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Introduction: This study aimed to optimize the extraction conditions of Allium

mongolicum Regel polysaccharides (AMRP) and investigate how AMRP alleviates

diquat (DQ)-induced intestinal injury by modulating endoplasmic reticulum

stress (ERS).

Methods: This experiment consisted of two parts. 1)Optimizing the optimal

extraction conditions for AMRP using single-factor experiments combined with

response surface methodology (RSM).2) In vivo experiment: A total of 36 specific

pathogen-free (SPF) mice were selected and randomly divided into 3 treatment

groups, namely the control group (CON), diquat group (DQ), and AMRP + diquat

challenge group (AMRP+DQ). The experiment included a 7-day pre-feeding

period and a 21-day formal trial period, during which the mice had free access

to drinking water and feed. Mice in the AMRP+DQ group were gavaged with

0.2ml of AMRP solution at a concentration of 80 mg/ml, while mice in the CON

and DQ groups were gavaged with the same volume of normal saline. One day

before the end of the experiment, mice in the DQ and AMRP+DQ groups were

subcutaneously injected with DQ solution at a concentration of 10 mg/kg body

weight (BW). After a 12-h fast, the mice were slaughtered for sample collection.

Results: Supplementation with AMRP significantly increased thymus and spleen

indices, improved intestinal morphology, markedly reduced serumlevels of

pro-inflammatory cytokines (P< 0.05), elevated serum anti-inflammatory factors

(P < 0.05), and decreased pro-inflammatory cytokine levels in intestinal tissues

of DQ-challenged mice.

Conclusion: AMRP suppressed the expression of key factors in the ERS signaling

pathway (PERK/ATF4/CHOP). In conclusion, the optimal extraction conditions for

AMRP were 25% papain, 4.5 h hydrolysis, and 63 ◦C. AMRP e�ectively reduced

inflammation, alleviated DQ-induced intestinal injury via the PERK/ATF4/CHOP
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pathway, and enhanced growth performance and immune function

in DQ challenged mice. This study provides new insights into the

anti-inflammatory potential of plant polysaccharides and their ability to alleviate

intestinal injury.

KEYWORDS

Allium mongolicum Regel polysaccharides, diquat, endoplasmic reticulum stress,

immunity, mitochondrial autophagy

1 Introduction

In recent years, intensive farming has become the predominant

livestock production system owing to its efficiency, scalability, and

standardized management. However, the high stocking densities

typical of intensive farming promote pathogen proliferation and

the use of management practices such as early weaning, both of

which readily induce stress in animals (1, 2). The intestine, the

body’s largest immune organ, plays a critical role in defending

against antigens and pathogens. Prolonged stress compromises the

intestinal barrier, triggering inflammatory diseases and potentially

causing diarrhea or even death in young animals (3). Antibiotics

were traditionally used to promote animal health; however,

concerns over residues and antimicrobial resistance have led China

to ban their use in feed. Consequently, alleviating animal stress has

become a major focus in modern livestock farming.

Allium mongolicum Regel, commonly known as Mongolian

garlic, is a wild species of the genus Allium native to the Inner

Mongolia region. In recent years, with increasing interest in

its nutritional value and functional properties, polysaccharides

from Allium mongolicum Regel (AMRP) have been identified

as one of its major bioactive components and have been

demonstrated to exhibit anti-inflammatory (4), antioxidant (5),

and immunomodulatory activities (6), indicating their potential

as a green and environmentally friendly feed additive. Dietary

supplementation with AMRP has been shown to improve growth

performance (7), immune function, and antioxidant capacity (8),

as well as meat quality in meat sheep. Similarly, supplementation

of AMRP in dairy cow diets has been reported to enhance

plasma immune function and antioxidant capacity (9). Taken

together, AMRP, as a naturally derived and multifunctional

plant polysaccharide, exhibits promising application prospects in

ruminant nutrition and health promotion. However, its biological

efficacy in different application scenarios may be influenced by

factors such as preparation processes, structural characteristics,

and underlying mechanisms. Therefore, further optimization of

extraction conditions is required to provide a theoretical basis for

the development and application of AMRP as a green feed additive.

AMRP using conventional hot-water extraction generally suffer

from low yields.

At present, plant polysaccharides are mainly extracted

using hot-water extraction, alkaline extraction, or ultrasound-

assisted extraction methods. However, these traditional

approaches are often associated with long extraction times,

high energy consumption, and potential structural degradation

of polysaccharides under high-temperature conditions, which

may ultimately compromise polysaccharide yield and biological

activity. In contrast, enzymatic extraction offers several advantages,

including high specificity, mild reaction conditions, operational

simplicity, and good safety, and has therefore been widely applied

in plant polysaccharide extraction studies in recent years (10).

Commonly used enzymes include cellulase, papain, and pectinase

(11). Accordingly, the present study employed enzymatic extraction

to obtain AMRP and optimized the extraction conditions using

response surface methodology, with the aim of maximizing the

yield and content of AMRP.

The intestine is not only the primary site of digestion and

absorption but also the largest immune organ. The intestinal

epithelium contains a complex network of endoplasmic reticulum

(ER). Stress disrupts the ER lumen, impairing cellular function.

This disruption leads to the accumulation of misfolded proteins

and triggers the unfolded protein response (UPR). The buildup

of misfolded proteins in the ER lumen results in ER stress (ERS)

(12). UPR alleviates ERS mainly through three pathways (13):

inositol-requiring enzyme 1 (IRE1), protein kinase-like ER kinase

(PERK), and activating transcription factor 6 (ATF6) (14, 15).

All three pathways are initiated by the ER chaperone glucose-

regulated protein 78 (GRP78). UPR mitigates ERS by upregulating

molecular chaperones and activating ER folding enzymes (16, 17).

Moderate ERS serves as a protective mechanism, but prolonged or

severe ERS may overwhelm UPR regulation. This condition can

activate mitochondrial autophagy, exacerbate inflammation, and

upregulate apoptosis-related genes, ultimately causing cell death

(18). During intestinal ERS, GRP78 dissociates from PERK, leading

to a rapid increase in GRP78 expression (19). This phosphorylation

of PERK activates Eukaryotic Initiation Factor 2 Alpha Subunit

(EIF-2α), reducing protein synthesis, and promotes NF-κB nuclear

translocation, thereby inducing inflammatory factor release. EIF-

2α concurrently induces Activating Transcription Factor 4 (ATF4)

translation, and ATF4 activates C/EBP Homologous Protein

(CHOP) transcription, leading to CHOP upregulation (20). This,

in turn, activates caspase-mediated apoptosis (21). Water extracts

of purslane inhibit mitochondrial autophagy by downregulating

p-PERK and its downstream autophagy gene Beclin1, thereby

alleviating ERS and improving intestinal inflammation (22).

Codonopsis polysaccharides alleviate ERS and protect nerve cells

by downregulating key genes in the PERK/ATF4/CHOP pathway

and their downstream apoptosis-related genes (23). In summary,

plant polysaccharides mitigate excessive ERS and downregulate

apoptosis-related genes, thereby reducing inflammation. Based on

this, we hypothesize that AMRP may protect against intestinal

damage via the PERK/ATF4/CHOP ERS pathway. DQ (DQ)

injection impairs intestinal barrier function and morphology

and markedly increases mitochondrial reactive oxygen species

(ROS) (3). Excessive ROS causes mitochondrial dysfunction and

metabolic disturbance, thereby triggering ERS (24, 25). Therefore,
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this study established a DQ-induced mouse model of intestinal

injury to investigate whether AMRP alleviates intestinal damage by

modulating ERS and suppressing inflammatory factor production,

thereby providing a theoretical basis for its use as a green

feed additive.

2 Materials and methods

2.1 Materials

Allium mongolicum Regel powder (Cat. No.: HH-SCF-001)

was obtained from Haohai Biotechnology Co., Ltd., Shanghai,

China (Alxa League, Inner Mongolia). Papain (800 U/mg

Cat. No.: S10087), cellulase (400 U/mg Cat. No.: S10068),

and anthraquinone (Cat. No.: S10010) were purchased from

Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China.

Pectinase (500 U/mg Cat. No.: XY-C1068) was obtained from

Shanghai Xinyu Biotechnology Co., Ltd., Shanghai, China.

