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Chronic cold exposure induces oxidative damage and inflammatory responses in animals. While rutin demonstrates 
established health benefits, its therapeutic mechanisms against cold stress remain incompletely characterized. The aim of 
this study was to investigate the effect and mechanism of oral rutin on the liver of mice under cold conditions. A total of 48 
6-week-old male Balb/c mice with similar weight (23±1g) were randomly divided into four experimental groups: Control 
group (CON), Rutin group (RUT), Cold stress with rutin group (CS+RUT) and Cold stress group (CS). The results showed 
there was obvious oxidative stress, inflammation and liver damage of mice in the CS group, and oral rutin, significantly 
increased the activities of various antioxidant enzymes (P < 0.05) and the contents of malondialdehyde (MDA) and 
hydrogen peroxide (H2O2) in liver (P < 0.05). By mediating the PI3K-AKT-mTOR and Nrf2-Keap1 signaling pathways and 
the symptoms of cold stress injury were significantly alleviated by rutin. This study demonstrated that the recipe rutin can 
significantly alleviate liver damage caused by cold stress through PI3K-AKT-mTOR and Nrf2-Keap1 signaling pathways, 
and lays a theoretical foundation for the application of rutin in cold-stressed animals.  
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Cold stress in high-latitude regions impairs animal 
survival by disrupting multiple physiological systems 
(nervous, endocrine, reproductive, cardiovascular)1,2 

and compromising antioxidant capacity3, energy 
metabolism, and immune function4,5. It reduces 
growth/reproductive performance and induces 
oxidative stress and inflammation, causing tissue 
damage6,7. Thermoregulatory adaptations enhance 
activity and heat production8,9, cold stress dysregulates 
hepatic enzymes, promotes lipid peroxidation and 
glycogen breakdown, suppresses immunity, and causes 
liver damage10,11, evidenced by elevated MDA in rats12 
and peroxidation in fish13. 
 

Mitigating cold-induced damage in modern animal 
production requires both improved environments and 
effective nutritional strategies, such as anti-cold stress 
feed additives. Studies demonstrate that dietary plant 
extracts including purslane (replacing oxytetracycline 
in broilers)14, memantine (preventing hepatic lipid 
depletion in rats)15, and aconite (increasing 
thermogenesis in mice)16 significantly benefit the 
health and nutritional status of cold-stressed animals. 

Rutin, also known as rutin glycoside or vitamin P, 
has the molecular formula C27H30O16. It is a  
naturally occurring flavonoid glycoside widely found 
in various plants, such as buckwheat, asparagus, and 
apples. Rutin exhibits various pharmacological 
properties, including anticancer, anti-inflammatory, 
neuroprotective, antioxidant effect, etc17. It demonstrates 
anti-inflammatory and anti-liver fibrosis effects in rats, 
potentially via antioxidant mechanisms: enhancing 
endogenous enzymes, modulating Nrf2 (a negative 
inflammatory regulator), and antagonizing inflammatory 
factors18. Rutin may prevent animal stress by acting as 
an anti-peroxidant19 and improves hepatic antioxidant 
capacity by mediating oxidative stress pathways20. Like 
other flavonoids, it attenuates oxidative injury via the 
PI3K-AKT-mediated Nrf2 pathway21; as a PI3K-AKT-
mTOR activator, rutin protects against neurotoxicity22. 
 

Despite extensive study of rutin's health benefits, 
its role in mitigating cold stress-induced liver injury 
and the underlying mechanisms remain unclear. This 
study investigates the mechanisms of cold stress-
mediated liver injury and protective effects of rutin 
under cold stress, providing a theoretical basis for 
application of rutin in animal production and 
strategies to enhance cold resistance. 
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Materials and Methods 
 
Ethical statement 

All experimental animal procedures were performed 
in accordance with the Ethical and Animal Welfare 
Committee of the Northeast Agricultural University 
(Protocol number: NEAU [2013]-9). The mice were 
housed and fed under standard conditions at  
the experimental base of Northeast Agricultural 
University. 
 
