
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5. Conclusions

In conclusion, after exposure to CHP, the rat duodenum and jejunum
experienced remarkable oxidative damage, inflammation, apoptosis,
and gut barrier damage, which led to intestinal digestion and absorption
disorders and, in turn, adversely affected the growth performance of the
rats. Because COS itself has the physical properties of emulsification and
film formation, coupled with its physiological properties, such as anti-
oxidant, anti-inflammatory, and anti-apoptotic properties, after pre-
treatment with COS as a protective agent, a gel protective layer was
formed on the intestinal epithelium. This hindered the invasive effect of
CHP on the intestinal tract of the rats and simultaneously ensured
normal intestinal metabolism. This indicates that COS effectively alle-
viates intestinal barrier damage caused by CHP through physical action,
rather than by changing the diversity of gut microbes. Therefore, ac-
cording to our findings, COS has great potential for application in
removing and alleviating intestinal dysfunction and damage caused by
environmental residual CHP.

Environmental implication

Chlorpyrifos (CHP) is the most widely used organophosphorus
insecticide worldwide. Since it is a moderately toxic pesticide, it has
been abused in production. The CHP emission remaining on the plant
surface enters the ecosystem cycle through rainwater runoff, causing
unavoidable toxicological effects on non-target organisms. Currently,
CHP residues are found in soil, water, humans, and animals. Therefore,
it is urgent to explore a method to remove and mitigate the toxicological
effects of CHP exposure on non-target organisms.
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