Anhydrous ethanol (analytical grade, Cat. No.: BL0101), anhydrous

glucose (analytical grade, Cat. No.: FC1002) and sulfuric acid

(analytical grade, Cat. No.: 10021188) were all of analytical

grade, among which anhydrous ethanol was supplied by Tianjin

Beilian Fine Chemical Development Co., Ltd., Tianjin, China,

anhydrous glucose was from Tianjin Fuchen Chemical Reagent

Factory, Tianjin, China, and sulfuric acid was purchased from

China National Pharmaceutical Group Chemical Reagent Co.,

Ltd., Shanghai, China. Enzyme-linked immunosorbent assay

(ELISA) kits, including immunoglobulin A (IgA, Cat. No.:

JYM0560Mo), immunoglobulin M (IgM, Cat. No.: JYM0032Mo),

immunoglobulin G (IgG, Cat. No.: JYM0031Mo), interleukin-

1β (IL-1β, Cat. No.: JYM0531Mo-T), interleukin-10 (IL-10, Cat.

No.: JYM0005Mo), interleukin-4 (IL-4, Cat. No.: JYM0011Mo),

interleukin-6 (IL-6, Cat. No.: JYM0012Mo-T) and tumor necrosis

factor-α (TNF-α, Cat. No.: JYM0218Mo-T), were purchased from

Wuhan Jiyinmei Biotechnology Co., Ltd., Wuhan, China. Total

RNA extraction reagent (RNAiso Plus) was obtained from Takara

Biomedical Technology (Beijing) Co., Ltd., Beijing, China. The

cDNA Synthesis Kit (Cat. No.: AG11711) and quantitative real-time

polymerase chain reaction (qRT-PCR) Kit (Cat. No.: AG11763)

were both purchased from Hunan Aikerui Bioengineering Co.,

Ltd., Changsha, China. The primary antibodies against PERK (Cat.

No.: 68482-1-Ig), phospho-PERK (p-PERK, Cat. No.: 82534-1-RR),

GRP78 (Cat. No.: 11587-1-AP), EIF-2α (Cat. No.: 11170-1-AP),

ATF4 (Cat. No.: 10835-1-AP), CHOP (Cat. No.: 15204-1-AP), Bcl-

2 (Cat. No.: 68103-1-Ig) and Bax (Cat. No.: 50599-2-Ig) were all

acquired from Wuhan Sanying Biotechnology Co., Ltd. (Wuhan,

China) Diquat (Cat. No.: 45422-250MG-R) was purchased from

Merck KGaA, Darmstadt, Germany.

2.2 Methods

2.2.1 Preparation of AMRP

Alliummongolicum Regel powder was purchased from Haohai

Biotechnology Co., Ltd., Shanghai, China (Alxa League, Inner

Mongolia). AMRP was prepared by enzymatic hydrolysis following

the method of Yin et al. (26), with slight modifications. Briefly,

10.0 g of powder was weighed and extracted. The sample was mixed

with 200ml of distilled water (material-to-liquid ratio 1:20, g/ml).

The mixture was hydrolyzed in a thermostatic shaking incubator

at 150 r/min under the specified enzymatic conditions to obtain

the AMRP extract. The extract was then heat-inactivated at 75 ◦C

and vacuum-filtered. The filtrate was concentrated to 30ml and

precipitated with anhydrous ethanol. The resulting precipitate was

freeze-dried to yield AMRP.

2.2.2 Screening of enzyme types and reaction
conditions

At a material-to-liquid ratio of 1:20, hydrolysis temperature

of 55 ◦C, hydrolysis time of 3.5 h, enzyme addition of 15%, and

shaking speed of 150 r/min, papain, cellulase, and pectinase were

tested to evaluate their effects on AMRP yield. Each treatment was

performed in triplicate. Based on the enzyme screening results,

further experiments were conducted as follows: with a material-to-

liquid ratio of 1:20, hydrolysis temperature of 55 ◦C, and hydrolysis

time fixed at 3.5 h, the effects of varying enzyme addition levels

(5%, 10%, 15%, 20%, and 25%) on AMRP yield were evaluated.

With the hydrolysis time fixed at 2.5 h and enzyme addition at

15%, the effects of different hydrolysis temperatures (45, 50, 55,

60, and 65 ◦C) on AMRP yield were examined. With the hydrolysis

temperature fixed at 50 ◦C and enzyme addition at 15%, the effects

of different hydrolysis times (1.5, 2.5, 3.5, 4.5, and 5.5 h) on AMRP

yield were studied. Each treatment was repeated three times.

Based on the single-factor experiments, response surface

methodology (RSM) was applied to optimize AMRP extraction

conditions. Enzyme addition (A), hydrolysis time (B), and

hydrolysis temperature (C) were chosen as the independent

variables, with polysaccharide content as the response variable.

A Box–Behnken design was used with three levels for each

factor. The experimental design and factor levels are shown in

Supplementary Table S1.

2.2.3 Determination of sugar content in AMRP

The AMRP content was measured using the anthrone-sulfuric

acid method (27), with glucose (g/ml) used as the standard.

A standard curve for glucose was generated by plotting the

absorbance at 625 nm (y-axis) against the glucose concentration (x-

axis). The regression equation of the standard curve was y= 8.366x

+ 0.439, with a correlation coefficient (R²) of 0.9986.

2.3 Animal experiment

Specific pathogen-free (SPF) male mice were obtained from

Beijing Spafas Biotechnology Co., Ltd., Beijing, China (license

number: SCXK (Meng) 2020–0002). The mice were housed in the

animal facility of Inner Mongolia Agricultural University under

controlled conditions (22± 2 ◦C, 40–60% humidity, 12 h light/dark

cycle). Thirty-six 4-week-old mice (20 ± 2 g) were randomly

assigned to three groups: control (CON), Diquat (DQ), and DQ-

injected group (AMRP+DQ). Mice were acclimatized for 7 days
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before a 21-day experimental period. Throughout the experiment,

mice had free access to food and water. At 8:00 a.m. daily, mice

in the AMRP+DQ group received 0.2ml of AMRP solution (80

mg/ml) by oral gavage, while the CON andDQ groups were gavaged

with the same volume of physiological saline. At the end of the

experiment, mice were fasted for 12 h before body weight was

recorded. Subsequently, mice in the DQ and AMRP+DQ groups

were subcutaneously injected with DQ solution (24 mg/kg body

weight), while the CON group received the same volume of saline.

After another 12 h of fasting, the mice were euthanized and samples

were collected (28). The nutritional composition of the diet is

shown in Supplementary Table S2.

At the end of the experiment, mice were anesthetized with

ether, and blood was collected from the orbital sinus into centrifuge

tubes. Samples were allowed to stand at room temperature at a

45◦ angle for 30min, then centrifuged at 3,500 rpm for 10min.

The supernatant was collected and stored at −80 ◦C. Mice were

euthanized by cervical dislocation, and their limbs were pinned

to the surgical table. The abdominal cavity was opened, and 2–

3 cm segments of the intestine were excised, excise a portion of the

jejunum, rinsed three times with sterile saline, and transferred to

cryogenic tubes. Samples were immediately snap-frozen in liquid

nitrogen and stored at−80 ◦C (29).

2.4 Organ index

At the end of the experiment, mice were weighed. Twelve hours

after DQ injection, mice were euthanized by cervical dislocation.

The liver, thymus, and spleen were collected, blotted dry, and

weighed to calculate organ indices, expressed as the ratio of organ

weight to body weight (28).

2.5 Enzyme-linked immunosorbent assay
(ELISA)

Serum and intestine levels of IL-1β, IL-6, IL-4, IL-10, TNF-α,

IgA, IgG, and IgM were measured following the manufacturer’s

instructions of the ELISA kits Using the standard concentration

as the x-axis and the corresponding OD values as the y-axis,

standard regression curves were plotted for different inflammatory

factors and Immunoglobulin to determine the concentrations of the

relevant proteins (30).

2.6 Quantitative real-time PCR (RT-qPCR)

Total mRNA was extracted from the intestine of all mice using

Trizol reagent and reverse transcribed into cDNA using a reverse

transcription kit according to the instruction book. The AG SYBR

Green Pro Taq HS was used to analyze the PERK/ATF4/CHOP

signaling pathway related genes in mouse tissues by RT-qPCR (31).

The sequences of all primers used in this experiment are presented

in Supplementary Table S3. GAPDHwas used as the reference gene,

and the relative mRNA expression levels of different genes were

calculated using the 2 ��CT.

2.7 Hematoxylin and eosin staining (HE)
and immunohistochemical staining (IHC)

The intestine was fixed in 4 % paraformaldehyde and then

embedded with paraffin. Hematoxylin and Eosin (H&E) staining

was performed according to the standard protocols. The sections

were dewaxed and incubated in 3% hydrogen peroxide solution at

room temperature in the dark for 25min (The section thickness was

5µm). They were then washed three times with PBS (pH 7.4) on

a decolorizing shaker, 5min each wash. Within the hydrophobic

barrier, 3% BSA was applied to evenly cover the tissue, and

blocking was performed at room temperature for 30min. Primary

antibodies were added and incubated overnight at 4 ◦C. After

three PBS washes, the sections were incubated with secondary

antibodies at room temperature for 50min, followed by three

additional PBS washes (5min each). The sections were gently

drained, and chromogenic solution was added until a brown-

yellow color indicated positive staining; the reaction was stopped

by rinsing with distilled water. Counterstaining was performedwith

hematoxylin for ∼3min, followed by rinsing with distilled water,

bluing in hematoxylin bluing solution, and washing with running

water. Finally, the sections were dehydrated. For all the above

staining procedures, quantitative analysis of randomly selected

regions was performed using ImageJ 1.8.0 (32).