Experimental design 

Forty-eight six-week-old female Balb/c mice with 
an average initial body weight (bw) of 23±1 g were 
selected for the experiment. Mice were housed in a 
climatic chamber with a room temperature of 23±2°C 
and a relative humidity of 40% with a daily free diet. 
After the prefeed period of one week, mice were 
randomly divided into four groups (n = 12): Control 
group (CON); Rutin group (RUT); Cold stress group 
(CS)  and CS+ RUT group. The conditions for 
inducing cold stress in mice were exposure to 4°C from 
9:00-12:00 daily. The mice in the RUT and CS+RUT 
groups were gavaged with rutin (100mg/kg bw) 
dissolved in normal saline at 7:00 am every day, and 
the mice in the control and CS groups were gavaged 
with the same volume of rutin aqueous solution. Rutin 
with a purity of more than 97% (HPLC) were 
purchased from Meilun Biotech (cas: 250249-75-3). 
The basal diet was formulated according to the 
National Research Council and provided by Synergy 
Pharmaceutical Bioengineering (Number: 1010001). 
The test lasted for 21 days. Body weight and feed 
intake of mice were monitored during the trial.  
 
Sample collection 

On the 21-day of the experiment, mice were 
euthanized by ether dizziness, and blood and liver 
tissues were collected. The collected blood was 
centrifuged at 1000×g for 5 min at 4°C, and the 
plasma was separated immediately and stored at 
˗80°C. Part of the liver tissue was stored in 4% 
paraformaldehyde for histological analysis, and the 
remaining liver tissue was stored at ˗80°C until use. 
 
Histopathological analysis of liver tissue 

Liver specimens (0.125 cm³) were immediately 
collected, fixed in 4% paraformaldehyde for 72 h, 
dehydrated through graded ethanol series, and 
embedded in paraffin. Serial sections (5 μM thickness) 
were stained with hematoxylin and eosin (H&E) for 
histomorphological evaluation. Microscopic analysis 

was performed using a Nikon Eclipse Ci-L microscope 
(Tokyo, Japan) under 40-400× magnification23. 
 
Assay of antioxidant levels in plasma and liver 

Liver tissues (0.1 g) were homogenized in 0.9 mL 
ice-cold physiological saline (9 g/L, pH 7.2-7.4) using 
a bead mill homogenizer (6.0 m/s, 30 s). The 
homogenate underwent centrifugation (12,000×g,  
10 min, 4°C) to obtain the supernatant. Antioxidant 
biomarkers (T-SOD, GSH-PX, GST, MDA) in 
hepatic supernatant and plasma were quantified 
spectrophotometrically (MAPADA UV1100) using 
commercial kits (Nanjing Jiancheng Bioengineering 
Institute) according to the manufacturer′s protocols: 
T-SOD (A001-1-2a), GSH-PX (A005-1-2), GST 
(A004-1-1), and MDA (A003-1-2). 
 
Real-time quantitative PCR analysis  

Total RNA was extracted from the liver samples 
with an RNAiso Plus kit (Takara, Japan). The gene 
accession numbers of the mice were obtained from 
the NCBI, and gene primers were synthesized by 
Sangon Biotech Co. Ltd (Shanghai, China) Primer 
sequences are shown in Table 1. RT-qPCR condition 
was run in ABI 7500 thermal cycler (Applied 
Biosystems, Foster City, CA, USA). After the cycles, 
the RT-qPCR data were evaluated using the 2−ΔΔ Ct 
method and normalized to β-actin expression24. 
 
