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ABSTRACT

This research investigated whether Lactobacillus plantarum KSFY06 (LP-KSFY06) could prevent acute liver
damage caused by combined D-galactose and lipopolysaccharide (D-Gal/LPS) exposure in mice. The antioxidant
activity of LP-KSFY06 was first examined using in vitro radical scavenging assays. In mice, the effects on liver
injury were assessed through organ weight indices, serum liver function markers, oxidative stress parameters,
inflammatory cytokines, gene expression levels, and histological examination of liver tissue. LP-KSFY06
demonstrated strong free radical scavenging capacity against DPPH and ABTS in vitro. In vivo, mice pretreated
with LP-KSFY06 showed improved liver histology and organ indices, indicating reduced tissue injury. The
treatment preserved antioxidant enzyme activities, including SOD, GSH, GSH-Px, CAT, and total antioxidant
capacity, and inhibited the elevation of AST, ALT, MDA, MPO, and NO induced by D-Gal/LPS. LP-KSFY06
also shifted the inflammatory balance by increasing the anti-inflammatory cytokine IL-10 and suppressing pro-
inflammatory cytokines IL-6, IL-18, TNF-a, and IFN-y, consistent with observed changes in gene expression.
Mechanistically, LP-KSFY06 downregulated the expression of Keapl, NLRP3, ASC, caspase-1, NF-«B, IL-18,
and p38 MAPK, while upregulating Nrf2, HO-1, NQO1, IkB-a, and Trx, suggesting involvement of the Keap1—
Nrf2/ARE and NLRP3/NF-«B pathways in its hepatoprotective action. LP-KSFY 06 functions as a multifunctional
probiotic with strong antioxidant and anti-inflammatory effects, providing effective protection against D-
Gal/LPS-induced acute liver injury and supporting liver health in mice.
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Introduction

Acute liver injury (ALI) represents a group of liver disorders characterized by massive hepatocyte death. If
untreated, ALI can progress to liver failure, which carries a high risk of mortality [1]. Since liver transplantation
is currently the only effective treatment for acute liver failure, understanding the mechanisms behind ALI and
developing targeted therapies is critical for improving patient outcomes [2, 3].

Oxidative stress occurs when the generation of reactive oxygen species (ROS) exceeds the body’s antioxidant
capacity [4]. ROS can damage unsaturated fatty acids in cell membranes, triggering lipid peroxidation that
produces secondary oxidation products. These products can further affect nucleic acids and proteins, impairing
cellular function and causing varying degrees of oxidative damage [5]. Evidence shows that oxidative stress
contributes to multiple diseases, including allergies, asthma, Alzheimer’s disease, diabetes, hypertension,
hyperlipidemia, coronary heart disease, and cancer [6—8].

Several signaling molecules, such as Nrf2, NF-kB, and p38 kinase, are activated in response to oxidative stress.
Among these, Nrf2 serves as a key regulator of the cellular antioxidant defense system. Dysregulation or
deficiency of Nrf2 enhances oxidative stress-induced cytotoxicity, promoting hepatocyte apoptosis and
inflammation, and leading to liver injury. Consequently, the Nrf2 signaling pathway is a crucial target for therapies
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against oxidative stress-induced liver damage [9]. The Keap1-Nrf2/ARE pathway, in particular, plays a central
role in antioxidant defense, regulating enzymes that neutralize ROS and other harmful compounds [10].
D-galactose (D-Gal) is widely used in animal models to induce liver injury. Excess D-Gal that cannot be
metabolized disrupts cellular homeostasis, alters oxidase activity, and increases production of peroxides and
oxidative products. This leads to structural and functional damage to biomolecules, triggering systemic
inflammatory responses and potentially resulting in acute liver injury and multi-organ dysfunction [11].
Lipopolysaccharide (LPS), released during bacterial growth or cell lysis, activates non-specific immune
responses, leading to the production of inflammatory cytokines that can damage key organs including the liver
[12]. The combination of D-Gal and LPS is commonly used to mimic ALI in experimental models [13, 14]. D-
Gal sensitizes hepatocytes to LPS, increasing lethality, but the detailed mechanisms of liver injury induced by D-
Gal/LPS remain incompletely understood [15].

Antioxidants can neutralize free radicals and enhance the activity of endogenous antioxidant enzymes, reducing
the accumulation of harmful peroxides such as malondialdehyde (MDA) and lipofuscin (LP), thereby providing
protective effects [16]. Lactobacillus species, including L. rhamnosus, L. fermentans, and L. plantarum, have
demonstrated antioxidant activity both in vitro and in vivo, scavenging free radicals, inhibiting lipid peroxidation,
and chelating metal ions [17—19]. Their effects on oxidative damage are reflected by increased expression of
antioxidant genes and decreased peroxide activity in vivo [20].