2.8 Immunohistochemical analysis of tight
junction proteins

Immunohistochemical staining was performed to evaluate the

expression of intestinal tight junction proteins, including zonula

occludens-1 (ZO-1), Claudin-1, and Occludin. Briefly, intestinal

tissue samples were fixed in 4% paraformaldehyde for 24 h,

dehydrated through a graded ethanol series, cleared in xylene, and

embedded in paraffin. Paraffin blocks were sectioned at a thickness

of 4µm using a rotary microtome and mounted onto glass slides.

The sections were deparaffinized in xylene and rehydrated through

graded ethanol solutions to distilled water. Antigen retrieval was

carried out by heating the sections in citrate buffer (10mM, pH

6.0). After cooling to room temperature, endogenous peroxidase

activity was blocked by incubation with 3% hydrogen peroxide for

10–15min. The sections were then rinsed with phosphate-buffered

saline (PBS, pH 7.4) and blocked with 5% bovine serum albumin

(BSA) for 30min at room temperature to reduce nonspecific

binding. Subsequently, the sections were incubated overnight at

4 ◦C with primary antibodies against ZO-1 (1:1,000), Claudin-1

(1:500), and Occludin (1:1,000; Wuhan Sanying Biotechnology

Co., Ltd.). After washing with PBS, the sections were incubated

with the appropriate horseradish peroxidase (HRP)-conjugated

secondary antibodies for 30–60min at room temperature.

Immunoreactivity was visualized using 3,3
′

-diaminobenzidine

(DAB) as the chromogen, followed by counterstaining with

hematoxylin. The stained sections were dehydrated, cleared,

and mounted with neutral resin. Images were captured using a

light microscope. The expression levels of tight junction proteins

were evaluated based on staining intensity and distribution,
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and semi-quantitative analysis was performed using ImageJ

software (33).

2.9 Data analysis

Experimental data were compiled and analyzed usingMicrosoft

Excel 2010, followed by one-way ANOVA in SAS 9.2. Post-

hoc comparisons among groups were performed using Duncan’s

multiple range test. Data are presented as mean ± SEM. A P-value

< 0.01 was considered highly significant, P < 0.05 significant, and

0.05 <P < 0.1 indicative of a trend.

3 Results

3.1 Impact of enzyme types, dosage,
temperature, time on polysaccharide yield

As shown in Figure 1A, among AMRP extracted with papain,

cellulase, and pectinase, the papain-treated group had the highest

polysaccharide content, which was significantly higher than that of

the cellulase group (P < 0.001). Accordingly, papain was chosen

for subsequent experiments to examine the effects of enzyme

dosage, hydrolysis temperature, and hydrolysis time on AMRP

yield. Figure 1B shows that when the enzyme dosage reached 20%,

AMRP content was significantly higher than that of the 5%, 10%,

and 15% groups (P < 0.05), reaching 59.32%. Further increases

in enzyme dosage led to a decline in AMRP content. Figure 1C

indicates that at a hydrolysis temperature of 60 ◦C, AMRP content

was significantly higher than in the 45 ◦C, 50 ◦C, and 65 ◦C groups

(P < 0.05), reaching 54.5%. Increasing the hydrolysis temperature

beyond 60 ◦C resulted in reduced AMRP content. Figure 1D shows

that within the hydrolysis time range of 1.5 to 3.5 h, AMRP content

increased with time, reaching a maximum of 55.77% at 3.5 h.

Prolonging the hydrolysis time beyond 3.5 h caused a significant

decrease in AMRP content (P < 0.001). AMRP content in the

4.5 h and 5.5 h groups was significantly lower than in the 1.5–3.5 h

groups (P < 0.001).

3.2 Results of response surface
methodology

Based on the single-factor experiment results, enzyme dosage

(A), hydrolysis time (B), and hydrolysis temperature (C) were

chosen as independent variables, with AMRP content (Y) as the

response variable.

A three-factor, three-level experiment was designed using

the Box-Behnken method, with the results presented in

Supplementary Table S4. The results in Supplementary Table S4.

were fitted with a quadratic regression, yielding the following

equation for AMRP content: Y = 61.11 + 4.68A + 0.92B + 0.91C

+ 1.13AB + 0.90AC + 0.54BC – 2.56A² + 0.18B² – 1.72C².

Analysis of variance (ANOVA) was performed on the data in

Supplementary Table S4 using Design-Expert 10 software, and the

detailed results are summarized in Table 1. The results showed

that the model was highly significant (P < 0.01), indicating that

the regression equation accurately reflected the experimental

data and could be used to guide the design and optimization

of the AMRP extraction process. Moreover, the lack-of-fit P-

value was 0.2414 (>0.05), indicating no significant lack-of-fit

and confirming that experimental errors were minimal, with

model residuals mainly due to random variation. Furthermore,

the coefficient of determination (R²) was 0.9764, the adjusted

R² (R²Adj) was 0.9461, and the predicted R² (R²Pred) was

0.7544; the differences among these values were less than 0.2,

indicating a strong correlation between observed and predicted

values. Based on F-values and P-values, the factors affecting

AMRP content were ranked as follows: enzyme dosage (A)

> hydrolysis time (B) > hydrolysis temperature (C), with a

significant interaction between enzyme dosage and hydrolysis

time (P < 0.05).

3.3 Validation experiment

The optimal extraction conditions determined by response

surface methodology were: enzyme dosage 25.00%, hydrolysis

time 4.5 h, and hydrolysis temperature 63.4 ◦C. For practical

feasibility, the experimental conditions were adjusted to

an enzyme dosage of 25%, hydrolysis time of 4.5 h, and

hydrolysis temperature of 63 ◦C. Under these conditions, the

experiment was conducted in triplicate, yielding an average

AMRP content of 65.89%. The relative deviation from the

theoretically predicted value of 66.26% was 1.18%, confirming

the reliability of the parameters obtained from the response

surface optimization.

3.4 AMRP improves growth performance
and organ indices in diquat-challenged
mice

As shown in Figure 2A, no significant differences were

observed in average daily gain (ADG), average daily feed

intake (ADFI), or feed-to-gain ratio (F/G) between the DQ and

CON groups. Compared with the DQ group, the AMRP+DQ

group showed a significant increase in ADG (P < 0.05),

whereas ADFI and F/G remained unchanged. Compared with the

CON group, the AMRP+DQ group demonstrated a significant

increase in ADG (P < 0.05) and a significant reduction

in F/G (P < 0.05).

As shown in Figure 2B, the thymus and spleen indices

of the DQ group were significantly lower than those of the

CON group (P < 0.05). Compared with the DQ group, the

AMRP+DQ group displayed significantly higher thymus and

spleen indices (P < 0.05). No significant differences were observed

in thymus and spleen indices between the AMRP+DQ and CON

groups group.
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FIGURE 1

Optimization of AMRP extraction conditions. (A) Enzyme type; (B) Enzyme dosage; (C) Hydrolysis temperature; (D) Hydrolysis time. (Di�erent letters

represent significant di�erences, P < 0.05). (n = 3).

TABLE 1 Analysis of Variance of the regression model.

Source Sum of squares df Mean square F-value P-value

model 240.47 9 26.72 32.19 <0.0001

A–The enzyme dosage 175.41 1 175.41 211.35 <0.0001

B–hydrolysis time 6.77 1 6.77 8.16 0.0245

C–hydrolysis

temperature

6.66 1 6.66 8.03 0.0253

AB 5.11 1 5.11 6.15 0.0422

AC 3.2 1 3.2 3.86 0.0902

BC 1.14 1 1.14 1.38 0.2786

A2 27.57 1 27.57 33.22 0.0007

B2 0.14 1 0.14 0.17 0.6957

C2 12.51 1 12.51 15.08 0.006

residual 5.81 7 0.83

lack of fit 3.56 3 1.19 2.11 0.2414

pure error 2.25 4 0.56

total deviation 246.28 16

3.5 AMRP improve the immune function of
mice challenged with diquat

As shown in Figure 3, compared with the CON group, the

DQ group exhibited significantly higher concentrations of pro-

inflammatory cytokines IL-1β, IL-6, and TNF-α (P< 0.05), whereas

the levels of IL-10, IgG, and IgMwere significantly lower (P< 0.05).

