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Early weaning is widely applied in pig production to 
improve sow productivity and reduce pathogen trans-
mission (12). However, it disturbs redox homeostasis 
and induces excessive production of reactive oxygen 
species (ROS) in piglets (7). Excess ROS damage 
hepatocytes and intestinal epithelium and activate 
pro-inflammatory pathways (e.g., MAPK), compro-
mising hepatic and intestinal functions (9). Despite 
these effects, the mechanisms of hepatointestinal injury 
remain unclear, and effective interventions are still be-
ing explored. Dihydromyricetin (DHM), a flavonoid 
from Ampelopsis grossedentata, scavenges ROS, re-
stores redox homeostasis, and inhibits TLR4/NF-κB  
to reduce inflammation (11, 18). It also regulates 
glucose and lipid metabolism, alleviates liver injury, 
and strengthens the intestinal barrier (4, 8). Although 
DHM has been extensively investigated in medical 
fields, its potential as a green feed additive in livestock 
has attracted interest only recently. Given the practi-
cal and ethical constraints of mechanistic studies in 
swine, we established a LPS-induced hepatointestinal 
injury model in mice to evaluate the protective effects 
of DHM on the gut-liver axis. These findings provide 

experimental evidence for the protective role of DHM 
against hepatointestinal injury and may inform future 
studies in weaned piglets.

Material and methods
Escherichia coli LPS (serotype 055:B5) was purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Dihydromyric-
etin (DHM, purity > 98.0%) was obtained from Shanghai 
Winherb Medical Science Co., Ltd. (Shanghai, China). Male 
Kunming mice were obtained from the Animal Experiment 
Center of Harbin Medical University (Daqing, China) with 
the production license SYXK (Hei) 2014-005.

Male mice (18-22 g) were housed at 22-24°C with a 12-h 
light/dark cycle. All animals had free access to food and 
water. After one week of acclimatization, the mice were ran-
domly divided into five groups (n = 10 per group): control 
group, LPS group, DHM-L group (100 mg/kg), DHM-M 
group (200 mg/kg), and DHM-H group (400 mg/kg). Mice 
in the control and LPS groups were intragastrically given 
0.2 mL of 0.9% saline once daily for 14 consecutive days. 
The DHM-treated groups received an equal volume of DHM 
suspension at different doses (100, 200 or 400 mg/kg) over 
the same period (17). After the final administration, all mice 
were fasted for 6 h. Then, all mice except controls were 
injected intraperitoneally with 10 mg/kg LPS, 0.2 mL, while 
the controls were given the same volume of sterile saline 
(5). All animal experiments were approved by the Animal 
Ethics Committee of Heilongjiang Bayi Agricultural Uni-
versity (Approval No. DWKJXY202589).
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Six hours after LPS challenge, blood samples were col-
lected from the retro-orbital venous plexus. Whole blood 
was kept at room temperature for 2 h and then centrifuged 
at 3,500 rpm for 10 min to separate serum. After blood 
sampling, all mice were euthanized by cervical dislocation. 
The liver, jejunum, and ileum were immediately isolated 
and rinsed with pre-cooled 0.9% sterile saline. Partial tissue 
samples were fixed in 10% neutral buffered formalin for 
hematoxylin and eosin (H&E) staining. The remaining liver 
tissue was homogenized in 0.9% saline to prepare 10% (w/v) 
tissue homogenate, followed by centrifugation at 3,500 rpm 
for 15 min. The supernatant obtained was collected and 
stored at –80°C for subsequent detection.