Western blotting 

The supernatant of liver samples was obtained, and 
protein was extracted with the lysis buffer. Then, the 
protein extract was mixed with an equal volume of 
loading buffer (catalog number: P0015, Beyotime, 
Shanghai, China) and separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS–
PAGE) (5% concentration gel and 12% separation gel). 
Images of the blots were obtained and adjusted by the 
Essential V6 virtual 2D imaging software (UVITEC, 
Cambridge, UK). Antibodies were obtained from 
Wanlei Biotechnology (Shenyang, China) including  
β-actin mouse monoclonal antibody (catalog number: 
WL01372), Nrf2 rabbit polyclonal antibody (catalog 
number: WL02135), Keap1 rabbit polyclonal antibody 
(catalog number: WL03285), p-AKT rabbit polyclonal 
antibody (catalog number: WLP001a), p-mTOR rabbit 
polyclonal antibody (catalog number: WL03694), Anti-
p-PI3K rabbit monoclonal antibody (catalog number: 
AF5905). 
 
Statistical analysis 

The results were expressed as mean ± standard 
deviation (mean ± SD) and were analyzed using 
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statistical product and service solutions (SPSS version 
22.0; SPSS Inc., Chicago, IL, USA). The statistical 
significance of the data was evaluated using analysis 
of variance followed by a least significant difference 
test as the post hoc test, with a 5% probability of 
error. P < 0.05 was considered statistically significant. 
All graphs with standard deviation bars were 
constructed using GraphPad Prism (version 8.3.0, 
GraphPad Software, San Diego, CA, USA). 
 
Results 
 
Effect of rutin on liver morphology of cold-stressed mice 

As shown in Fig. 1, the liver in the CON group and 
the rutin group had intact liver lobules, normal cell 
morphology, neat arrangement, and clearly visible 
nucleus. In the CS group, there was more inflammatory 
cell infiltration and liver cell degeneration, edema and 
even local necrosis, with no obvious boundary 
between cells. Compared with the CS group, the 

CS+RUT group had an orderly arrangement of liver 
cells, disappearance of edema, and a decrease in the 
number of necrotic cells. 
 
Effect of rutin on the antioxidant capacity in serum of cold-
stressed mice  

As shown in Table 2, the levels of MDA and H2O2 
in the group CS were significantly higher than those in 
the CON, RUT and CS+RUT groups (P<0.05). The 
CON, RUT and CS+RUT groups were significantly 
higher in the GSH-PX activity than the CS group 
(P<0.05), and there were no significant differences 
between the CON group and the RUT group, and 
between the CON group and CS+RUT group 
(P>0.05). 
 
Effect of rutin on the antioxidant capacity in the liver of cold-
stressed mice  

Effect of oral rutin on the antioxidant capacity in 
the liver of cold-stressed mice were as shown in  

 

Table 1 — Primer sequences for quantitative real-time PCR analysis 

Transcript Accession number  Sequence (5`–3`) Product length (bp) 

SOD1 NM_011434.2 Forward GACTGCTGGAAAGGACGGTGTG 85 
Reverse ACGGCCAATGATGGAATGCTCTC 

CAT NM_009804.2 Forward CCATAGCCAGAAGAGAAACCCACAG 123 
Reverse GGAATCCCTCGGTCACTGAACAAG 

GSH-PX NM_001291111.1 Forward TGGACTTCAACATACTGGTGGATGC 134 
Reverse GCCCTCTTTCAGGACTTGCTTGTAG 

GCLC NM_010295.2 Forward AGCTCCTGGAGGAAGGCATCG 123 
Reverse AATGGTCAGACTCGTTGGCATCATC 

GCLM NM_008129.4 Forward ACAATGACCCGAAAGAACTGCTCTC 126 
Reverse TCTTCACGATGACCGAGTACCTCAG 

Keap1 NM_016679.4 Forward TGCTCAACCGCTTGCTGTATGC 99 
Reverse TCATCCGCCACTCATTCCTCTCTG 

Nrf2 NM_001399226.1 Forward ACTACAGTCCCAGCAGAGTGATGG 96 
Reverse GCGTGCTCAGAAACCTCCTTCC 