No significant differences were observed in IL-4 and IgA levels

between the DQ and CON groups. Compared with the DQ group,

theAMRP+DQ group showed significantly reduced concentrations

of IL-1β, IL-6, and TNF-α (P < 0.05), while IL-10 and IgG levels

were significantly elevated (P < 0.05). Compared with the CON

group, the AMRP+DQ group showed no significant differences in

the levels of IL-1β, IL-6, IL-4, IL-10, TNF-α. IgA, IgG or IgM.
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FIGURE 2

AMRP improved growth performance and immune organ indices in mice. (A) Animal experiment process. (B) Growth performance (ADG: Average

Daily Gain. ADFI: Average Daily Feed Intake. F/G: Feed/Gain Ratio) (C) Organ indices. (“*” indicates significant di�erences P < 0.05, and “**” indicates

highly significant di�erences P < 0.01). (n = 10).

FIGURE 3

AMRP reduced the levels of pro-inflammatory cytokines and increased the levels of anti-inflammatory cytokines in the blood of DQ-challenged

mice. (A-C) Pro-inflammatory cytokine levels in the blood: (A) IL-1β; (B) IL-6; (C) TNF-α; (D, E) Anti-inflammatory cytokine levels in the blood: (D)

IL-10; (E) IL-4. (F-H) Immunoglobulin levels in the blood: (F) IgA; (G) IgG; (H) IgM. (“*” indicates significant di�erences P < 0.05), (n = 10).

3.6 AMRP alleviate intestinal injury and
restore function in mice challenged with
diquat

As shown in Figures 4A–C, compared with the CON group,

the DQ group exhibited a significantly reduced small intestinal

villus height (P < 0.01), a significantly increased crypt depth (P

< 0.01), and a significantly decreased villus height-to-crypt depth

ratio (P < 0.01). Compared with the DQ group, the AMRP+DQ

group showed a significant increase in villus height (P < 0.01), a

significant decrease in crypt depth (P < 0.01), and a significant

increase in the villus height-to-crypt depth ratio (P < 0.01).

These results indicate that DQ induced small intestinal damage

in mice, confirming successful model establishment, while dietary

supplementation with AMRP effectively alleviated DQ-induced
intestinal mucosal injury.

As shown in Figures 4D–F, the small intestinal villi in the CON

group were slender, orderly, and densely packed. In contrast, the

DQ group displayed sparse villi with evident breakage, swelling, and

shortening. Compared with the DQ group, the AMRP+DQ group

exhibited markedly improved villus morphology, characterized
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FIGURE 4

AMRP improved intestinal morphology in mice. (A-C) Villus length, crypt depth, and villus-to-crypt ratio. (D-F) Representative H&E-stained sections

of the intestine from di�erent treatment groups: (D) CON group, (E) DQ group, and (F) AMRP+DQ group (scale bar = 200µm). (G-I) Ultrastructural

electron microscopy images of intestinal tissues of mice from di�erent treatment groups: (G) CON group, (H) DQ group, and (I) AMRP+DQ group

(ultrastructure 7000 ×, scale bar = 1µm), “M”: Mitochondria; White arrow: ER (endoplasmic reticulum). (“*” indicates significant di�erences P < 0.05,

and “**” indicates highly significant di�erences P < 0.001), (n = 10).

by longer, more closely arranged villi, reduced villus breakage

and shedding, and narrower inter-villus spaces. As shown in

Figures 4G–I, the small intestinal epithelial microvilli in the CON

group were smooth, orderly, and associated with normally shaped

mitochondria. Compared with the CON group, the DQ group

exhibited sparse, disorganized microvilli of irregular length and

a marked reduction in mitochondria. Compared with the DQ

group, the AMRP+DQ group displayed an increased number

of mitochondria, more orderly microvilli, and clearly visible

intercellular desmosomes.

3.7 AMRP reduces intestinal
pro-inflammatory cytokine production in
diquat-challenged mice

As shown in Figure 5, the DQ group exhibited significantly

elevated IL-1β levels (P < 0.01) and significantly increased IL-6

and TNF-α levels (P< 0.05) compared with the CON group. In

contrast, the AMRP+DQ group showed significantly reduced IL-

1β levels (P < 0.01) and decreased IL-6 and TNF-α levels (P < 0.05)

compared with the DQ group. No significant differences in IL-1β,

IL-6, or TNF-α levels were observed between the AMRP+DQ and

CON groups.

3.8 AMRP inhibits the PERK/ATF4/CHOP
signaling pathway in DQ-challenged

As shown in Figure 6, the DQ group displayed significantly

increased mRNA expression of Grp78, Atf4, Chop, and Bax (P <

0.05) and significantly decreased expression of Eif-2α and Bcl-2 (P

< 0.05) compared with the CON group, whereas PERK expression

levels remained unchanged. Compared with the DQ group, the

AMRP+DQ group exhibited significantly reduced Perk and Bax

expression (P<0.05) and markedly decreased Grp78, Atf4, and
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FIGURE 5

AMRP reduced intestinal pro-inflammatory cytokine levels in DQ-challenged mice. (A) IL-1β; (B) IL-6; (C) TNF-α. (“*” indicates significant di�erences P

< 0.05, and “**” indicates highly significant di�erences P < 0.01), (n = 10).

FIGURE 6

AMRP inhibited excessive activation of the endoplasmic reticulum stress (ERS) pathway PERK/ATF4/CHOP in DQ-challenged mice. (A-H) Relative

mRNA expression levels of key ERS pathway genes: (A) Perk; (B) Grp78; (C) Eif-2α; (D) Atf4; (E) Chop; (F) Bcl-2; (G) Bax. (“*” indicates significant

di�erences P < 0.05, and “**” indicates highly significant di�erences P < 0.01), (n = 10).

Chop expression (P < 0.01). Additionally, Eif-2α expression was

significantly elevated (P<0.01), and Bcl-2 expression was increased

(P<0.05) in the AMRP+DQ group. No significant differences

in these parameters were observed between the AMRP+DQ and

CON groups.

As shown in Figure 7, the DQ group displayed markedly

elevated protein levels of ATF4 and CHOP (P < 0.01) and

significantly increased levels of PERK, p-PERK, GRP78, and

BAX (P < 0.05) compared with the CON group, whereas EIF-

2α and BCL-2 levels showed no significant changes. Compared

with the DQ group, the AMRP+DQ group exhibited significantly

reduced p-PERK, GRP78, and BAX levels (P < 0.05) and

markedly decreased ATF4 and CHOP levels (P < 0.01), while

EIF-2α and Bcl-2 levels were significantly elevated (P<0.05).

Compared with the CON group, the AMRP+DQ group showed

a significantly higher CHOP protein level (P < 0.01), while the

levels of PERK, ATF4, p-PERK, GRP78, BCL-2, and BAX did not

differ significantly.

4 Discussion

Allium mongolicum Regel polysaccharides (AMRP) are the

major bioactive components of Allium mongolicum Regel and

have been reported to possess multiple biological activities,

including immunomodulatory, antioxidant, and anti-inflammatory

effects (4–6). However, the extraction process has, to some

extent, limited the yield of AMRP and subsequent functional

investigations. Traditional hot-water extraction is simple to operate

but is generally associated with low extraction efficiency and

long processing times. In contrast, enzymatic extraction, owing

to its high specificity and efficiency, can degrade structural

components of the cell wall such as cellulose and pectin, thereby

disrupting the physical barriers that restrict polysaccharide release

and significantly improving extraction efficiency and yield (34).

Moreover, enzymatic extraction can simultaneously degrade certain

impurities, facilitating downstream separation and purification

processes, and is therefore widely applied in the extraction of
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FIGURE 7

E�ects of AMRP on protein expression levels of key molecules in the endoplasmic reticulum stress (ERS) pathway. (A-H) Protein expression levels in

each treatment group: (A) PERK; (B) p-PERK; (C) GRP78; (D) EIF-2α; (E) ATF4; (F) CHOP; (G) BCL-2; (H) BAX. (“*” indicates significant di�erences P <

0.05, and “**” indicates highly significant di�erences P < 0.01), (n = 10).

plant polysaccharides (35). Previous studies have demonstrated

that, compared with conventional extraction methods, enzymatic

extraction can significantly enhance the sugar content and yield of

pumpkin seeds polysaccharides (11), and similar advantages have

been reported for polysaccharides extracted from Dendrobium

Officinale, Vietnamese Red Ganoderma lucidum, and Pleurotus

eryngii (36–38). These findings provide a theoretical basis for

the application of enzymatic extraction in the preparation of

plant polysaccharides. Based on this background, the present

study employed an enzyme-assisted ethanol precipitation method

to optimize the extraction process of AMRP and compared the

extraction efficiencies of different enzyme preparations. The results

showed that, under identical conditions, papain treatment yielded

a higher AMRP content than cellulase or pectinase treatment,

suggesting that proteases may enhance polysaccharide release

by degrading cell structure–associated proteins. On this basis,

the effects of hydrolysis time, temperature, and enzyme dosage

on AMRP yield were further investigated, and the extraction

conditions were optimized using response surface methodology.

