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Abstract

Alcohol-associated liver disease (ALD) contributes substantially to the global burden of
chronic liver disease, yet few effective pharmacological treatments are currently available.
The hepatoprotective potential of Lactobacillus helveticus HY7804 was evaluated in ethanol-
exposed HepG2 cells and in a modified chronic-binge ethanol-fed mouse model adapted
from the National Institute on Alcohol Abuse and Alcoholism (NIAAA) paradigm. Ethanol-
induced cytotoxicity in HepG2 cells was attenuated by HY7804, as demonstrated by the
recovery of cell viability and the reduction in lactate dehydrogenase release. HY7804
also decreased ethanol-induced inflammatory cytokine production, including IL-6, TNF-
o, IL-1B, and IL-8, and modulated apoptosis-related gene expression. In chronic-binge
ethanol-fed mice, HY7804 reduced serum AST from 183.4 + 34.1 to 129.4 4+ 16.4 U/L
(p <0.01) and ALT from 67.5 + 4.5 t0 52.1 £ 4.7 U/L (p < 0.05). Hepatic lipid accumulation
was also significantly reduced by HY7804 treatment compared with the EtOH group,
as indicated by the decreased Oil Red O-positive area (p < 0.01). Hepatic MDA levels
decreased from 46.01 & 3.38 to 30.58 + 6.38 nmol/mg tissue (p < 0.01). In addition, HY7804
modulated hepatic inflammatory cytokine profiles, antioxidant-related responses, and the
Bax/Bcl-2 expression ratio. These findings suggest that HY7804 mitigates ethanol-induced
hepatic injury, with associated changes in inflammatory responses, antioxidant-related
markers, lipid peroxidation, and apoptosis-related gene expression.

Keywords: alcohol-associated liver disease (ALD); probiotics; Lactobacillus helveticus;
inflammation; oxidative stress; antioxidant
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Ethanol-induced hepatic injury involves dysregulation of redox balance and inflam-
matory responses associated with alcohol metabolism [4,5]. Ethanol metabolism via cy-
tochrome P450 2E1 (CYP2E1) contributes substantially to reactive oxygen species (ROS)
production, which can promote hepatic oxidative stress and compromise antioxidant de-
fenses [6,7]. This oxidative imbalance contributes to lipid peroxidation and oxidative
damage to cellular macromolecules, while also impairing antioxidant defense systems.
In particular, sustained oxidative stress may affect Nrf2/HO-1-mediated antioxidant re-
sponses, potentially influencing hepatic defense mechanisms against ethanol-induced ox-
idative injury [8]. Along with oxidative disturbances, the inflammatory response associated
with alcohol exposure involves NF-kB-related signaling and the subsequent production of
pro-inflammatory cytokines in the liver [4,9]. Thus, interventions that restore redox balance
and suppress excessive inflammatory responses may represent promising strategies for
preventing alcohol-induced hepatic damage.

Experimental animal models are essential for investigating alcohol-associated hepatic
alterations and evaluating candidate hepatoprotective agents. Among these models, the
National Institute on Alcohol Abuse and Alcoholism (NIAAA) chronic-binge ethanol
feeding model is commonly used as an experimental approach for evaluating ethanol-
induced hepatic injury and related pathological changes [10,11]. This model combines
chronic ethanol feeding using a Lieber-DeCarli ethanol liquid diet with a single ethanol
binge, thereby inducing hepatic steatosis, inflammation, and serum transaminase elevation
within a relatively short experimental period. In addition, this model partially recapitulates
acute-on-chronic alcohol-induced liver injury by combining repeated ethanol exposure with
a binge ethanol challenge, thereby reflecting clinically relevant drinking patterns observed
in patients with ALD [10,12,13]. Female mice have been reported to be more susceptible
to alcohol-induced liver injury than male mice, providing a rationale for their use in the
chronic-binge ethanol feeding model [10,14].

Probiotics are defined as live microorganisms that confer a health benefit on the host
when consumed in adequate amounts [15]. Among probiotic species, Lactobacillus helveticus
is a Gram-positive, thermophilic, homofermentative lactic acid bacterium traditionally
used as a starter or adjunct culture in dairy fermentation [16,17]. L. helveticus strains have
been reported to exhibit various health-promoting properties, including host immune
modulation, inhibition of pathogens, and gut microbiota-related effects [18]. Previous
studies suggest that probiotics may exert protective effects against ethanol-associated
hepatic injury, potentially involving changes in oxidative stress, inflammatory responses,
NF-kB-related signaling, and the gut microbiota [13,19-21].