In this study, a novel Lactobacillus plantarum strain, KSFY06 (LP-KSFY06), was isolated from traditional
fermented yoghurt in Kashgar, Xinjiang, China. Using a D-Gal/LPS-induced ALI mouse model, we evaluated the
protective effects of LP-KSFY06 in vivo and explored the underlying mechanisms, providing insights for
developing functional probiotics to promote liver health.

Materials and Methods

Strain and Reagents

Lactobacillus plantarum KSFY06 (LP-KSFY06) was registered and preserved (preservation number: 15,659) at
the China General Microbiological Culture Collection Center (CGMCC, Beijing, China). LPS (from Escherichia
coli 055:B5) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China), and D-
galactose was obtained from Sinopharma Chemical Reagent Co., Ltd. (Beijing, China).

Animals

Forty male Kunming mice (6—8 weeks old, SPF) were purchased from the Experimental Animal Center of
Chongqing Medical University (Chongqing, China). Mice were housed in standard barrier cages at 20-25°C with
50-60% relative humidity under a 12-hour light/dark cycle, with free access to food and water.

Cultivation and administration of LP-KSFY06

Single colonies of LP-KSFY06 were inoculated into MRS liquid medium and incubated at 37°C for 20 h until
reaching early stationary phase. Cultures were then transferred (3% v/v inoculation) into fresh MRS medium and
incubated for an additional 18 h. Bacteria were collected by centrifugation (4°C, 4000 rpm, 10 min), washed twice
with saline, and resuspended to final concentrations of 2.5x10° and 2.5%10'" CFU/kg body weight for
administration.

In vitro evaluation of antioxidant activity

The antioxidant capacity of LP-KSFY06 was assessed using DPPH and ABTS radical scavenging assays. For the
DPPH assay, 0.5 mL of LP-KSFY06 solution at either 2.5x10° CFU/mL (low concentration) or 2.5x10'® CFU/mL
(high concentration) was mixed with 2 mL of 0.33 mmol/L DPPH solution (Sinopharm Chemical Reagent Co.,
Ltd., Beijing, China). The mixture was incubated in the dark at room temperature for 30 minutes, and absorbance
was read at 517 nm using a BioMate 3S spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Vitamin C (0.2 mg/mL) was used as a reference antioxidant, and each experiment was performed in triplicate
[21].

For the ABTS assay, 0.4 mL of LP-KSFY06 solution (same concentrations as above) was combined with 1 mL
of prepared ABTS solution and allowed to react in the dark at room temperature for 10 minutes. Absorbance was
recorded at 734 nm. The ABTS working solution was prepared by mixing 3 mg ABTS in 0.8 mL water (reagent
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A) with 1 mg potassium persulfate in 1.5 mL water (reagent B), combining 0.2 mL of each, incubating in the dark
for 12 hours, and diluting with ethanol to reach an OD74 of 0.7 £ 0.02. Vitamin C (0.2 mg/mL) served as the
positive control, and each test was repeated three times [22].

Induction of acute liver injury in mice

Following a 7-day acclimation, forty male Kunming mice were randomly assigned to four experimental groups
(normal, model, low-dose, high-dose), with ten mice per group, to evaluate the protective effects of LP-KSFY06
on D-Gal/LPS-induced liver injury. All animals were provided standard feed and water for four weeks. The control
group received no additional treatment. In the model group, acute liver injury was induced by intraperitoneal
injection of D-Gal (250 mg/kg body weight) and LPS (25 mg/kg body weight) on the final day of week four.
Mice in the treatment groups were given daily oral doses of LP-KSFY06 from weeks two to four: 10° CFU/kg for
the low-dose group and 10" CFU/kg for the high-dose group. On the last day, these mice also received the same
D-Gal/LPS injections as the model group. For all treatments, the volume of administration was 0.1 mL per 10 g
body weight. The experimental design is summarized in Figure 1.
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Figure 1. Study Design for D-Gal/LPS-Induced Liver Injury in Kunming Mice

Four experimental groups were established: a normal group with no interventions; a model group that received
intraperitoneal injections of D-galactose (250 mg/kg body weight) and LPS (25 mg/kg body weight); a low-dose
group, administered LP-KSFY 06 orally at 10° CFU/kg body weight along with D-Gal/LPS injection; and a high-
dose group, which received LP-KSFY06 at 10" CFU/kg body weight plus D-Gal/LPS injection. Each
administration, whether oral or intraperitoneal, was given at 0.1 mL per 10 g body weight. The mice were fed a
standard diet composed of wheat flour (25%), oatmeal (25%), corn flour (25%), soybean flour (10%), fish meal
(8%), hog bone powder (4%), yeast powder (2%), and salt (1%) [23].