Under the optimized conditions (enzyme dosage 25%, hydrolysis

time 4.5 h, and temperature 63.4 ◦C), the yield of AMRP reached

66.26%. Previous studies have also reported that AMRP obtained

via enzymatic extraction exhibits strong in vitro antioxidant activity

(Figure 1). Compared with polysaccharides obtained using our

previously employed hot water extraction-alcohol precipitation

method, the AMRP yield was increased; however, its bioactivity

remains to be further investigated (39).

Dietary supplementation with Allium mongolicum Regel

powder and its extracts can enhance growth performance in

sheep by increasing average daily gain (ADG) and reducing

the feed-to-gain ratio (40). Previous studies have demonstrated

that adding ginseng, astragalus, and salvia polysaccharides to

the diet increases both average daily gain and average daily

feed intake in broilers (41). Furthermore, a study in ruminants

indicate that fermented wheat bran polysaccharides promote

rumen development and enhance growth performance (42).

These results suggest that polysaccharides, the primary bioactive

components of plant extracts, can improve animal growth

performance. In this study, AMRP supplementation significantly

increased ADG and reduced the feed-to-gain ratio compared with

the control group, improved feed conversion efficiency thereby

growth performance in mice (Figure 2B). Previous research has

shown that intraperitoneal injection of DQ induces intestinal

mucosal damage in piglets (3). Mucosal damage increases intestinal

permeability, allowing bacteria to invade the lamina propria,

which can damage immune organs such as mesenteric lymph
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FIGURE 8

Optimization extraction of Allium mongolicum Regel polysaccharide and alleviation of intestinal injury via inhibition of the PERK/ATF4/CHOP

signaling pathway.

nodes and the spleen and trigger abnormal immune responses

(43). The thymus and spleen are key immune organs, and their

indices directly reflect the animal’s immune capacity (44). Ginseng

polysaccharides have been shown to enhance immune function

in mice by restoring damaged immune organs, increasing their

relative weight, reducing inflammatory cytokine production, and

promoting immunoglobulin secretion (45). In this study, thymus

and spleen indices were significantly lower in the DQ group than

in the CON group, with varying degrees of atrophy, indicating

that DQ damaged the mice’s immune organs. Conversely, AMRP

supplementation significantly increased thymus and spleen indices

in DQ-challenged mice (Figure 2C). AMRP also significantly

reduced pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and

increased IL-10 and IgG levels in the blood of DQ-challenged

mice (Figure 3). The thymus is responsible for T lymphocyte

development andmaturation (46), while the spleen contains diverse

immune cells and factors, serving as a key site for immune

responses and playing a crucial role in inflammation (47). These

findings suggest that AMRP enhances thymus and spleen immune

function in mice, thereby improving overall immune capacity and

mitigating DQ-induced declines in growth performance.

The intestine functions both as the primary site for nutrient

absorption and as the body’s largest immune organ. Being directly

exposed to the external environment, the intestine is vulnerable

to damage from harmful factors, including reactive oxygen

species, toxins, and hyperosmotic stress, which can trigger severe

inflammation, autoimmune disorders, metabolic dysfunctions, and

organ pathologies (48). Studies have shown that polysaccharides

from Abelmoschus manihot alleviate intestinal inflammation in

mice by reducing pro-inflammatory cytokines (TNF-α and IL-6)

and promoting the repair of colonic epithelial cells (49) thereby

preventing colitis-induced intestinal damage. Polysaccharides from

Chinese yam and Cyclocarya paliurus have been shown to

strengthen the intestinal barrier by upregulating tight junction

proteins and reducing inflammatory cytokines, significantly

alleviating dextran sulfate sodium (DSS)-induced ulcerative colitis

in mice (50). Together, these findings suggest that plant

polysaccharides enhance intestinal immune and anti-inflammatory

functions, mitigating inflammation-induced intestinal damage.

Based on these findings, we established a mouse model of

intestinal injury via intraperitoneal DQ injection to examine the

protective effects of AMRP againstDQ-induced intestinal epithelial

damage. Our results showed that DQ severely damaged intestinal

villi, whereas AMRP supplementation markedly improved villus

morphology, increased villus length, and significantly elevated

the villus-to-crypt ratio in the AMRP+DQ group compared with

the DQ group. Electron microscopy revealed that tight junctions

between small intestinal epithelial cells were dense and continuous

in the CON group, while they appeared loose and sparse in

the DQ group. In the AMRP+DQ group, tight junction damage

was alleviated, and desmosomal structures were clearly visible

between cells. These findings indicate that AMRP promotes the

development of intestinal villi and microvilli while mitigating DQ-

induced intestinal damage in mice (Figure 4). Additionally, AMRP

supplementation significantly reduced intestinal levels of pro-

inflammatory cytokines (IL-1β, IL-6, and TNF-α) inDQ-challenged

mice, suggesting that AMRP alleviates intestinal inflammation

by inhibiting cytokine production and thus improves intestinal

morphology (Figure 5). However, the precise mechanisms through

which AMRP enhances intestinal morphology remain unclear.
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The intestinal mucosal epithelium is rich in mitochondria,

and stressors such as early weaning, heat exposure, or suboptimal

feeding management can lead to the accumulation of unfolded

proteins, thereby inducing endoplasmic reticulum stress (ERS) in

the intestine. Moderate ERS functions as a protective mechanism;

however, prolonged or excessive ERS disrupts the secretion of

proteins, including tight junction proteins and mucins, and

activates apoptotic pathways, directly damaging the intestine

(16). During ERS, GRP78 dissociates from PERK, rapidly

increasing GRP78 levels, which aids proper protein folding and

the processing of misfolded proteins (19). At the same time,

PERK phosphorylation activates downstream EIF-2α, suppressing

protein synthesis and decreasing IκB levels, which allows NF-κB

nuclear translocation and activation, promoting inflammatory

cytokine release. Meanwhile, EIF-2α induces ATF4 expression,

and ATF4 translocates to the nucleus to bind the CHOP

promoter, upregulating CHOP expression (20). Studies have

shown that ginseng and astragalus polysaccharides can attenuate

excessive ERS and decrease cell apoptosis by downregulating

key transcription factors in the PERK/ATF4/CHOP signaling

pathway, thereby mitigating inflammation-induced organ

damage (45, 51). Therefore, a mouse intestinal injury model

was employed to investigate whether AMRP could alleviate

DQ-induced intestinal damage by modulating the ERS pathway

(PERK/ATF4/CHOP). The results demonstrated that DQ challenge

significantly upregulated intestinal GRP78 mRNA expression in

mice. Although PERKmRNA expression did not differ significantly

from that of the CON group, it exhibited an increasing trend. In

contrast, the protein expression levels of PERK, (p-PERK), and

GRP78 were markedly elevated in the intestines of DQ-treated

mice compared with those of the CON group (Figures 6, 7).