Lactobacillus helveticus HY7804 (HY7804) was originally isolated from raw milk and
has previously been investigated for its hepatoprotective potential in experimental models
of metabolic dysfunction-associated steatotic liver disease (MASLD), formerly referred
to as non-alcoholic fatty liver disease (NAFLD). In a diet-induced MASLD mouse model,
HY7804 improved liver injury-related markers, attenuated hepatic steatosis, and reduced
histopathological features associated with hepatic damage [22]. More recently, HY7804 was
reported to alleviate MASLD-associated hepatic alterations, accompanied by changes in
intestinal barrier function, intestinal inflammation, and gut microbiota composition [23].
These previous findings suggest that HY7804 possesses beneficial properties related to
hepatic lipid metabolism, inflammation regulation, and host-microbiota interactions, which
are also considered important factors in alcohol-associated hepatic injury.

Although HY7804 has shown hepatoprotective potential in MASLD models, its pro-
tective efficacy in ethanol-induced hepatic injury has not been investigated. Given that
oxidative stress, inflammatory activation, and lipid dysregulation are common pathological
features shared between metabolic and alcohol-related liver injury, previous evidence
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linking HY7804 to hepatic lipid metabolism and inflammatory responses supports further
investigation of its effects under ethanol exposure conditions.

In the present study, we hypothesized that HY7804 could alleviate ethanol-induced
hepatic injury by modulating key pathological responses associated with alcohol exposure.
To test this hypothesis, we investigated the protective effects of HY7804 using an ethanol-
exposure model in HepG2 cells and a modified mouse model incorporating chronic-binge
ethanol feeding based on the NIAAA paradigm. This study aimed to determine whether
HY7804 improves ethanol-associated hepatic alterations and to characterize its effects on
inflammatory responses, antioxidant-related responses, lipid peroxidation, and apoptosis-
associated changes.

2. Results
2.1. Effects of HY7804 on Cell Cytotoxicity

Cell viability and lactate dehydrogenase (LDH) release were measured to evaluate
the cytotoxicity of HY7804 and its protective effects against ethanol-induced injury in
HepG2 cells (Figure 1). The cell viabilities of HepG2 cells treated with 10°, 10%, and
107 CFU/mL of HY7804 were 102.33%, 107.54% and 112.41%, respectively, indicating
that HY7804 did not reduce HepG2 cell viability at the tested concentrations. Ethanol
treatment significantly reduced cell viability to 33.27% (p < 0.001), whereas pretreatment
with HY7804 at concentrations of 10°, 10°, and 10 CFU/mL increased cell viability to
37.75% (not significant), 46.70% (p < 0.01) and 53.35% (p < 0.001), respectively. Figure 1C
shows that ethanol exposure markedly elevated LDH release in HepG2 cells (p < 0.001),
indicating increased cytotoxicity. Pretreatment with HY7804 significantly reduced LDH
release compared with ethanol-treated cells (p < 0.001). A bacteria-only control performed
in the absence of HepG2 cells showed negligible MTT-derived absorbance under the same
assay conditions, indicating minimal contribution of HY7804 itself to formazan formation
(Table S1).
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Figure 1. Effects of HY7804 on ethanol-associated cytotoxicity in HepG2 cells. (A) Cell viability
following HY7804 treatment alone, (B) Cell viability, and (C) LDH release following ethanol exposure
with or without HY7804 treatment. Data are shown as mean =+ SD. Statistical comparisons were
performed by one-way ANOVA with Tukey’s multiple comparisons test. Groups sharing at least
one letter do not differ significantly, whereas groups with no letters in common differ significantly
(p < 0.05). EtOH, ethanol; HY7804, L. helveticus HY7804; LDH, lactate dehydrogenase.