Sample collection

Mice were euthanized two hours after the last treatment following an 18-hour fast. Blood was collected for serum
separation, and major organs were dissected, weighed, and processed. Sections of tissues were fixed in 10%
formalin for histological analysis, while remaining tissues were stored at —80°C for further experiments. The study
was approved by the Ethics Committee of Chongqing Collaborative Innovation Center for Functional Food
(Approval No. 201904045B) and followed national ethical standards for laboratory animals in China (GB/T
35892-2018) [23].

Histopathological examination

Liver and spleen samples (~0.5 cm?) were fixed in 10% neutral formalin for 48 hours, then embedded in paraffin
and cut into 4 pm sections. H&E staining was performed, and tissue morphology was observed under a BX43
light microscope (Olympus, Tokyo, Japan) [23].

Biochemical analysis of serum and liver

Blood samples were maintained at 4°C for 2 hours and centrifuged at 3000 rpm for 15 minutes at 4°C (BY-80C
centrifuge, Beijing Baiyang Medical Instrument Co., Ltd., Beijing, China). The supernatant serum was stored at
—80°C. Liver tissue (0.1 g) was homogenized in 0.9 mL saline using a Bioprep-24 homogenizer (Hangzhou
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Aosheng Instrument Co., Ltd., Hangzhou, China) with three 30-second cycles at 6 m/s. Commercial kits (Nanjing
Jiancheng Institute of Bioengineering, Nanjing, China) were used to quantify AST, ALT, MPO, MDA, NO, T-
AOC, CAT, GSH, GSH-Px, and SOD in both serum and liver tissues [23].

Cytokine detection

The concentrations of TNF-a, IFN-y, IL-1p, IL-6, and IL-10 were measured in serum and liver homogenates using
ELISA kits (Abcam, Cambridge, MA, USA) following the manufacturer’s instructions [23].

Gene expression analysis by RT-qPCR

Total RNA from liver tissues was extracted using TRIzol™ reagent (Thermo Fisher Scientific) after
homogenization with the Bioprep-24 system. RNA was standardized to 1 pg/pL and reverse-transcribed into
cDNA. For qPCR, 1 pL of cDNA was combined with 2 uL of forward and reverse primers (10 uM each) and 10
pL of premix. The reaction conditions were: initial denaturation at 95°C for 3 minutes, followed by 40 cycles of
30 seconds at 60°C and 1 minute at 95°C. B-Actin served as the internal control, and relative expression levels
were calculated using the 2"—~AACT method. Primer sequences are provided in Table 1 [23].

Table 1. Sequences of Primers Used for RT-qPCR Analysis
Gene Name Sequence
F: 5'-AACCAGTTGTGTTGTGAGGAC-3’

SODI
R: 5-CCACCATGTTTCTTAGAGTGAGG-3’
SOD2 F: 5'-CAGACCTGCCTTACGACTATGG-3'
R: 5'-CTCGGTGGCGTTGAGATTGTT-3'
CAT F: 5-GGAGGCGGGAACCCAATAG-3'
R: 5'-GTGTGCCATCTCGTCAGTGAA-3'
GSH F: TATCAGAGGCGGGAAATCTCTT-3'
R: ATTCTTGCTTCGGCCACATAC-3’
GSH-Px F: 5'-GTCGGTGTATGCCTTCTCGG-3'
R: 5-AGAGAGACGCGACATTCTCAAT-3'
1L-10 F: 5'-CTTACTGACTGGCATGAGGATCA-3’
R: 5-GCAGCTCTAGGAGCATGTGG-3'
1L-18 F: 5'-GACTCTTGCGTCAACTTCAAGG-3'
R: 5'-CAGGCTGTCTTTTGTCAACGA-3’
T F: 5'-TGCTACGTGGTGTGGACCTTGC-3'
R: 5'-ACCGGAGAACTCCCCCACCT-3'
116 F: 5'-CTGCAAGAGACTTCCATCCAG-3’
R: 5-AGTGGTATAGACAGGTCTGTTGG-3'
TNF-a F: 5'-CAGGCGGTGCCTATGTCTC-3'
R: 5-CGATCACCCCGAAGTTCAGTAG-3’
38 F: 5'-CTGACCGACGACCACGTTC-3’
R: 5-CTTCGTTCACAGCTAGGTTGC-3'
PNy F: 5'-GGCCTAGCTCTGAGACAATGAAC-3'
R: 5-TGACCTCAAACTTGGCAATACTC-3’
Keapl F: 5'-CGGGGACGCAGTGATGTATG-3'
R: 5-TGTGTAGCTGAAGGTTCGGTTA-3'
Nif2 F: 5-TAGATGACCATGAGTCGCTTGC-3'
R: 5-GCCAAACTTGCTCCATGTCC-3'
HO-1 F: 5'-GATAGAGCGCAACAAGCAGAA-3'
R: 5-CAGTGAGGCCCATACCAGAAG-3’
NOOI F: 5'-AGGATGGGAGGTACTCGAATC-3'
R: 5-TGCTAGAGATGACTCGGAAGG-3'
NLRP 3 F: 5'-ATTACCCGCCCGAGAAAGG-3'
R: 5-CATGAGTGTGGCTAGATCCAAG-3'
ASC F: 5'-GACAGTGCAACTGCGAGAAG-3'
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R: 5-CGACTCCAGATAGTAGCTGACAA-3’
F: 5-GAAATGCCACCTTTTGACAGTG-3'