These findings suggest that PERK dissociated from GRP78 and

subsequently underwent dimerization and autophosphorylation,

thereby acquiring kinase activity, which may explain the increased

p-PERK protein levels. Upon activation, PERK catalyzes the

phosphorylation of eIF2α, and phosphorylated eIF2α binds

tightly to eukaryotic translation initiation factor 2B, leading to

inhibition of translation initiation and a reduction in global protein

synthesis (52, 55). Nevertheless, eIF2α phosphorylation selectively

promotes ATF4 translation, as ATF4 mRNA can be translated

via a non-canonical initiation mechanism that circumvents

eIF2α-mediated translational repression. Following nuclear

translocation, ATF4 induces the expression of the pro-apoptotic

transcription factor CHOP. ATF4 and CHOP further cooperate

to activate the transcription of genes associated with the UPR

(41, 42). Consistently, the present study showed that the mRNA

expression levels of ATF4 and CHOP were significantly increased,

accompanied by elevated levels of intestinal inflammatory

cytokines, indicating the occurrence of severe endoplasmic

reticulum stress in the intestine, which further aggravated

intestinal inflammatory responses. Following AMRP intervention,

the mRNA and protein expression levels of these markers in

the intestines of DQ-challenged mice were significantly reduced,

and intestinal inflammatory cytokine levels were concomitantly

decreased (Figures 5–7). Notably, when cellular proteostasis is

restored and endoplasmic reticulum stress is alleviated, ATF4

and CHOP induce the transcription of growth arrest and DNA

damage-inducible protein 34 (GADD34). GADD34 functions as

a regulatory subunit of protein phosphatase 1 and catalyzes the

dephosphorylation of phosphorylated EIF2α (53). In the present

study, compared with the CON group, EIF2α mRNA expression

was significantly decreased in the DQ group, and its protein

level also showed a downward trend. This phenomenon may be

attributed to excessive endoplasmic reticulum stress induced by

DQ challenge, which disrupted cellular homeostasis and impaired

self-repair capacity, thereby preventing the dephosphorylation of

p-EIF2α (Figures 6, 7). In contrast, this alteration was alleviated by

AMRP intervention, indicating that AMRP attenuates excessive

endoplasmic reticulum stress by inhibiting the PERK/ATF4/CHOP

signaling pathway, thereby mitigating inflammation-mediated

intestinal injury. The BCL-2 family protein BAX is a major

regulator of physiological and pathological cell death. BCL-2 is

an anti-apoptotic protein localized to the outer mitochondrial

membrane, where it directly binds to the pro-apoptotic protein

BAX to form heterodimers. This interaction inhibits BAX

conformational activation, mitochondrial translocation, and

oligomerization, thereby maintaining mitochondrial membrane

integrity. In contrast, BAX is a pro-apoptotic protein that exists

in the cytoplasm as an inactive monomer or dimer under resting

conditions. Upon activation, BAX translocates to the mitochondria

and undergoes oligomerization, forming mitochondrial outer

membrane permeabilization (MOMP) pores. This process

facilitates the release of cytochrome c and other pro-apoptotic

factors from the mitochondria into the cytoplasm, ultimately

triggering the caspase cascade (54). As a transcription factor,

CHOP can directly bind to the promoter region of the Bcl-2 gene

and suppress the transcription and synthesis of the anti-apoptotic

gene Bcl-2, thereby reducing intracellular levels of anti-apoptotic

proteins and weakening their inhibitory constraint on BAX (21). In

the present study, compared with the CON group, both mRNA and

protein expression levels of Bcl-2 were significantly decreased in

the intestines of DQ-treated mice, whereas the mRNA and protein

expression levels of BAX were markedly increased (Figures 6, 7).

This alteration is likely attributable to excessive CHOP expression

induced by DQ challenge, which suppressed Bcl-2 transcription

and synthesis. Reduced BCL-2 expression subsequently impaired

its ability to effectively bind inactive cytosolic BAX, resulting in the

release of BAX from heterodimeric complexes and its conversion

into an activatable monomeric form. Consequently, the imbalance

in the Bcl-2/BAX ratio indicates that DQ challenge induces

severe endoplasmic reticulum stress in the intestine, leading to

excessive activation of mitochondrial autophagy and ultimately

triggering apoptosis. In contrast, compared with the DQ group,

mice in the AMRP+DQ group exhibited significantly reduced

mRNA and protein expression levels of BAX, accompanied by a

marked increase in Bcl-2 mRNA and protein expression. This shift

effectively alleviated mitochondrial autophagy triggered by the

imbalance between Bcl-2 and BAX (Figures 6, 7). Transmission

electron microscopy further demonstrated that intestinal tissues

from DQ-treated mice displayed sparse mitochondria with swollen

morphology and disrupted cristae. Conversely, mitochondria in

the intestines of AMRP+DQ-treated mice were more abundant,
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morphologically intact, and characterized by smooth outer

membranes, closely resembling those observed in the CON group

(Figure 4). Collectively, these results indicate that AMRP alleviates

endoplasmic reticulum stress–induced mitochondrial autophagy

by suppressing the PERK/ATF4/CHOP signaling pathway,

thereby reducing apoptosis and mitigating inflammation-mediated

intestinal injury.

5 Conclusion

In conclusion, AMRP mitigates sustained ERS by inhibiting

the PERK/ATF4/CHOP pathway, reducing intestinal inflammatory

cytokine production, suppressing mitochondrial autophagy, and

downregulating apoptotic factors, thereby alleviating DQ-induced

intestinal injury in mice. Consequently, AMRP enhances immune

function and improves growth performance (Figure 8).

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding authors.

Ethics statement

The animal study was approved by Animal Ethics Committee

of Inner Mongolia Agricultural University. The study was

conducted in accordance with the local legislation and

institutional requirements.

Author contributions

XN: Conceptualization, Data curation, Formal analysis,

Software, Validation, Visualization, Writing – original draft,

Writing – review & editing. GN: Conceptualization, Data curation,

Formal analysis, Software, Validation, Visualization, Writing –

original draft, Writing – review & editing. YZ: Data curation,

Investigation, Project administration, Writing – review & editing.

YC: Formal analysis, Investigation, Methodology, Writing – review

& editing. HJ: Validation, Writing – original draft. JZ: Validation,

Writing – original draft. LC: Validation, Writing – original draft.

DL: Project administration, Validation, Visualization, Writing

– review & editing. YX: Conceptualization, Data curation,

Funding acquisition, Project administration, Writing – review

& editing.

Funding

The author(s) declared that financial support was received for

this work and/or its publication. This work was supported by

National Natural Science Foundation of Inner Mongolia (Project

NO. 2023QN03014); Inner Mongolia Education Department

Special Research Project For First Class Disciplines (Project

NO. YLXKZX-NND-018).

Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Correction note

A correction has been made to this article. Details can be found

at: 10.3389/fvets.2026.1864089.

Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in

this article has been generated by Frontiers with the support of

artificial intelligence and reasonable efforts have been made to

ensure accuracy, including review by the authors wherever possible.

If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fvets.2026.

1773978/full#supplementary-material

Frontiers in Veterinary Science 13 frontiersin.org

https://doi.org/10.3389/fvets.2026.1773978
https://doi.org/10.3389/fvets.2026.1864089
https://www.frontiersin.org/articles/10.3389/fvets.2026.1773978/full#supplementary-material
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Niu et al. 10.3389/fvets.2026.1773978

References
1. Guo H, Cui J, Li Q, Liang X, Li J, Yang B, et al. A multi-omic assessment of
the mechanisms of intestinal microbes used to treat diarrhea in early-weaned lambs.
mSystems. (2024) 9:e0095323. doi: 10.1128/msystems.00953-23

2. Lee IK, Kye YC, Kim G, Kim HW, Gu MJ, Umboh J, et.al. Stress, nutrition, and
intestinal immune responses in pigs - a review. Anim Biosci. (2016) 29:1075–82.
doi: 10.5713/ajas.16.0118

3. Gou F, Cai F, Li X, Lin Q, Zhu J, Yu M, et al. Mitochondria-associated endoplasmic
reticulum membranes involve in oxidative stress-induced intestinal barrier injury and
mitochondrial dysfunction under diquat exposing. Environ Toxicol. (2024) 39:3906–19.
doi: 10.1002/tox.24232

4. Lin TJ. The study on effect of polysaccharide from allium
mongolicum regel on blood biochemical parameters and intestinal
mucosal immune in meat sheep. Hohhot: Inner Mongolia Agricultural
University. (2011).

5. Song LX, Ao CJ, Lin TJ, Cao P, Tang MH, Song BM. Effect of Allium Mongolicum
Regel Polysaccharides (AMRP) on antioxidant capacity of meat sheep. Chin J Anim Sci.
(2012) 48:56–8.

6. Li HB, Duan JY, Jiang LS, Ao CJ, Bai C. Effects of Ethanol Extract of
Allium mongolicum Regel on Plasma Biochemical, Antioxidant, Immune and
Hormone Indexes of Dairy Cows. Acta Zoonutrimenta Sinica. (2024) 36:1734–44.
doi: 10.12418/CJAN2024.152

7. LiMY, Zhu XM, Niu XT, Chen XM, Tian JX, Kong YD, et al. Effects of dietary Allium
mongolicum Regel polysaccharide on growth, lipopolysaccharide-induced antioxidant
responses and immune responses in Channa argus. Mol Biol Rep. (2019) 46:2221–30.
doi: 10.1007/s11033-019-04677-y

8. Nan GR, Zheng YK, Chen Y, Li DB, Xing YY. Effects of Allium mongolicum Regel
polysaccharide on antioxidant function and its mechanism in diquat-challenged mice.
Chin J Feed Res. (2025) 08:67–72.