2.2. Effects of HY7804 on Secretion of Pro-Inflammatory Cytokines in HepG2 Cells

The effects of HY7804 on ethanol-associated cytokine responses were evaluated by
measuring IL-6, IL-1f3, IL-8, and TNF-« secretion in HepG2 cells (Figure 2A-D). The
secretion levels of IL-6, IL-13, IL-8, and TNF-o were significantly elevated in EtOH-treated
HepG2 cells compared with untreated cells (IL-6, IL-1§3, and IL-8, p < 0.001; TNF-«, p < 0.05).
Pretreatment with HY7804 (10°-107 CFU/mL) significantly suppressed the levels of IL-6
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and IL-1f3. IL-8 levels decreased in a dose-dependent manner following HY7804 treatment,
with a significant reduction observed only at 10 CFU/mL (p < 0.05). TNF-« levels were
also reduced following HY7804 pretreatment, with similar reductions observed across all
tested concentrations.
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Figure 2. Cytokine responses and apoptosis-related gene expression following HY7804 treatment
in ethanol-exposed HepG2 cells. (A-D) Pro-inflammatory cytokine secretion was evaluated by
measuring IL-6 (A), IL-1p (B), IL-8 (C), and TNF-« (D). (E,F) The expression levels of the apoptosis-
related genes CASP3 (E) and CASP9 (F) were determined. Data are presented as mean =+ SD. Statistical
comparisons were performed using one-way ANOVA followed by Tukey’s multiple comparisons
test. Groups sharing at least one letter do not differ significantly, whereas groups with no letters in
common differ significantly (p < 0.05). EtOH, ethanol; HY7804, L. helveticus HY7804; IL-6, interleukin-
6; IL-1B, interleukin-1 beta; IL-8, interleukin-8; TNF-«, tumor necrosis factor-alpha; CASP3, caspase-3;
CASP9, caspase-9.

2.3. Effect of HY7804 on Apoptosis-Related Gene Expression in HepG2 Cells

The mRNA expression levels of apoptosis-related genes were evaluated in HepG2
cells following ethanol exposure (Figure 2E,F). Compared with untreated cells, ethanol
treatment significantly increased the expression of CASP3 and CASP9 by 1.31-fold and 1.42-
fold, respectively (p < 0.001). HY7804 treatment resulted in a reduction in CASP3 expression
at all tested concentrations. No significant change was observed at 10° CFU/mL (1.20-fold),
whereas significant decreases were detected at 10° and 107 CFU/mL, with expression levels
of 1.13- and 1.11-fold, respectively (p < 0.01). CASP9 expression in HY7804-treated cells
significantly decreased to 1.14- (p < 0.01), 1.23- (p < 0.05) and 1.08-fold (p < 0.001) at 10°, 10°
and 10”7 CFU/mL, respectively.

2.4. Effects of HY7804 on Physiological Parameters, Organ Weights and Serum Liver Injury
Markers in Chronic-Binge Ethanol-Fed Mice

The effects of HY7804 administration on body weight and liver and spleen weights
were evaluated in mice subjected to chronic-binge ethanol feeding. Given its established
hepatoprotective effects and reported antioxidant and anti-inflammatory activities, a sily-

https://doi.org/10.3390/ijms27188058


https://doi.org/10.3390/ijms27188058

Int. J. Mol. Sci. 2026, 27, 8058

50f18

marin (SM) treatment group was included as the positive control. Its reported low toxicity
and long-standing use in liver disorders support its application as a reference agent in
experimental liver injury models [13,24]. Ethanol feeding reduced body weight compared
with the NOR group, whereas SM, TH, and HY7804 treatment did not significantly affect
body weight compared with the EtOH group (Figure 3A). Ethanol feeding significantly
increased liver weight and the liver-to-body weight ratio compared with the NOR group
(p < 0.001). Treatment with SM, TH, or HY7804 resulted in significantly lower values
for both parameters relative to the EtOH group (p < 0.001). In contrast, no significant
group-dependent changes were observed in spleen weight or the spleen-to-body weight
ratio (Figure 3D,E).
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Figure 3. Physiological and serum biochemical responses to HY7804 treatment in chronic-binge ethanol-
fed mice. Panels show changes in body weight over the experimental period (A), absolute and relative
liver weights (B,C), absolute and relative spleen weights (D,E), and serum AST and ALT levels (F,G),
respectively. Data are shown as mean £ SD. Statistical comparisons were performed using one-way
ANOVA followed by Tukey’s multiple comparisons test. Groups sharing at least one letter do not
differ significantly, whereas groups with no letters in common differ significantly (p < 0.05). AST,
aspartate aminotransferase; ALT, alanine aminotransferase; NOR, normal group; EtOH, ethanol-fed
group; EtOH + SM, silymarin-treated ethanol-fed group; EtOH + TH, L. helveticus type strain ATCC15009-
treated ethanol-fed group; EtOH + HY, L. helveticus HY7804-treated ethanol-fed group.