IL-1p R: 5'-TGGATGCTCTCATCAGGACAG-3’
IcBot F: 5'-CGCGGGATGGCCTCAAGAAGGA-3'
R: 5'-GCCAAGTGCAGGAACGAGTCT-3'
Caspase-1 F: 5-TGGAAGGTAGGCAAGACT-3'
R: 5-ATAGTGGGCATCTGGGTC-3’
NF-xB F: 5-ATGGCAGACGATGATCCCTAC-3’
R: 5-CGGAATCGAAATCCCCTCTGTT-3'
p-Actin F: 5'-GAGAAAATCTGGCACCACACCT-3'

R: 5'- GCACAGCCTGGATAGCAACGTA-3'

Statistical analysis

All data were processed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). One-way ANOVA followed
by Duncan’s multiple range test was applied to compare differences among groups, with P < 0.05 considered
statistically significant. Each experiment was performed in triplicate, and results are presented as mean = standard
deviation (SD) [23].

In vitro antioxidant activity of LP-KSFY06

As illustrated in Figure 2, LP-KSFY06 displayed significant free radical scavenging activity. For the ABTS assay,
scavenging rates ranged from 19.91% to 48.49% for concentrations of 2.5x10° CFU/mL and 2.5x10'" CFU/mL.
For the DPPH assay, the corresponding scavenging rates were 38.46% to 59.62%. These values were lower than
those observed in the positive control group treated with vitamin C (28.39% and 32.26%), yet the scavenging
capacity increased clearly with higher LP-KSFY06 concentrations (p < 0.05), demonstrating a strong dose-
dependent antioxidant effect [23].
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Figure 2. Scavenging activity of LP-KSFY06 against DPPH and ABTS free radicals. LP-KSFY06:
Lactobacillus plantarum KSFY06. Low: mice treated with 2.5x10° CFU/mL LP-KSFY06; High: mice treated
with 2.5%10'° CFU/mL LP-KSFY06. Values with different letters (a—c) within the same column indicate
statistically significant differences (P < 0.05) as assessed by Duncan’s multiple range test [23].

Body weight and organ Index of mice

The organ index serves as an indirect indicator of organ function. No significant differences were observed in
body weight among the groups (Figure 3), and all mice survived the experimental period. As shown in Table
2, mice in the model group exhibited significant increases in heart, liver, spleen, lung, and kidney indices
compared to the normal group due to D-Gal/LPS exposure (p < 0.05). Administration of LP-KSFY06 resulted
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in a reduction of organ indices in both low- and high-dose groups, with the high-dose group showing a more
pronounced decrease (p < 0.05). These findings suggest that LP-KSFY06 mitigated organ enlargement and
partially alleviated the organ damage induced by D-Gal/LPS [24].

Table 2. Effects of Lactobacillus plantarum KSFY06 on Organ Indices in Mice with D-Gal/LPS-Induced
Organ Injury (N=10/Group)

Groups Heart Index Lung Index Liver Index Spleen Index Kidney Index

Normal 5.85+0.84%A 5.49+1.09¢ 47.67+2.19¢ 3.82+1.39¢ 13.50+1.22°

Model 6.17£1.19* 8.29+1.21° 50.73£2.242 5.54+£1.582 15.18+2.93%
Low 5.12+0.99¢ 7.34+1.09° 48.23+2.51° 4.26+1.45° 13.25+1.29
High 4.29+0.924 6.61+0.90¢ 47.04+2.724 3.45+1.384 11.45+1.99¢