9. Zhao YQ, Ao CJ, Ha S, Er D, Bai C, Cao QN, et al. Immunoadjuvant Effects of
Allium mongolicum Regel Polysaccharide on Ovalbumin in Mice. Chin J Anim Nutr.
(2024) 09:6007-14. doi: 10.12418/CJAN2024.509

10. Bhotmange DU, Wallenius JH, Singhal RS, Shamekh SS. Enzymatic extraction and
characterization of polysaccharide from Tuber aestivum. Bioact Carbohydr Diet Fibre.
(2017) 10:1–9. doi: 10.1016/j.bcdf.2017.02.001

11. Hu AY, Zhao YJ, Jiang L, Gan ZR, Wang RX, Lu C, et al. Optimization of
polysaccharide extraction from pumpkin seeds using ultrasonic-assisted enzymatic
method.Microchem J. (2025) 208:112285. doi: 10.1016/j.microc.2024.112285

12. Bogaert S, De Vos M, Olievier K, Peeters H, Elewaut D, Lambrecht B, et al.
Involvement of endoplasmic reticulum stress in inflammatory bowel disease:a
different implication for colonic and ileal disease? PLoS ONE. (2011) 6:e25589.
doi: 10.1371/journal.pone.0025589

13. Saito A, Ochiai K, Kondo S, Tsumagari K, Murakami T, Cavener DR, et al.
Endoplasmic reticulum stress response mediated by the PERK-eIF2(alpha)-ATF4
pathway is involved in osteoblast differentiation induced by BMP2. J Biol Chem. (2011)
286:4809–18. doi: 10.1074/jbc.M110.152900

14. Yu Y, Wu D, Li Y, Qiao H, Shan Z. Ketamine enhances autophagy and endoplasmic
reticulum stress in rats and SV-HUC-1 cells via activating IRE1-TRAF2-ASK1-JNK
pathway. Cell Cycle. (2021) 20:1907–22. doi: 10.1080/15384101.2021.1966199

15. Chen Y, Brandizzi F. IRE1: ER stress sensor and cell fate executor. Trends Cell Biol.
(2013) 23:547–55. doi: 10.1016/j.tcb.2013.06.005

16. Tan YR, Shen SY, Shen HQ, Yi PF, Fu BD, Peng LY. The role of endoplasmic
reticulum stress in regulation of intestinal barrier and inflammatory bowel disease. Exp
Cell Res. (2023) 424:113472. doi: 10.1016/j.yexcr.2023.113472

17. Salaroglio IC, Panada E, Moiso E, Buondonno I, Provero P, Rubinstein M,
et al. PERK induces resistance to cell death elicited by endoplasmic reticulum
stress and chemotherapy. Mol Cancer. (2017) 16:91. doi: 10.1186/s12943-017-0
657-0

18. Fu X, Cui J, Meng X, Jiang P, Zheng Q, Zhao W, et al. Endoplasmic
reticulum stress, cell death and tumor: association between endoplasmic reticulum
stress and the apoptosis pathway in tumors (Review). Oncol Rep. (2021) 45:801–8.
doi: 10.3892/or.2021.7933

19. Zhang K, Kaufman RJ. From endoplasmic-reticulum stress to the inflammatory
response. Nature. (2008) 454:455–62. doi: 10.1038/nature07203

20. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, et al.
Regulated translation initiation controls stress-induced gene expression in
mammalian cells. Mol Cell. (2000) 6:1109–1108. doi: 10.1016/S1097-2765(00)00
108-8

21. Tamaki T, Kamatsuka K, Sato T, Morooka S, Otsuka K, Hattori M, et al.
A novel transmembrane protein defines the endoplasmic reticulum stress-
induced cell death pathway. Biochem Biophys Res Commun. (2017) 486:149–55.
doi: 10.1016/j.bbrc.2017.03.017

22. Zhang Z, Qiao D, Zhang Y, Chen Q, Chen Y, Tang Y, et al. Extract
Ameliorates Intestinal Inflammation by Regulating Endoplasmic Reticulum Stress
and Autophagy. Mol Nutr Food Res. (2022) 66:2100791. doi: 10.1002/mnfr.2021
00791

23. Cai Y, Wang X, Xiang Y, Wang Z, Long Q, Zeng C. Codonopsis pilosula
polysaccharides alleviate neuronal apoptosis induced by endoplasmic reticulum stress-
activated PERK-ATF4-CHOP signaling in APP/PS1 mice. J Alzheimers Dis. (2025)
106:317–30. doi: 10.1177/13872877251339484

24. Fan X, Xie M, Zhao F, Li J, Fan C, Zheng H, et al. Daphnetin triggers
ROS-induced cell death and induces cytoprotective autophagy by modulating the
AMPK/Akt/mTOR pathway in ovarian cancer. Phytomedicine. (2021) 82:153465.
doi: 10.1016/j.phymed.2021.153465

25. Yu W, Zhang X, Wu H, Zhou Q, Wang Z, Liu R, et al. HO-1 Is Essential
for Tetrahydroxystilbene Glucoside Mediated Mitochondrial Biogenesis and Anti-
Inflammation Process in LPS-Treated RAW2647 Macrophages. Oxid Med Cell Longev.
(2017) 2017:13. doi: 10.1155/2017/1818575

26. Yin XL, You QH, Jiang ZH. Optimization of enzyme assisted extraction
of polysaccharides from Tricholoma matsutake by response surface
methodology. Carbohydr Polym. (2011) 86:1358–64. doi: 10.1016/j.carbpol.2011.
06.053

27. Lun QJ, Luo PY. Comparison of phenol-sulfuric acid method and anthrone
sulfate method for determining the content of ganoderma lucidum polysaccharides
in ganoderma lucidum spore. China Food Saf Mag. (2024) 39:2774-76.
doi: 10.16043/j.cnki.cfs.2024.14.004

28. Wang M, Huang H, Liu S, Zhuang Y, Yang H, Li Y, et.al. Tannic acid modulates
intestinal barrier functions associated with intestinal morphology, antioxidative
activity, and intestinal tight junction in a diquat-induced mouse model. RSC Adv.
(2019) 9:31988–98. doi: 10.1039/C9RA04943F

29. Xu ZY, Wang JC. LACC1 regulates changes in the intestinal flora in a
mouse model of inflammatory bowel disease. BMC Gastroenterol. (2023) 23:1–9.
doi: 10.1186/s12876-023-02971-5

30. Muñoz OB. Determination of proinflammatory and antiinflammatory
cytokines by ELISA Technique. Methods Mol Biol. (2023) 2612:101-8.
doi: 10.1007/978-1-0716-2903-1_8

31. Liss B. Improved quantitative real-time RT–PCR for expression profiling of
individual cells. Nucleic Acids. (2002) 30:e89. doi: 10.1093/nar/gnf088

32. Li H, Hu Y, Li J, He J, Yu G, Wang J, et al. Intranasal prime-boost RNA
vaccination elicits potent T cell response for lung cancer therapy.Nature. (2025) 24:101.
doi: 10.1038/s41392-025-02191-1

33. Xiao K, Cao Y, Han ZH, Zhang YX, Luu LDW, Chen L, et al. A pan-immune
panorama of bacterial pneumonia revealed by a large-scale single-cell transcriptome
atlas. Nature. (2025) 6. doi: 10.1038/s41392-024-02093-8

34. Guo L, Tan DC, Hui FY, Gu F, Xiao KM, Hua Y. Optimization of the Cellulase–
Ultrasonic Synergistic Extraction Conditions of Polysaccharides from Lenzites
betulina. Chem Biodivers. (2019) 16:e1900369. doi: 10.1002/cbdv.201900369

35. Nadar SS, Rao P, Rathod VK. Enzyme assisted extraction of biomolecules as an
approach to novel extraction technology: a review. Food Res Int. (2018) 108:309–30.
doi: 10.1016/j.foodres.2018.03.006

36. Zhou H, Dong Y, Wu Z, Peng X, Yan M, Chen S, et al. Ultrasound-assisted
enzyme extraction of dendrobium officinale polysaccharides: extraction process,
characterization, immunomodulatory effects. Ultrason Sonochem. (2025) 114:107248.
doi: 10.1016/j.ultsonch.2025.107248

37. Do DT, Lam DH, Nguyen T, Phuong Mai TT, Phan LTM, Vuong HT, et al.
Utilization of response surface methodology in optimization of polysaccharides
extraction from vietnamese red ganoderma lucidum by ultrasound-assisted enzymatic
method and examination of bioactivities of the extract. Sci World J. (2021) 2021:1–11.
doi: 10.1155/2021/7594092

38. Jiao FP, Wang XX, Song XL, Processing optimization and anti-oxidative activity
of enzymatic extractable polysaccharides from Pleurotus djamor. Int J Biol Macromol.
(2017) 98:469-78. doi: 10.1016/j.ijbiomac.2017.01.126

39. Zhang XF, Shao LX, Hu RP. Research on the Extraction Process of Allium
mongolicum Regel Polysaccharides. Feed Ind. (2009) 30:31-3.