Analysis of serum biochemical parameters revealed that chronic-binge ethanol admin-
istration altered hepatic injury markers. Specifically, the EtOH group showed higher serum
AST and ALT concentrations than the NOR group (Figure 3EG; p < 0.001). Treatment with
SM and HY7804 partially reversed these ethanol-associated changes, with significantly
lower AST levels observed in intervention groups compared with the EtOH group (p < 0.05
and p < 0.01, respectively). Similarly, ALT levels were significantly decreased by SM and
HY administration compared with the EtOH group (p < 0.001 and p < 0.05, respectively).
Although AST and ALT levels were numerically lower in the EtOH + TH group than in the
EtOH group. However, no statistically significant differences were detected. The reduction
in serum transaminase levels following HY7804 administration was consistent with an
attenuation of ethanol-associated hepatic injury in chronic-binge ethanol-fed mice.
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2.5. Effects of HY7804 on Hepatic Histopathological Changes and Lipid Accumulation in
Chronic-Binge Ethanol-Fed Mice

Histological analyses were performed to determine whether HY7804 attenuates
ethanol-induced hepatic structural damage and lipid accumulation. Macroscopic obser-
vation of excised livers showed that the liver size appeared increased in the EtOH group
compared with the NOR group, whereas SM, TH, and HY7804 administration visibly
reduced this ethanol-induced liver enlargement (Figure 4A). These gross morphological
findings were accompanied by alterations in liver weight and liver-to-body weight ratio.

EtOH+SM | EtOH+TH | EOH+HY |

EtOH + SM EtOH + TH EtOH + HY
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b b
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Figure 4. Effects of HY7804 on hepatic histopathological changes and lipid accumulation in chronic-
binge ethanol-fed mice. (A) Liver tissue morphology. (B) Hematoxylin and eosin (H&E)-stained
section images (100 x magnification), (C) Oil Red O-stained section images (100x magnification).
(D) Quantification of Oil Red O-positive area. Scale bar = 100 um. Data are shown as mean + SD.
Statistical comparisons were performed using one-way ANOVA followed by Tukey’s multiple
comparisons test. Groups sharing at least one letter do not differ significantly, whereas groups with
no letters in common differ significantly (p < 0.05). NOR, normal group; EtOH, ethanol-fed group;
EtOH + SM,, silymarin-treated ethanol-fed group; EtOH + TH, L. helveticus type strain ATCC15009-
treated ethanol-fed group; EtOH + HY, L. helveticus HY7804-treated ethanol-fed group.

H&E-stained liver sections from the NOR group showed normal hepatic architecture
with well-preserved hepatocyte morphology (Figure 4B). In contrast, the EtOH group
exhibited histopathological alterations, including hepatocellular vacuolation and steatotic
changes. These alterations were attenuated in the SM, TH, and HY7804-treated groups, with
the HY7804 group showing improved hepatic morphology compared with the EtOH group.

Oil Red O staining further confirmed ethanol-induced hepatic lipid accumulation.
The EtOH group showed a marked increase in Oil Red O-positive lipid droplets compared
with the NOR group, whereas HY7804 administration reduced hepatic lipid deposition
compared with the EtOH group. A similar decreasing trend was observed in the SM group.
In Figure 4D, quantitative analysis of Oil Red O-positive areas showed that ethanol feeding
significantly increased hepatic lipid accumulation relative to the NOR group (p < 0.01),
while HY7804 significantly reduced this increase compared with the EtOH group (p < 0.01).
Overall, these findings indicate that HY7804 alleviated chronic-binge ethanol-induced
hepatic enlargement, lipid accumulation, and histopathological injury.