Notes: Model group: received a single intraperitoneal injection of D-Gal/LPS (250 mg/kgebw and 25 mg/kgebw) on the last day. Low-
dose group: given daily oral LP-KSFY06 (2.5x10° CFU/kgebw) for the treatment period, followed by D-Gal/LPS injection on the last day.
High-dose group: given daily oral LP-KSFY06 (2.5x10'° CFU/kgebw) before D-Gal/LPS injection on the last day. Values labeled with
different letters (a—d) in the same column indicate statistically significant differences (P < 0.05) based on Duncan’s multiple range test.
Data are expressed as mean + standard deviation (SD). Organ index was calculated as organ weight (mg) divided by body weight (g) [24].
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Figure 3. Changes in body weight of mice during the experiment. Low: administered 2.5x10° CFU/mL LP-
KSFY06; High: administered 2.5x10' CFU/mL LP-KSFY06.

Histological analysis

The liver is a primary organ for metabolizing toxic substances, and injury induced by D-Gal/LPS causes notable
morphological changes [25]. As illustrated in Figure 4, liver tissues from the normal group displayed intact
architecture, regular hepatocyte arrangement, and a radially structured central vein. In contrast, the model group
showed disrupted tissue structure, widespread inflammatory cell infiltration, uneven staining, irregular central
veins, cell swelling, loosened cytoplasm, and localized necrosis. Administration of LP-KSFY06 at both low and
high doses improved liver histology, with hepatocytes more regularly arranged, only minor morphological
alterations, and reduced edema, necrosis, and inflammatory infiltration compared with the model group.
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Figure 4. Effects of Lactobacillus plantarum KSFY06 on liver morphology in mice with D-Gal/LPS-induced
injury. Model: D-Gal/LPS-induced group (250 mg/kgebw, 25 mg/kgebw); Low: LP-KSFY06 (2.5%10°
CFU/kgebw); High: LP-KSFY06 (2.5x10'" CFU/kg*bw).

In the normal control group, spleen tissue showed intact cells, well-defined architecture, clear medulla-cortex
boundaries, orderly cell arrangement, and no evidence of degeneration or necrosis (Figure 5) [25]. By contrast,
the model group exhibited pronounced spleen damage, including distorted morphology, disorganized tissue
structure, expansion of the splenic cord and red pulp sinus, congestion, increased red blood cell content, reduced
lymphocytes in white pulp, nuclear fragmentation in white pulp, and compressed red cords with a loose
arrangement. In the LP-KSFY06-treated groups, these pathological changes were markedly improved. Spleen
congestion was alleviated, white pulp was dispersed throughout the splenic parenchyma, and the boundaries
between white and red pulp were distinct. These histological findings of both liver and spleen suggest that LP-
KSFY06 may help prevent tissue damage associated with oxidative stress and aging.

Normal ( X40) Normal ( 3£ 200) Model (40) Model (200)

Low (X 40) Low (% 200) High (X 40) High (X 200)
Figure 5. Effects of Lactobacillus plantarum KSFY06 on spleen morphology in mice with D-Gal/LPS-
induced injury. Model: D-Gal/LPS-treated group (250 mg/kgebw, 25 mg/kgebw); Low: LP-KSFY06 (2.5%10°
CFU/kgebw); High: LP-KSFY06 (2.5%10' CFU/kgebw).

Serum and liver tissue liver function indicators

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) serve as sensitive biomarkers for hepatic
injury [26]. In this study, AST and ALT concentrations in both serum and liver tissue were markedly elevated in
the D-Gal/LPS-treated model group (P < 0.05). Oral administration of LP-KSFY06 effectively restored these
enzyme levels toward normal, indicating its protective effect against liver injury.

248



Mendes and Almeida, Protective Effects of Lactobacillus plantarum KSFY06 Against Oxidative Stress and Inflammation in
D-Gal/LPS-Induced Acute Liver Injury in Mice

Table 3. Levels of AST and ALT in Serum and Liver Tissue of Mice (N=10/Group)

Groups AST ALT
Serum (U/L) Liver (U/g prot) Serum (U/L) Liver (U/g prot)
Normal 8.66+1.05% 20.97+1.02¢ 11.09+1.21¢ 53.85+1.87¢
Model 15.12+1.34* 26.95+1.882 18.46+1.94* 73.24+1.942
Low 13.31+1.16° 22.56+1.64° 14.79+1.59° 58.55+1.65°
High 9.69+1.29¢ 19.93+1.95¢d 11.03+1.24¢ 41.18+1.57¢

Notes: Model: treated with D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw, last day) injection; Low: mice treated with D-Gal/LPS (250
mg/kg-bw and 25 mg/kg-bw, last day) injection after Lactobacillus plantarum KSFY06 (2.5x10° CFU/kg-bw, per day) oral administration;
High: treated with D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw, last day) injection after Lactobacillus plantarum KSFY06
(2.5x10' CFU/kg-bw, per day) oral administration. ““There was significant difference in different letters in the same column (P < 0.05),
which was determined by Duncan’s multiple range test. “Values presented are the meansstandard deviation (SD).