Tissues were fixed in 10% neutral buffered formalin 
for at least 24 h, then dehydrated, cleared in xylene, and 
embedded in paraffin. The tissue blocks were cut into 4 µm 
transverse sections, mounted on glass slides, and stained 
with H&E. Finally, the sections were coverslipped using 
mounting medium. Pathological changes were observed and 
imaged under an optical microscope (Nikon E100, Japan). 
For semi-quantitative assessment of intestinal injury, five 
random fields per section were examined at 100 × magni-
fication, and each field was scored using a 0-4 scale: 0 = 
normal mucosa, 1 = injury of the villus tip, 2 = partial loss 
of villi, 3 = severe injury of the submucosa, 4 = complete 
necrosis (13). The average score was calculated for each 
sample. Liver injury was assessed based on the degree of 
hepatic lobule destruction, inflammatory cell infiltration, 
hemorrhage, and hepatocyte necrosis (2). Each parameter 
was scored on a 0-4 scale according to the percentage of 
the affected area per field at 400 × magnification: 0 = no 
damage, 1 = 1%-25%, 2 = 26%-50%, 3 = 51%-75%, 4 = 
76%-100% as described previously (2).

Serum activities of ALT, AST, and DAO, as well as 
D-lactic acid content, were determined using assay kits 
purchased from Shanghai Enzyme-Linked Biotechnology 
Co., Ltd. All procedures were performed according to the 
manufacturer’s instructions.

Hepatic levels of MDA and GSH, as well as the activi-
ties of GSH-Px and T-SOD, were measured using an assay 
kit from the Nanjing Jiancheng Institute of Biotechnology 
(China) in accordance with the manufacturer’s instructions.

All data were analyzed by one-way analysis of variance 
(ANOVA) followed by Duncan’s multiple range test using 
the SPSS 19.0 software. The results were presented as 
mean ± standard deviation (SD). A p < 0.05 was defined as 
statistically significant, and p < 0.01 was defined as highly 
significant.

Results and discussion
As shown in Figure 1B, serum DAO and D-lactate 

were markedly elevated in the LPS group relative to the 
control group (p < 0.05). Both indicators declined in 
the DHM-treated mice compared with the LPS group, 
and significant differences were found in the DHM-M 
and DHM-H groups (p < 0.01). These results suggested 
that DHM could relieve LPS-induced intestinal injury.

As shown in Figure 1C, serum ALT and AST were 
significantly higher in the LPS group than in the con-
trol group (p < 0.01). All three DHM treatment groups 

presented reduced ALT and AST activities. The effects 
were more pronounced in the DHM-M and DHM-H 
groups, with significant differences versus the LPS 
group (p < 0.05 and p < 0.01, respectively). These data 
demonstrated that DHM could downregulate serum 
ALT and AST activities and mitigate LPS-induced 
hepatic injury.

Representative H&E-stained histopathological im-
ages of the jejunum and ileum are displayed in Figure 
2A and 2E. In the control group, the jejunal and ileal 
mucosa showed regular arrangement. Intestinal villi 
and crypt structures were intact, with abundant goblet 
cells. No inflammatory cell infiltration was observed, 
and the layered structure of the intestinal wall remained 
complete and clear. The LPS group developed severe 
intestinal lesions, including congestion in the lamina 
propria and submucosa, villous ablation, mucosal va-
sodilation, epithelial debris, and fibrinous exudate in 
the intestinal lumen, neutrophil accumulation within 
crypts, and massive infiltration of lymphocytes and 
plasma cells in the crypt base. Compared with the 
LPS group, the DHM-M and DHM-H groups exhib-
ited well-organized mucosa, nearly intact intestinal 
epithelium and obviously decreased inflammatory in-
filtration in the crypt base. For the ileum, DHM-L only 
exerted a mild protective effect. DHM-M and DHM-H 

Fig. 1. Determination of injury-specific indicators. (A) Chemi-
cal structure of dihydromyricetin; (B) Effects of DHM on 
serum DAO and D-lactate levels; (C) Effects of DHM on 
serum ALT and AST levels
Explanations: *p < 0.05, **p < 0.01 compared to the control 
group; #p < 0.05, ##p < 0.01 compared to the LPS group.
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Fig. 2. Histopathological analysis. (A) Representative H&E staining of jejunum tissues; (B) Mean villus height of jejunum; 
(C) Mean crypt depth of jejunum; (D) Ratio of villus height to crypt depth of jejunum; (E) Representative H&E staining of 
ileum tissues; (F) Mean villus height of ileum; (G) Mean crypt depth of ileum; (H) Ratio of villus height to crypt depth of 
ileum; (I) Representative H&E staining of liver tissues; (J) Histopathological score of jejunum tissues; (K) Histopathological 
score of ileum tissues; (L) Histopathological score of liver tissues
Explanations: red arrows – goblet cells; green arrows – neutrophils; blue arrows – lymphocytes; white arrows – plasma cells; black 
arrows – lymphocytes; yellow arrows – steatosis
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Tab. 1. Effects of DHM on biochemical indices and oxidative stress in the mouse liver
Group MDA (nmol/mg protein) GSH-Px (U/mg protein) T-AOC (U/mg protein) T-SOD (U/mg protein)