2.6. Effects of HY7804 on Hepatic Antioxidant Defense and Lipid Peroxidation in Chronic-Binge
Ethanol-Fed Mice

The effects of HY7804 on ethanol-associated oxidative imbalance were assessed by ana-
lyzing hepatic antioxidant enzyme expression and activity together with lipid peroxidation
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in chronic-binge ethanol-fed mice. As presented in Figure 5A-C, ethanol feeding resulted
in lower hepatic mRNA levels of Cat, Sod1, and Sod2, corresponding to 0.79-, 0.86-, and
0.72-fold of the NOR group, respectively. The reductions in Cat and Sod2 were statistically
significant (p < 0.05). HY7804 administration attenuated these ethanol-associated changes,
increasing the expression of Cat, Sod1, and Sod2 relative to the EtOH group (Cat, p < 0.001;
Sodl and Sod2, p < 0.01). The respective expression levels reached 1.13-, 1.19-, and 1.09-fold
of those measured in the NOR group. TH treatment produced a similar response, with Cat,
Sod1, and Sod2 expression reaching 1.04-, 1.11-, and 1.00-fold of the NOR values, respec-
tively (Cat, p < 0.01; Sod1 and Sod2, p < 0.05). SM administration also tended to increase
the expression of antioxidant enzyme-related genes relative to the EtOH group, although
these differences were not statistically significant. In contrast, Gpx1 mRNA levels remained
comparable across all experimental groups (Figure 5D).
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Figure 5. Effects of HY7804 on hepatic antioxidant responses in chronic-binge ethanol-fed mice.
Relative mRNA expression of antioxidant-related genes (A) Cat, (B) Sod1, (C) Sod2, and (D) Gpx1.
(E) hepatic catalase activity, (F) hepatic SOD activity, and (G) hepatic MDA concentration. Data are
shown as mean £ SD. Statistical comparisons were performed using one-way ANOVA followed
by Tukey’s multiple comparisons test. Groups sharing at least one letter do not differ significantly,
whereas groups with no letters in common differ significantly (p < 0.05). Cat, catalase; Sod1, superoxide
dismutase 1; Sod2, superoxide dismutase 2; Gpx1, glutathione peroxidase 1, MDA, malondialdehyde;
NOR, normal group; EtOH, ethanol-fed group; EtOH + SM, silymarin-treated ethanol-fed group;
EtOH + TH, L. helveticus type strain ATCC15009-treated ethanol-fed group; EtOH + HY, L. helveticus
HY7804-treated ethanol-fed group.

As shown in Figure 5E,F, hepatic catalase and SOD activities were lower in ethanol-
fed mice than in the NOR group (p < 0.001). SM, TH, and HY7804 administration was
associated with increased catalase activity relative to the EtOH group, while a significant
increase in SOD activity was observed only following HY7804 treatment (p < 0.05). The
EtOH group exhibited a marked increase in hepatic malondialdehyde (MDA) levels com-
pared with the NOR group (46.01 & 3.38 vs. 27.02 & 5.05 nmol/mg tissue, respectively;
p < 0.001), consistent with increased lipid peroxidation. In contrast, HY7804 administration
significantly reduced hepatic MDA levels to 30.58 & 6.38 nmol/mg tissue compared with
the EtOH group (Figure 5G; p < 0.05).