PI3K NM_001024955.2 Forward GGAATGTCGGGAGCAGCAACC 121 
Reverse TCTACCACTACGGAGCAGGCATAG 

AKT NM_001165894.2 Forward CGTGTGGCAGGATGTGTATGAGAAG 125 
Reverse CAGGCGGCGTGATGGTGATC 

mTOR NM_020009.2 Forward ACCGTCCGCCTTCACAGATACC 87 
Reverse GCAGTCCGTTCCTTCTCCTTCTTG 

PDK1 NM_001360002.1 Forward TTAGAGGGCTACGGGACAGATGC 102 
Reverse GTAATGCTTCCAGGCGGCTTTATTG 

PTEN NM_008960.2 Forward GGAAAGGGACGGACTGGTGTAATG 140 
Reverse CGCCTCTGACTGGGAATTGTGAC 

4E-BP NM_007918.3 Forward CCAAAGGACCTGCCAGCCATTC 116 
Reverse TCACCGCCTGCCCGCTTATC 

S6K NM_001114334.2 Forward CCTGTCAGCCCAGTCAAATTCTCTC 137 
Reverse CCGCTCACTGTCACATCCATCTG 

β-actin  Forward TATGCTCTCCCTCACGCCATCC 129 
NM_007393.5 Reverse TCTACCACTACGGAGCAGGCATAG 
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Table 3. Compared with the CON groups, the CS 
group showed extreme significant decrease in  
the activities of CAT, SOD, and GSH-PX (P<0.01),  
significant decrease in the GST activity, and extreme 
significant increase in the contents of H2O2 and MDA 
(P<0.01). In the CS group compared with these of 
other three groups (P<0.05), among which the 
differences of the CAT activity and the contents of 
H2O2 and MDA reached a very significant level 
(P<0.01). Compared with the CS group, the CS+RUT 
group showed significant improvement in all 
determined antioxidant indicators (P< 0.05), with a 
highly significant increase in SOD and GSH-PX 
activity (P<0.01). There was no significant difference 
in the activities of CAT and GST between the 
CS+RUT group and the CON group. 
 
Effects of rutin on the mRNA expression levels of genes 
related to Nrf2-Keap1 and PI3K-AKT-mTOR signaling 
pathways in liver 

Effect on the mRNA expression levels of genes 
related to Nrf2-Keap1 signaling pathway Fig. 2. 
showed the effect of rutin on mRNA levels of the 
genes related to Nrf2-Keap1 signaling pathway in the 
livers of cold-stressed mice. Nrf2 mRNA expression 

was markedly reduced in the CS group relative to 
other groups (P<0.05), whereas the CON group 
exhibited elevated Nrf2 levels compared to RUT and 
CS+RUT groups (P<0.05). Conversely, Keap1 mRNA 
abundance peaked in the CS group (P<0.05) but was 
suppressed in the RUT group versus CON and 
CS+RUT groups (P<0.05). NQO1 transcripts were 
significantly downregulated in the CS group (P<0.05), 
with no intergroup differences observed among CON, 
RUT, and CS+RUT cohorts (P>0.05). HO-1 mRNA 
levels remained comparable across all experimental 
conditions (P>0.05). GCLM mRNA level in the CS 
group was significantly lower than other three groups 
(P<0.05), but there was no significant difference in this 
indicator among the RUT, CS+RUT and CS groups 
(P>0.05). Compared with the CON group, there was 
no significant difference in GCLC mRNA level 
between the RUT+CS and RUT groups (P>0.05), 
while the GCLC mRNA level in the CS group was 
significantly decreased (P<0.05). 
 
Effect on the mRNA expression levels of genes related to 
PI3K-AKT-mTOR signaling pathway  

The effect of rutin on the mRNA expression levels 
of genes associated with the PI3K-AKT-mTOR 

 
 

Fig. 1  Effect of rutin on the liver microstructure of cold-stressed mice (magnification 200×). (A) control group; (B) rutin group; (C) 
cold stress +rutin group; (D) cold stress group. 
 