Levels of SOD, CAT, GSH-Px, GSH, T-AOC, NO, MDA, and MPO in mouse serum and liver

As presented in Figures 6 and 7, mice in the model group exhibited a significant reduction in antioxidant enzyme
activities, including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), total
antioxidant capacity (T-AOC), and glutathione (GSH), compared with the normal group. Conversely, oxidative
stress markers, such as malondialdehyde (MDA), nitric oxide (NO), and myeloperoxidase (MPO), were markedly
elevated in the model group (P < 0.05). Administration of Lactobacillus plantarum KSFY 06 mitigated the decrease
in antioxidant enzymes and GSH content while reducing MDA, NO, and MPO levels, with the higher dose
showing a more pronounced effect. These results indicate that supplementation with LP-KSFY06 as an exogenous
antioxidant can enhance endogenous antioxidant levels and activities, effectively suppressing oxidative damage
and potentially preventing age-related diseases associated with oxidative stress [27].
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Figure 6. Effects of Lactobacillus plantarum KSFY06 on SOD, CAT, GSH-Px, GSH, T-AOC, MPO, MDA,
and NO in serum of mice injured by D-Gal/LPS. *“There was significant difference in different letters in the
same column (P < 0.05), which was determined by Duncan’s multiple range test. Model: group induced by
D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw); Low: treated with LP-KSFY06 (2.5x10° CFU/kg-bw); High:
treated with LP-KSFY06 (2.5x10'° CFU/kg-bw).
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Figure 7. Effects of Lactobacillus plantarum KSFY06 on SOD, CAT, GSH-Px, GSH, T-AOC, MPO, MDA,
and NO in liver of mice injured by D-Gal/LPS. *“There was significant difference in different letters in the
same column (P < 0.05), which was determined by Duncan’s multiple range test. Model: group induced by

D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw); Low: treated with LP-KSFY06 (2.5x10° CFU/kg-bw); High:

treated with LP-KSFY06 (2.5x10'° CFU/kg-bw).

Cytokine levels in mouse serum and liver

As shown in Table 4, pro-inflammatory cytokines, including tumor necrosis factor-a (TNF-a), interleukin-6 (IL-
6), interleukin-1p (IL-1p), and interferon-y (IFN-y), were significantly elevated in the serum and liver of the model
group compared with the normal group (P < 0.05), while the anti-inflammatory cytokine interleukin-10 (IL-10)
was reduced. Administration of Lactobacillus plantarum KSFY06 effectively reversed these changes, decreasing
the levels of pro-inflammatory cytokines and increasing IL-10, indicating that LP-KSFY06 can alleviate the
inflammatory response induced by D-Gal/LPS in mice [27].

Table 4. Levels of IL-6, IL-10, IL-1p, TNF-a and IFN-y in Serum and Liver Tissue of Mice (N=10/Group)
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Notes: Model: treated with D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw, last day) injection; Low: mice treated with D-Gal/LPS (250
mg/kg-bw and 25 mg/kg-bw, last day) injection after Lactobacillus plantarum KSFY06 (2.5%10° CFU/kg-bw, per day) oral administration;
High: treated with D-Gal/LPS (250 mg/kg-bw and 25 mg/kg-bw, last day) injection after Lactobacillus plantarum KSFY06
(2.5%10'° CFU/kg-bw, per day) oral administration. ““There was significant difference in different letters in the same column (P < 0.05),
which was determined by Duncan’s multiple range test. *Values presented are the mean+standard deviation (SD).

Effects of lactobacillus plantarum KSFY06 on hepatic gene expression related to oxidation, inflammation, and
apoptosis (RT-gPCR analysis)

As shown in Figure 8, in the D-Gal/LPS-induced acute liver injury model, the mRNA levels of antioxidant-related
genes—including Cu/Zn-superoxide dismutase (SOD1), Mn-superoxide dismutase (SOD?2), glutathione (GSH),
glutathione peroxidase (GSH-Px), catalase (CAT), thioredoxin (Trx), and the anti-inflammatory cytokine IL-10—
were significantly reduced compared with the normal group, whereas pro-inflammatory cytokines such as IFN-y,
IL-6, IL-18, IL-1PB, TNF-a, and Mapkl4 were markedly elevated (P < 0.05). Treatment with LP-KSFY06
effectively restored the expression of these genes, demonstrating a protective role against D-Gal/LPS-induced
liver injury [28].