https://doi.org/10.3390/ijms27188058


https://doi.org/10.3390/ijms27188058

Int. J. Mol. Sci. 2026, 27, 8058 8 of 18

2.7. Effect of HY7804 on Hepatic Nrf2-Related Antioxidant Gene Expression in Chronic-Binge
Ethanol-Fed Mice

To further assess the effect of HY7804 on hepatic antioxidant responses, the mRNA
expression of Hmox1, Nfe212, and Gclc was analyzed in chronic-binge ethanol-fed mice. Hep-
atic Hmox1 expression tended to decrease in the EtOH group to 0.62-fold of the NOR group,
with no significant difference detected between the two groups. Hmox1 expression was sig-
nificantly increased in the EtOH + HY group to 1.23-fold of the NOR group compared with
the EtOH group (Figure 6A; p < 0.01). Ethanol feeding significantly downregulated hepatic
Nfe212 and Gclc expression to 0.59- and 0.66-fold of the NOR group, respectively (p < 0.01).
HY7804 administration significantly restored the expression of both genes compared with
the EtOH group, with Nfe2I2 and Gclc expression reaching 1.06- and 1.04-fold of the NOR
group, respectively (Figure 6B,C; p < 0.05). TH also significantly restored Gclc expression to
1.02-fold of the NOR group (p < 0.05), whereas SM showed only non-significant increas-
ing trends in these antioxidant response-related genes. Thus, these findings suggest that
HY7804 improved ethanol-impaired hepatic antioxidant response-related gene expression,
with a numerically favorable recovery pattern among the treatment groups, although no
significant differences were observed among the SM, TH, and HY groups.
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Figure 6. Hepatic expression of Nrf2-associated antioxidant genes in chronic-binge ethanol-fed mice
following HY7804 administration. Relative mRNA levels of Hmox1 (A), Nfe2l2 (B), and Gclc (C) are
shown. Data are shown as mean =+ SD. Statistical comparisons were performed using one-way
ANOVA followed by Tukey’s multiple comparisons test. Groups sharing at least one letter do not
differ significantly, whereas groups with no letters in common differ significantly (p < 0.05). Hmox1,
Heme oxygenase 1; Nfe2I2, Nuclear factor erythroid 2-related factor 2; Gclc, Glutamate-cysteine
ligase catalytic subunit; NOR, normal group; EtOH, ethanol-fed group; EtOH + SM, silymarin-
treated ethanol-fed group; EtOH + TH, L. helveticus type strain ATCC15009-treated ethanol-fed group;
EtOH + HY, L. helveticus HY7804-treated ethanol-fed group.

2.8. Effects of HY7804 on Hepatic Inflammatory Cytokine Levels in Chronic-Binge
Ethanol-Fed Mice

Hepatic inflammatory cytokine responses were examined following HY7804 adminis-
tration in chronic-binge ethanol-fed mice. Hepatic IL-6 and TNF-« levels were significantly
higher in the EtOH group than in the NOR group (Figure 7A,B; p < 0.001). Treatment with
SM, TH, or HY7804 was associated with significantly lower levels of both cytokines relative
to the EtOH group (p < 0.001), with values comparable to those of the NOR group. Hepatic
IL-1p levels showed a similar increase following ethanol feeding (Figure 7C; p < 0.001).
SM and HY7804 administration significantly reduced IL-1f3 levels compared with the
EtOH group (p < 0.05), whereas the decrease observed following TH treatment was not
statistically significant.
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Figure 7. Effects of HY7804 on hepatic inflammatory cytokine levels in chronic-binge ethanol-fed mice.
Levels of pro-inflammatory cytokines (A) IL-6, (B) TNF-«, (C) IL-1p3, (D) IL-17 and anti-inflammatory
cytokine (E) IL-10. Data are shown as mean + SD. Statistical comparisons were performed using one-
way ANOVA followed by Tukey’s multiple comparisons test. Groups sharing at least one letter do
not differ significantly, whereas groups with no letters in common differ significantly (p < 0.05). IL-6,
Interleukin-6; TNF-o, Tumor necrosis factor-alpha; IL-13, Interleukin-1 beta; IL-17, Interleukin-17;
IL-10, Interleukin-10; NOR, normal group; EtOH, ethanol-fed group; EtOH + SM, silymarin-treated
ethanol-fed group; EtOH + TH, L. helveticus type strain ATCC15009-treated ethanol-fed group;
EtOH + HY, L. helveticus HY7804-treated ethanol-fed group.

Hepatic IL-17 levels were not significantly different among the groups; however, the
EtOH group showed a tendency toward increased IL-17 levels, whereas all treatment groups
exhibited lower levels compared with the EtOH group (Figure 7D). HY7804 administration
significantly increased hepatic IL-10 levels relative to the EtOH group (Figure 7E; p < 0.01),
while SM and TH treatments showed no significant effects. These findings demonstrate
that HY7804 influenced ethanol-associated hepatic cytokine responses, characterized by
reduced pro-inflammatory cytokine changes and increased IL-10 expression in chronic-
binge ethanol-fed mice.