Table 2 — Effect of rutin on the serum antioxidant capacity of cold-stressed mice 
Items CON RUT CS+RUT CS 
MDA 4.98±0.49a 5.21±0.50a 5.82±0.58a 13.00±1.58b 

H2O2 72.41±6.21a 70.47±6.56a 89.75±6.72a 151.41±12.52b 
GSH-PX 619.12±7.05a 604.81±11.83a 604.46±8.98a 542.99±5.63b 
[Values were represented as the mean ± SEM (n = 6). a, b, c Mean values with different superscript letters were of significant difference
(P < 0.05), those with same superscript letters or no letters within a row were of no significant difference (P > 0.05)] 
 

Table 3 — Effect of rutin on the liver antioxidant capacity in cold-stressed mice 
Items CON RUT CS+RUT CS 
CAT (U/ mgmL) 265.07±3.50a 261.90±1.78a 263.28±2.58a 222.86±5.89b 
T-SOD (U/ mgmL) 274.85±4.55a 273.60±4.28a 261.74±3.81b 236.43±0.90c 
GSH-PX (U/ mgmL) 648.34±9.91a 653.67±5.66a 589.15±9.36b 555.88±5.71c 
GST (U/ mgmL) 192.00±7.03a 176.11±7.51a 175.60±4.70a 124.75±4.51b 
H2O2 (mmol/g) 32.19±1.37a 33.49±1.31a 35.32±0.53a 40.96±0.61b 
MDA(nmol mg−1) 40.72±0.65a 44.18±2.49ab 47.27±0.84b 68.49±0.98c 
[Values were represented as the mean ± SEM (n = 6). a, b, c Mean values with different superscript letters were of significant (P<0.05) or
extremely significant difference (P<0.01), those with same superscript letters or no letters within a row were of no significant difference
(P>0.05)] 
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pathway in the livers of cold-stressed mice was as 
shown in Fig. 3. There were no significant differences 
in mRNA levels of five genes, PI3K, AKT, mTOR, 
4EBP, and PDK1, between the four groups (P>0.05). 
S6K mRNA level was highest in the CS group 
(P<0.05) and lowest in the CON group (P<0.05) 
among four groups, and S6K mRNA level in the RUT 
group and CS+RUT group was significantly higher 
than that in the CON group and significantly lower 
than that in the CS group (P<0.05). The mRNA  
level of PTEN was significantly higher in the RUT 
group than in the other three groups (P<0.05), but 
there was no significant difference between these 
three groups. 
 
Effects of rutin on the protein expression levels of genes 
related to Nrf2-Keap1 and PI3K-AKT-mTOR signaling 
pathways in liver 

As illustrated in Fig. 4., the CS group exhibited 
marked downregulation of Nrf2, p-PI3K, and p-AKT 
protein abundance alongside upregulated Keap1 and  
p-mTOR expression compared to other cohorts 
(P<0.05). Notably, the CS+RUT group displayed 
suppressed Nrf2, Keap1, p-PI3K, and p-AKT levels 
relative to the CON group (P<0.05), whereas p-mTOR 
expression was potentiated (P<0.05). Conversely, RUT 
intervention significantly restored Nrf2, p-PI3K, and  

p-AKT expression while attenuating Keap1 and  
p-mTOR levels compared to controls (P<0.05). 
 
Discussion 

Cold exposure, a prevalent manifestation of climate 
change, induces reversible or irreversible 
pathophysiological damage in animals. However, 
research elucidating the mechanisms of cold stress 
resistance and developing effective mitigation 
strategies remains limited. To address this gap  
and identify high-efficacy, non-toxic anti-cold 
formulations, this study investigates cold stress-
induced hepatic oxidative damage in a murine model 
and the ameliorative effects of oral rutin 
supplementation. The underlying mechanisms  
are explored through the PI3K-AKT-mTOR and 
Nrf2-Keap1 signaling pathways, key regulators of 
cellular antioxidant responses.  
 