Additionally, the model group exhibited increased expression of NLRP3, ASC, caspase-1, and NF-kB mRNA,
with a concurrent decrease in IkB-o mRNA, compared to normal controls. LP-KSFY06 administration
significantly reduced the expression of NLRP3, ASC, caspase-1, and NF-kB while upregulating IkB-a (P < 0.05),
suggesting that its protective effects may involve modulation of the NLRP3/NF-«kB signaling pathway [29].
Regarding oxidative stress pathways, Keapl expression was elevated and Nrf2, HO-1, and NQO1 expression was
suppressed in the model group relative to the normal group. LP-KSFY06 treatment decreased Keapl expression,
which led to the activation of Nrf2, enhanced transcription of downstream antioxidant genes HO-1 and NQO1,
and alleviated oxidative damage (P < 0.05). These results indicate that LP-KSFY06 mitigates oxidative stress
through regulation of the Keap1-Nrf2/ARE pathway [30].
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Figure 8. Effects of Lactobacillus plantarum KSFY06 on the mRNA expression in liver tissue of mice. *
4There was significant difference in different letters in the same column (P < 0.05), which was determined
by Duncan’s multiple range test. Model: group induced by D-Gal/LPS (250 mg/kg-bw, 25 mg/kg-bw);
Low: low-dose group, 2.5x10° CFU/kg-bw; High: high-dose group, 2.5x10'° CFU/kg-bw.

Results and Discussion

Lactobacillus is a widely distributed probiotic with diverse species, and certain strains exhibit important biological
activities, including antioxidant effects, endotoxin neutralization, anti-aging, anti-cancer properties, and immune
regulation [28-32]. In this study, Lactobacillus plantarum KSFY06 (LP-KSFY06) was isolated from naturally
fermented cattle milk produced by the Kashi Herdsman Family in Xinjiang. This yogurt is derived from a unique
ecological environment characterized by large temperature fluctuations and strong ultraviolet radiation, which
may contribute to the distinct properties of the isolated strain compared with typical Lactobacillus strains [33].
Prior experiments demonstrated that LP-KSFY06 maintains viability in simulated gastric juice and bile salt
conditions.

Acute liver injury (ALI) is a common liver syndrome caused by viruses, alcohol, drugs, and other factors, leading
to hepatocyte swelling, inflammation, and necrosis [34]. D-Gal/LPS-induced liver injury models are widely used
to evaluate antioxidants, anti-aging agents, plant extracts, and probiotics, as this model primarily involves
oxidative stress and inflammatory responses [35-38]. Prolonged galactose administration disrupts metabolism,
alters cellular osmotic balance, causes hepatocyte swelling, and induces oxidative stress, resulting in liver damage
[39]. LPS, an endotoxin, is mainly cleared by Kupffer cells, which, when activated, produce reactive oxygen
species (ROS) such as hydrogen peroxide and release inflammatory mediators like ILs and TNF-a, thereby
inducing hepatocyte necrosis [40]. In this study, D-Gal/LPS treatment led to significant hepatocyte necrosis,
inflammatory infiltration (lymphocytes and macrophages), and structural disorganization around the central vein.
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LP-KSFYO06 administration markedly alleviated these pathological changes, demonstrating a protective effect on
liver injury.

Organ weights and organ indexes reflect the extent of tissue damage. LP-KSFY06 mitigated the D-Gal/LPS-
induced increase in organ indexes [41]. ALT is highly sensitive in the early stage of ALI and indicates hepatocyte
parenchymal injury, while AST reflects the severity of liver damage [42]. LP-KSFY06 prevented the elevation of
serum and hepatic ALT and AST levels.

Antioxidant enzymes play critical roles in cellular redox balance. SOD catalyzes the dismutation of superoxide
radicals into oxygen and hydrogen peroxide through electron transfer between metal ions, maintaining oxidative
homeostasis [43]. CAT decomposes H202 into H20 and O2, protecting cells from oxidative damage and working
synergistically with SOD [44]. GSH is a major non-enzymatic antioxidant that regulates intracellular redox
balance [45]. GSH-Px catalyzes the conversion of GSH to GSSG, collectively helping to prevent oxidative edema
and delay oxidative aging [46]. In this study, LP-KSFY06 enhanced the activity of SOD, CAT, GSH-Px, and
GSH, supporting antioxidant defense.