2.9. Effect of HY7804 on Hepatic Apoptosis-Related Gene Expression in Chronic-Binge
Ethanol-Fed Mice

To evaluate whether HY7804 modulates ethanol-induced apoptosis responses in the
liver, the mRNA expression of apoptosis-related genes was analyzed in chronic-binge
ethanol-fed mice. Hepatic Bax expression was significantly increased in the EtOH group
compared with the NOR group (p < 0.001). Among the treatment groups, SM administration
significantly reduced Bax expression relative to the EtOH group (p < 0.001), whereas TH and
HY treatments showed a downward tendency without statistical significance. Conversely,
ethanol exposure resulted in a significant reduction in hepatic Bcl-2 expression compared
with the NOR group (Figure 8B, p < 0.05). Although SM, TH, and HY administration
increased Bcl-2 expression compared with the EtOH group, these changes did not reach
statistical significance. The Bax/Bcl-2 ratio was markedly elevated following ethanol
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feeding (p < 0.001), while SM and HY treatments significantly decreased this ratio compared
with the EtOH group (p < 0.01). TH showed an intermediate response without a significant
difference from either the NOR or EtOH group. Collectively, these findings show that
HY7804 reduced the ethanol-associated increase in the hepatic Bax/Bcl-2 mRNA expression
ratio. However, these transcriptional changes alone do not establish an effect of HY7804 on
hepatocellular apoptosis.

A Bax B Bcl-2 C Bax/Bcl-2 ratio
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Figure 8. Hepatic expression of apoptosis-related genes following HY7804 administration in chronic-
binge ethanol-fed mice. Relative mRNA levels of Bax (A), Bcl-2 (B), and the Bax/Bcl-2 ratio (C) are
shown. Data are shown as mean + SD. Statistical comparisons were performed using one-way
ANOVA followed by Tukey’s multiple comparisons test. Groups sharing at least one letter do not
differ significantly, whereas groups with no letters in common differ significantly (p < 0.05). Bax, Bcl-2
associated X; Bcl-2, B-cell lymphoma 2; NOR, normal group; EtOH, ethanol-fed group; EtOH + SM,
silymarin-treated ethanol-fed group; EtOH + TH, L. helveticus type strain ATCC15009-treated ethanol-
fed group; EtOH + HY, L. helveticus HY7804-treated ethanol-fed group.

3. Discussion

Alcohol-associated liver disease (ALD) is a progressive liver disorder driven by exces-
sive alcohol exposure and is characterized by hepatic steatosis, inflammation and fibrosis,
which may progress to cirrhosis [1]. The therapeutic limitations of ALD underscore the
need for alternative strategies. Our results indicate that Lactobacillus helveticus HY7804 may
offer protective activity against ethanol-induced hepatic injury, with its effects accompa-
nied by changes in hepatic oxidative stress, inflammatory signaling, and apoptosis-related
responses. Using ethanol-treated HepG2 cells and a chronic-binge ethanol-fed mouse
model, we showed that HY7804 improved key features of alcohol-induced hepatic injury,
including cytotoxicity, serum transaminase elevation, hepatic lipid accumulation, inflamma-
tory cytokine production, and alterations in oxidative stress-related markers. Collectively,
these observations suggest that HY7804 favorably influences multiple hepatic responses
associated with ethanol-induced hepatic injury.

In the in vitro experiments, ethanol exposure markedly reduced HepG2 cell viability
and increased LDH release, indicating ethanol-induced cytotoxicity. HY7804 treatment
improved cell viability in a dose-dependent manner and reduced ethanol-induced LDH
release, suggesting that HY7804 alleviated ethanol-induced cellular damage in HepG2 cells.
These results indicate that HY7804 may contribute to the maintenance of hepatocellular
integrity under ethanol-induced stress conditions.

Ethanol-induced hepatocellular injury is closely associated with inflammatory acti-
vation, and damaged hepatocytes can contribute to the hepatic inflammatory milieu by
releasing pro-inflammatory mediators [25]. In this study, ethanol exposure increased the
secretion of IL-6, IL-13, IL-8 and TNF-« in HepG2 cells, indicating that ethanol-induced
cellular stress was accompanied by an inflammatory cytokine response. HY7804 treatment
reduced the secretion of these cytokines. Although HepG2 cells do not fully recapitulate
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the complex inflammatory environment of the liver, these findings indicate that HY7804
can attenuate ethanol-induced cytokine responses in hepatocyte-like cells.

In addition, ethanol exposure increased the expression of apoptosis-related genes, in-
cluding CASP9 and CASP3, in HepG2 cells. Caspase-9 is involved in the intrinsic apoptosis
pathway, whereas caspase-3 acts as a key executioner caspase in the apoptotic process [26].
HY7804 treatment downregulated ethanol-induced CASP9 and CASP3 expression, suggest-
ing that HY7804 may modulate apoptosis-related gene expression under ethanol-induced
stress conditions. Taken together, these changes may be associated with the decreased
cytotoxicity observed in the viability and LDH assays following HY7804 treatment.