Control group 1.55 ± 0.36 84.89 ± 13.38 0.50 ± 0.11 194.74 ± 19.18

LPS group 1.77 ± 0.20** 59.10 ± 25.61** 0.38 ± 0.05** 183.10 ± 13.67**

DHM-L group 1.64 ± 0.46# 67.11 ± 11.46# 0.42 ± 0.08## 188.80 ± 15.10#

DHM-M group 1.40 ± 0.25## 78.00 ± 9.39## 0.45 ± 0.09## 190.32 ± 17.50##

DHM-H group 1.33 ± 0.17## 80.87 ± 22.42## 0.48 ± 0.04## 195.86 ± 12.35##

Explanations: *p < 0.05, **p < 0.01 compared to the control group; #p < 0.05, ##p < 0.01 compared 
to the LPS group.

achieved much better outcomes, though a small num-
ber of inflammatory cells were still detectable in the 
DHM-M group.

Quantitative analysis of intestinal morphological 
parameters is presented in Figures 2B-D and 2F-H. 
Compared with the control group, the LPS group had 
lower villus height and villus height/crypt depth ratio 
(p < 0.01), as well as increased crypt depth in both 
jejunum and ileum (p < 0.05). Medium- and high-
dose DHM remarkably remedied LPS-induced villus 
shortening in the two intestinal segments (p < 0.01). 
High-dose DHM also effectively reduced crypt depth 
(p  <  0.05). Moreover, both DHM-M and DHM-H 
markedly increased the villus height/crypt depth ratio 
(p < 0.01). Collectively, DHM reversed intestinal 
structural damage in the LPS-challenged mice in 
a dose-dependent manner.

The histopathological micrographs of liver tissues 
measured by H＆E staining are shown in Figure 2I. 
In the control group, the structure of hepatic lobules 
was complete, with regularly arranged hepatic cords 
and normal hepatocyte morphology. In the LPS 
group, hepatic lobule architecture became blurred 
with indistinct boundaries and disorganized hepatic 
cords. Hepatocytes exhibited typical necrotic changes, 
including pyknosis, karyorrhexis, and karyolysis, ac-
companied by cytoplasmic lysis, membrane rupture, 
and steatosis. Hepatic sinusoids were severely dilated 
and congested, and obvious lymphocyte infiltration 
was observed around the central vein. Compared with 
the LPS group, the low-dose DHM group still showed 
blurred hepatic lobules and disorganized hepatic cords, 
but the pathological changes were partially reversed. 
Erythrocyte and inflammatory cell infiltrations in the 
central vein were alleviated. In the DHM-M group, 
hepatic lobule structure and hepatic cord arrangement 
recovered obviously, while sinusoidal dilation and 
inflammatory infiltration decreased. In the DHM-H 
group, hepatic histomorphology was largely restored 
to the normal state similar to that in the control group, 
with only mild hemorrhage in the central vein.

As shown in Figure 2J-K, semi-quantitative his-
topathological scoring revealed that the LPS group 
had significantly higher injury scores than the control 
group in the jejunum, ileum, and liver (p < 0.01). DHM 
treatment dose-dependently reduced the scores in the 
DHM-M and DHM-H 
groups (p < 0.05 or 
p < 0.01).