Oxidative stress generates free radicals that initiate lipid peroxidation, producing MDA as a final product. MDA
can cross-link proteins, nucleic acids, and other macromolecules, causing cytotoxicity and impairing normal
biochemical processes [47]. NO is a lipophilic molecule that rapidly diffuses through membranes and plays key
roles in cardiovascular and cerebral regulation [48]. MPO, derived from polymorphonuclear neutrophils,
monocytes, and macrophages, is released upon leukocyte activation and degranulation, contributing to immune
defense and tissue injury in conditions such as leukemia, vasculitis, and Alzheimer’s disease [49]. D-Gal/LPS-
induced oxidative stress disrupted normal metabolism, increasing MDA, NO, and MPO levels, which LP-KSFY06
effectively reduced, highlighting its antioxidant activity.

As liver injury worsens, oxidative stress increases, impairing immune function and promoting the release of
inflammatory cytokines. Oxidative stress can activate hepatic stellate cells (HSCs) and Kupffer cells, creating a
positive feedback loop that amplifies cytokine production and exacerbates liver damage [50]. Key
immunoregulatory cytokines include IL-1f, IL-6, IL-10, TNF-a, and IFN-y, whose secretion is associated with
Th1/Th2 cell responses. IFN-y is mainly secreted by Th1 cells, while IL-6 and IL-10 are secreted by Th2 cells
[51]. TNF-a and IL-6 act on hepatocyte surface receptors and induce hepatocyte necrosis, with TNF-a being a
primary mediator of inflammation and IL-6 promoting acute-phase protein and T-cell accumulation [52, 53]. IL-
1B, produced by innate immune cells, is processed intracellularly via caspase-1 [54]. IFN-y inhibits Th2
differentiation, while IL-10 suppresses Thl responses; under inflammation, this regulatory balance is disrupted
[55]. In this study, LP-KSFY06 reduced TNF-a, IFN-y, IL-6, and IL-1f while increasing IL-10 levels, thereby
attenuating inflammatory stress in liver-injured mice.

The Keapl-Nrf2/ARE pathway is recognized as a key endogenous antioxidant signaling route. Under normal
conditions, Nrf2 binds primarily to its inhibitor Keap1 and remains inactive in the cytoplasm, where it is quickly
degraded via the ubiquitin-proteasome system, maintaining low basal transcriptional activity of Nrf2. D-Gal/LPS
treatment upregulated the negative regulator Keapl while suppressing the expression of Nrf2, HO-1, and NQOI.
Administration of LP-KSFY06 activated the Nrf2/ARE pathway, decreased Keapl levels, facilitated the release
of nuclear Nrf2, enhanced the binding of Nrf2 to ARE, and subsequently stimulated the expression of downstream
antioxidant enzymes and phase II detoxification genes, thereby improving the body’s antioxidant defense. Nrf2
serves as a critical transcription factor regulating cellular oxidative stress responses, mitigating ROS- and
electrophile-induced damage, maintaining cellular stability, and promoting redox homeostasis through induction
of antioxidant proteins. HO-1, a stress-inducible protein, is involved in heme metabolism, inflammation, and
antioxidant processes, and also offers protective effects on cardiovascular and nervous system function [56-58].
NF-kB, a member of the Rel protein family, mainly exists as a p65/p50 heterodimer. In its inactive state, it forms
a trimer with IxkB-a. D-Gal/LPS triggers a cascade of protein kinase activations, including IxB kinase complex
activation, resulting in IkB-o ubiquitination and degradation, which subsequently promotes NLRP3
inflammasome formation and induces inflammatory responses. NLRP3 inflammasomes activate caspase-1, which
then processes pro-inflammatory cytokines such as IL-1f, initiating the host inflammatory reaction [59-61].
Previous studies have confirmed the critical role of the NF-xB/NLRP3 pathway in ALI-related inflammation [62].
In this study, LP-KSFYO06 treatment increased IkB-o expression and suppressed NF-kB, NLRP3, ASC, and
caspase-1 expression, indicating inhibition of this inflammatory pathway.

253



Mendes and Almeida, Protective Effects of Lactobacillus plantarum KSFY06 Against Oxidative Stress and Inflammation in
D-Gal/LPS-Induced Acute Liver Injury in Mice

Overall, the anti-oxidant and anti-inflammatory properties of LP-KSFY06 were demonstrated at the molecular,
histological, and gene expression levels. Protein-level mechanisms were not assessed in this study but are planned
for future investigations.

Conclusion

LP-KSFYO06 effectively mitigated D-Gal/LPS-induced ALI, enhanced antioxidant enzyme activities in serum and
liver, reduced peroxide accumulation, and elevated immunoregulatory cytokine levels. Its protective mechanism
involves boosting endogenous antioxidant defenses and modulating immune responses. Specifically, LP-KSFY06
activates the Nrf2/ARE pathway while suppressing the NF-kB/NLRP3 signaling cascade, contributing to its
hepatoprotective effects.
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