40. Du H, Erdene K, Chen S, Qi S, Bao Z, Zhao Y, et al. Correlation of the
rumen fluid microbiome and the average daily gain with a dietary supplementation
of Allium mongolicum Regel extracts in sheep1. J Anim Sci. (2019) 97:2865–77.
doi: 10.1093/jas/skz139

41. ZhaoG, Niu Y,WangH, Qin S, Zhang R,WuY, et al. Effects of three different plant-
derived polysaccharides on growth performance, immunity, antioxidant function, and
cecal microbiota of broilers. J Sci Food Agric. (2024) 104:1020–9. doi: 10.1002/jsfa.12988

42. Wang W, Wang Y, Cui Z, Yang Y, An X, Qi J. Fermented wheat bran
polysaccharides intervention alters rumen bacterial community and promotes rumen

Frontiers in Veterinary Science 14 frontiersin.org

https://doi.org/10.3389/fvets.2026.1773978
https://doi.org/10.1128/msystems.00953-23
https://doi.org/10.5713/ajas.16.0118
https://doi.org/10.1002/tox.24232
https://doi.org/10.12418/CJAN2024.152
https://doi.org/10.1007/s11033-019-04677-y
https://doi.org/10.12418/CJAN2024.509
https://doi.org/10.1016/j.bcdf.2017.02.001
https://doi.org/10.1016/j.microc.2024.112285
https://doi.org/10.1371/journal.pone.0025589
https://doi.org/10.1074/jbc.M110.152900
https://doi.org/10.1080/15384101.2021.1966199
https://doi.org/10.1016/j.tcb.2013.06.005
https://doi.org/10.1016/j.yexcr.2023.113472
https://doi.org/10.1186/s12943-017-0657-0
https://doi.org/10.3892/or.2021.7933
https://doi.org/10.1038/nature07203
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/j.bbrc.2017.03.017
https://doi.org/10.1002/mnfr.202100791
https://doi.org/10.1177/13872877251339484
https://doi.org/10.1016/j.phymed.2021.153465
https://doi.org/10.1155/2017/1818575
https://doi.org/10.1016/j.carbpol.2011.06.053
https://doi.org/10.16043/j.cnki.cfs.2024.14.004
https://doi.org/10.1039/C9RA04943F
https://doi.org/10.1186/s12876-023-02971-5
https://doi.org/10.1007/978-1-0716-2903-1_8
https://doi.org/10.1093/nar/gnf088
https://doi.org/10.1038/s41392-025-02191-1
https://doi.org/10.1038/s41392-024-02093-8
https://doi.org/10.1002/cbdv.201900369
https://doi.org/10.1016/j.foodres.2018.03.006
https://doi.org/10.1016/j.ultsonch.2025.107248
https://doi.org/10.1155/2021/7594092
https://doi.org/10.1016/j.ijbiomac.2017.01.126
https://doi.org/10.1093/jas/skz139
https://doi.org/10.1002/jsfa.12988
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Niu et al. 10.3389/fvets.2026.1773978

development and growth performance in lambs. Front Vet Sci. (2022) 9:841406.
doi: 10.3389/fvets.2022.841406

43. Liu Y, Wu J, Tan L, Li Z, Gao P, He S, et al. (–)-Syringaresinol attenuates ulcerative
colitis by improving intestinal epithelial barrier function and inhibiting inflammatory
responses. Phytomedicine. (2024) 124:155292. doi: 10.1016/j.phymed.2023.15
5292

44. Liu H, Pei X, Wang J, Zhou Y, Wang L, Qi B. Effect of loach paste on the liver
and immune organs of D-galactose-induced ageing mice. Food Agric Immunol. (2017)
29:316–31. doi: 10.1080/09540105.2017.1376037

45. Hu Y, He Y, Niu Z, Shen T, Zhang J, Wang X, et al. A review of the
immunomodulatory activities of polysaccharides isolated from Panax species. J Ginseng
Res. (2022) 46:23–32. doi: 10.1016/j.jgr.2021.06.003

46. Pabst R. The thymus is relevant in the migration of mature lymphocytes. Cell Tissue
Res. (2019) 376:19–24. doi: 10.1007/s00441-019-02994-z

47. Perez OA, Yeung ST, Vera-Licona P, Romagnoli PA, Samji T, Ural BB, et al.
CD169+ macrophages orchestrate innate immune responses by regulating bacterial
localization in the spleen. Sci Immunol. (2017) 2:eaah5520. doi: 10.1126/sciimmunol.
aah5520

48. Mu X, Pan C, Zheng S, Alhamdi Y, Sun B, Shi Q, et al. Protective
effects of carbon monoxide-releasing molecule-2 on the barrier function of
intestinal epithelial cells. PLoS ONE. (2014) 9:e104032. doi: 10.1371/journal.pone.010
4032

49. Wang Y, Li C, Li J, Zhang S, Zhang Q, Duan J, et al. Abelmoschus manihot
polysaccharide fortifies intestinal mucus barrier to alleviate intestinal inflammation by
modulating Akkermansia muciniphila abundance.Acta Pharmaceutica Sinica B. (2024)
14:3901–15. doi: 10.1016/j.apsb.2024.06.002

50. Lu H, Shen M, Chen Y, Yu Q, Chen T, Xie J. Alleviative effects of
natural plant polysaccharides against DSS-induced ulcerative colitis via inhibiting
inflammation and modulating gut microbiota. Food Res Int. (2023) 167:112630.
doi: 10.1016/j.foodres.2023.112630

51. Zheng L, Zhang YL, Chen X, Chen DL, Dai YC, Tang ZP. Astragalus
polysaccharides protects thapsigargin-induced endoplasmic reticulum stress in HT29
cells. Open Life Sci. (2019) 14:494–501. doi: 10.1515/biol-2019-0055

52. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for
translational regulation and cell survival during the unfolded protein response. Mol
Cell. (2000) 5:897–904. doi: 10.1016/S1097-2765(00)80330-5

53. Novoa I, Zeng H, Harding HP, Ron D. Feedback inhibition of the unfolded protein
response by GADD34-mediated dephosphorylation of eIF2alpha. J Cell Biol. (2001)
153:1011–22. doi: 10.1083/jcb.153.5.1011

54. Gitego N, Agianian B, Mak OW, Kumar Mv V, Cheng EH, Gavathiotis E. Chemical
modulation of cytosolic BAX homodimer potentiates BAX activation and apoptosis.
Nat Commun. (2023) 14:44084. doi: 10.1038/s41467-023-44084-3

55. Fels DR, Koumenis C. The PERK/eIF2α/ATF4 module of the UPR in
hypoxia resistance and tumor growth. Cancer Biol Ther. (2006) 5:723–8.
doi: 10.4161/cbt.5.7.2967

Frontiers in Veterinary Science 15 frontiersin.org

https://doi.org/10.3389/fvets.2026.1773978
https://doi.org/10.3389/fvets.2022.841406
https://doi.org/10.1016/j.phymed.2023.155292
https://doi.org/10.1080/09540105.2017.1376037
https://doi.org/10.1016/j.jgr.2021.06.003
https://doi.org/10.1007/s00441-019-02994-z
https://doi.org/10.1126/sciimmunol.aah5520
https://doi.org/10.1371/journal.pone.0104032
https://doi.org/10.1016/j.apsb.2024.06.002
https://doi.org/10.1016/j.foodres.2023.112630
https://doi.org/10.1515/biol-2019-0055
https://doi.org/10.1016/S1097-2765(00)80330-5
https://doi.org/10.1083/jcb.153.5.1011
https://doi.org/10.1038/s41467-023-44084-3
https://doi.org/10.4161/cbt.5.7.2967
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Optimization extraction of Allium mongolicum Regel polysaccharide and alleviation of intestinal injury via inhibition of the PERK/ATF4/CHOP signaling pathway
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Preparation of AMRP
	2.2.2 Screening of enzyme types and reaction conditions
	2.2.3 Determination of sugar content in AMRP

	2.3 Animal experiment
	2.4 Organ index
	2.5 Enzyme-linked immunosorbent assay (ELISA)
	2.6 Quantitative real-time PCR (RT-qPCR)
	2.7 Hematoxylin and eosin staining (HE) and immunohistochemical staining (IHC)
	2.8 Immunohistochemical analysis of tight junction proteins
	2.9 Data analysis

	3 Results
	3.1 Impact of enzyme types, dosage, temperature, time on polysaccharide yield
	3.2 Results of response surface methodology
	3.3 Validation experiment
	3.4 AMRP improves growth performance and organ indices in diquat-challenged mice
	3.5 AMRP improve the immune function of mice challenged with diquat
	3.6 AMRP alleviate intestinal injury and restore function in mice challenged with diquat
	3.7 AMRP reduces intestinal pro-inflammatory cytokine production in diquat-challenged mice
	3.8 AMRP inhibits the PERK/ATF4/CHOP signaling pathway in DQ-challenged

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Correction note
	Generative AI statement
	Publisher's note
	Supplementary material
	References