As a primary metabolic organ, the liver exhibits 
significant metabolic sensitivity to temperature 
fluctuations. Substantial evidence indicates that stress 
exposure elevates metabolic rate and reactive oxygen 
species (ROS) generation. Excessive ROS disrupts 
biological system homeostasis and induces 
hepatocellular injury, inflammation, and fibrosis. 
Rutin, a flavonoid with potent antioxidant properties, 

 
 

Fig. 2  Effect of rutin on the mRNA expression levels of Nrf2-Keap1 signaling pathway-related genes in the liver of cold-stressed 
mice. CON: control group; RUT: rutin group; CS + RUT: cold stress + rutin group; CS: cold stress group. (A) Nrf2; (B) Keap1; (C)
NQO1; (D) HO-1; (E) GCLM; (F) GCLC. Values are expressed as mean ±SEM (n =6). Different superscript letters on the same indicator
differ significantly (P < 0.05). 
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demonstrates strong ROS scavenging capacity25. Its 
well-documented antioxidant efficacy mitigates 
oxidative stress via direct scavenging of superoxide 
anions, peroxyl radicals, and hydroxyl radicals26. 
Rutin's unique molecular structure facilitates direct 
ROS neutralization and inhibits xanthine oxidase 
activity, thereby suppressing ROS production at its 
source26. Consequently, rutin enhances animal health 
and disease prevention through these antioxidant 
mechanisms. This protective role, involving Nrf2 
pathway modulation to reduce oxidative stress, has 
been demonstrated in diabetic rat models27. 

Many studies have also reported that rutin can 
reduce MDA levels, increase SOD, GSH-PX activity, 
and alleviate oxidative damage of animals28, and the 

antioxidant function of rutin increased with the 
increase of rutin concentration29. The results of this 
study showed that compared with the cryogenic injury 
group, the serum and liver SOD, CAT, GPX and GST 
in the rutin addition group had different levels of 
improvement30. In addition, the production of H2O2 
and MDA in serum and liver is inhibited by rutin 
treatment31. Analysis of ultrastructure of the liver 
showed that the hepatocytes in the cold stress group 
were arranged haphazardly, and the arrangement of 
the hepatocytesin the rutin-treated groups was 
obviously much more regular, which demonstrated 
that the cold stress caused obvious hepatocyte damage 
of mice, and addition of the rutin significantly 
improved the damage of the hepatocytes. 

 
 

Fig. 3  Effect of rutin on the mRNA expression levels of PI3K-AKT-mTOR signaling pathway genes in the liver of cold-exposed mice. 
CON: control group; RUT: rutin group; CS + RUT: cold stress +rutin group; CS: cold stress group. (A) PI3K;(B) AKT;(C) mTOR; (D)
S6K; (E) 4EBP; (F) PTEN; (G) PDK2. Values are expressed as mean±SEM (n=6). Different superscript letters on the same indicator 
differ significantly (P < 0.05). 



YU et al.: RUTIN ALLEVIATES COLD STRESS-INDUCED LIVER INJURY IN MICE 
 
 

545

Nrf2 is an important factor that plays a vital role in 
the defense system of animal bodies against oxidative 
stress and involves in regulating the expression of 
many antioxidant genes such as SOD, catalase (CAT), 
GSH-PX, heme oxygenase-1 (HO-1), GST, NQO1, 
glutamate cysteine ligase catalysis (GLC) and 
GCLM32. Keap1, as a negative regulatory factor of 
Nrf2, can bind to Nrf2 to form a complex, thereby 
inhibiting its entry into the nucleus and preventing 
Nrf2 from promoting the expression of antioxidant 
genes. Shilpi  et al. found that rutin protected t-butyl 
hydroperoxide-induced oxidative impairment and 
improved intestinal antioxidant capacity via 
enhancing the Nrf2 activity33. In this study, rutin 
treatment significantly increased the expression level 

of Nrf2 and reduced the expression level of Keap1 
compared with the cold stress group both at the 
protein level and at the gene level. This study also 
found that the expression of NQO1 was the lowest in 
the cold stress group, and the expression level of  
HO-1 increased after adding rutin, although the 
difference between groups was not obvious, but also 
basically showed the same trend34. The addition of 
rutin could activate the Nrf2 signaling pathway to 
enhance the activity of antioxidant enzymes such as, 
SOD, CAT, in mice, and inhibit oxidative damage of 
liver induced by low-temperature tissue35. 