As summarized in 
Table 1, compared with 
the control group, the 
LPS group presented 
remarkable reductions 
in hepatic GSH-Px, 
T-AOC, and T-SOD ac-
tivities, whereas MDA 

content was markedly elevated (p < 0.01). Relative 
to the LPS group, all DHM treatment groups had 
increased antioxidant indicators and decreased MDA 
levels (p < 0.05, p < 0.01). These findings indicate that 
DHM could relieve hepatic injury and oxidative stress, 
thereby exerting a protective effect on the liver.

The gut‑liver axis provides a framework for under-
standing the protective effects of DHM in both the 
intestine and liver. Under physiological conditions, 
the intestinal barrier prevents luminal LPS from 
reaching the liver by portal circulation (1). Evidence 
of intestinal barrier compromise in LPS-treated mice 
included elevated serum DAO and D-lactate levels, 
villus shortening, and crypt hyperplasia. Consequently, 
LPS translocates to the liver, where it activates TLR4/
NF-κB signaling and triggers local inflammatory and 
oxidative responses (6). This mechanistic sequence 
aligns with our concurrent observation of hepatic dam-
age (elevated ALT/AST and histopathological changes) 
alongside intestinal injury. DHM administration, par-
ticularly at medium and high doses, attenuated both 
intestinal and hepatic lesions. This was reflected by 
restored villus height/crypt depth ratio, reduced serum 
markers of intestinal barrier dysfunction, and lowered 
transaminase activities. The concomitant protection 
suggests that DHM may break the vicious cycle of 
gut-derived endotoxemia and hepatic inflammation by 
preserving intestinal structural integrity, thereby limit-
ing LPS translocation to the liver. In addition, DHM 
may act directly on hepatocytes to enhance antioxidant 
capacity, as suggested by the elevated hepatic SOD/
GSH-px activities in DHM-treated groups. Whether 
the intestinal and hepatic effects are causally linked 
or occur independently cannot be determined from 
the current data and remains a key question for future 
research.

LPS induces oxidative stress via NADPH oxidase 
and mitochondrial dysfunction, causing lipid peroxi-
dation and cell injury (10, 14). The LPS-challenged 
mice showed elevated hepatic MDA and reduced SOD, 
GSH-Px, and T-AOC, confirming the occurrence of 
severe oxidative damage. DHM dose-dependently  
reversed these changes, which suggests that it pro-
tects the liver by preserving endogenous antioxidant 
enzyme activity rather than by directly scavenging 
ROS. Among the three doses tested, the medium and 
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high doses (200 and 400 mg/kg) produced comparable 
effects on most oxidative parameters, implying that 
a threshold effect may exist beyond which higher DHM 
concentrations yield diminishing returns.

Mechanistically, DHM inhibits NLRP3 inflamma-
some activation, reduces pro-inflammatory cytokines, 
and upregulates intestinal tight junction proteins 
(15, 16). Consistent with these findings, our study 
showed that DHM alleviated jejunal and ileal mor-
phological damage, reduced inflammatory infiltration, 
and restored villus height and villus‑to‑crypt ratio. 
Meanwhile, DHM significantly decreased serum DAO 
and D‑lactate levels, confirming improved intestinal 
barrier function. Notably, the medium (200 mg/kg) 
and high (400 mg/kg) doses produced largely compa-
rable protective effects, implying that an optimal dose 
range may exist beyond which additional DHM offers 
limited benefits. These findings support the potential 
of DHM as a candidate feed additive for preventing 
endotoxemia-related acute hepatic and intestinal injury.

Several limitations of the present study should be 
acknowledged. The study was performed in male mice, 
and the 6 h time point captures only acute responses, 
leaving chronic effects unexplored. The use of a murine 
model, while advantageous for controlled mechanistic 
evaluation, inevitably raises questions about extrapo-
lation to pigs, especially given species differences in 
drug handling and gut ecology. Finally, the preventive 
dosing schedule, although appropriate for proof-of-
concept studies, may not mirror the therapeutic use 
in veterinary practice. These caveats underscore the 
need for future investigations in swine, with a focus 
on clinically relevant endpoints and long-term safety.
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