The PI3K-AKT-mTOR signaling pathway plays an 
important role in a variety of biological functions 
including reducing inflammatory response and 

 
 

Fig. 4  Effect of rutin on the protein expression levels of genes related to Nrf2/Keap1 and PI3K-AKT-mTOR signaling pathway in the 
liver of cold-stressed mice. CON: control group; RUT: rutin group; CS + RUT: cold stress + rutin group; CS: cold stress group. (A) Nrf2;
(B) Keap1; (C) p-PI3K; (D) p-AKT; (E) p-mTOR. Values are expressed as mean±SEM (n =6). Different superscript letters on the same
indicator differ significantly (P < 0.05). 
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reducing tissue damage by improving energy 
metabolism and oxidative stress36. mTOR, as a protein 
kinase, is closely related to various functions such as 
gene transcription regulation, cytoskeletal composition, 
cell survival, and cell metabolism37. Studies have 
shown that activation of the PI3K-AKT-mTOR 
signaling pathway significantly improved the oxidative 
stress of the placenta and relieved brain damage in 
mice38. Cellular damage induced by oxidative stress 
can be alleviated by regulating the PI3K-AKT-mTOR 
signaling pathway39. There is a close connection 
between the PI3K-AKT-mTOR signaling pathway and 
Nrf2 signaling pathway. It's been proven that 
cardiomyocyte apoptosis caused by excess ROS can be  
inhibited upregulating the PI3K-AKT-Nrf2 signaling 
pathway40,41. We confirmed that cold stress has a 
regulatory effect on the PI3K-AKT-mTOR pathway 
in mouse liver by finding that low temperature 
changed the levels of p-PI3K, p-AKT, and p-mTOR 
proteins, respectively. Compared with the cold stress 
group, the contents of MDA and H2O2 and the 
expression levels of mTOR in the rutin treatment 
group decreased while the expression of  
p-PI3K/PI3K, p-AKT/AKT, and Nrf2 increased. The 
results indicated that rutin had a certain protective 
effect on cold stress-induced liver tissue damage, and 
its mechanism of action is related to the modulation of 
Nrf2-Keap1 and PI3K-AKT-mTOR signaling 
pathways. The current study found that cryogenic 
treatment can indeed regulate the expression of p-
PI3K, p-AKT, and p-mTOR proteins, confirming 
evidence that cold stress regulates the PI3K-AKT-
mTOR pathway. S6 kinase is an important effector 
downstream of mTOR, Promote mRNA growth, 
protein translation, and cell growth42,43. The results in 
this study showed that the S6K level was increased at 
cold stress, which may be due to the negative 
feedback effect of S6K1-IRS1 that activates the PI3K-
AKT-mTOR pathway. 
 

Conclusion 
In summary, this study systematically delineates 

the mechanisms of cold stress-induced hepatic injury 
in animals and elucidates rutin's protective effects 
against such injury. Rutin significantly enhanced 
hepatic antioxidant capacity and ameliorated 
hepatocyte morphological alterations in mice 
subjected to low-temperature stress. Mechanistically, 
rutin activated the Nrf2-Keap1 and PI3K-AKT-
mTOR signaling axes, thereby reducing oxidative 
biomarkers while upregulating hepatic antioxidant 

factors including SOD and GSH-PX. These findings 
establish rutin as an effective hepatoprotectant against 
cold stress-induced liver injury and provide a 
molecular basis for its application in animal 
production systems. 
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