To determine whether the cellular effects of HY7804 observed in vitro could be ex-
tended to an in vivo setting, HY7804 was further evaluated using a chronic-binge ethanol-
fed mouse model. In this model, chronic-binge ethanol feeding induced hepatic enlarge-
ment, whereas HY7804 administration significantly reduced these changes. This suggests
that HY7804 may mitigate ethanol-associated alterations in liver mass, which occurred
in parallel with improvements in hepatic injury-related parameters. In contrast, spleen
weight was not affected by ethanol feeding or HY7804 administration under the present
experimental conditions.

Serum AST and ALT levels serve as established biochemical markers of hepatocellular
injury [27]. Chronic-binge ethanol exposure significantly increased serum AST and ALT
levels in our experimental model, supporting the occurrence of ethanol-associated hepatic
injury. HY7804 significantly reduced both serum transaminase levels compared with the
EtOH group, suggesting that HY7804 alleviated ethanol-associated hepatocellular damage.
This finding is consistent with the reduced cytotoxicity observed in ethanol-treated HepG2
cells following HY7804 treatment.

Hepatic lipid accumulation is one of the characteristic early changes induced by
excessive alcohol exposure [28]. In the present study, H&E staining indicated ethanol-
associated steatotic changes in the liver, which appeared to be alleviated following HY7804
administration. Consistently, Oil Red O staining showed increased hepatic lipid deposition
in the EtOH group, and quantitative analysis demonstrated that HY7804 significantly
reduced Oil Red O-positive areas. These findings suggest that HY7804 reduced ethanol-
associated hepatic lipid accumulation and improved related histological alterations in
chronic-binge ethanol-fed mice.

Following the histological evidence of hepatic lipid accumulation, we next examined
oxidative stress-related responses, given the central role of ethanol metabolism-driven
ROS generation in ethanol-induced hepatic injury [4,5]. In the present study, chronic-binge
ethanol feeding impaired hepatic antioxidant enzyme defense, as indicated by reduced
catalase and SOD activities and decreased Cat and Sod2 expression. HY7804 administration
restored Cat, Sod1 and Sod2 expression and increased catalase and SOD activities, suggesting
that HY7804 may reinforce enzymatic antioxidant defense under ethanol-induced oxidative
stress conditions. In contrast, Gpx1 expression was not significantly altered among the
groups, suggesting that the antioxidant-related effects of HY7804 observed in this model
may be more closely associated with catalase and SOD responses than with changes in
Gpx1 expression. As a major product generated during lipid peroxidation, MDA is widely
used to assess oxidative damage in hepatic tissue [29]. Previous studies have reported that
ethanol exposure increases hepatic MDA levels, indicating enhanced lipid peroxidation
under ethanol-induced oxidative stress conditions [30,31]. In agreement with these reports,
chronic-binge ethanol feeding elevated hepatic MDA levels in the present study, suggesting
enhanced ethanol-associated lipid peroxidation. Conversely, HY7804 significantly reduced
hepatic MDA levels, indicating attenuation of ethanol-induced oxidative lipid damage.
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To further support the antioxidant-related effects of HY7804, we investigated the
expression of Nrf2-related antioxidant genes. Nrf2 is an important transcriptional regula-
tor involved in cellular defense against oxidative stress by controlling the expression of
antioxidant and cytoprotective genes [32]. Among its downstream targets, Hmox1 and Gclc
contribute to heme degradation and glutathione biosynthesis, respectively [33,34]. In this
study, chronic-binge ethanol feeding significantly downregulated hepatic Nfe2I2 and Gcle
expression, while Hmox1 expression also showed a decreasing tendency. HY7804 adminis-
tration increased the expression of Hmox1, Nfe2I2, and Gclc, suggesting that HY7804 may
contribute to the recovery of ethanol-impaired Nrf2-related antioxidant gene expression.
Together with the reduced MDA levels and restored catalase- and SOD-related antioxidant
responses, these findings indicate that HY7804 treatment was associated with improved
hepatic antioxidant responses under ethanol-induced oxidative stress conditions. However,
because this study assessed mRNA expression rather than Nrf2 protein expression, nuclear
translocation, or HO-1 protein levels, further studies incorporating protein-level validation
and assessment of Nrf2 nuclear translocation are required to determine whether HY7804
directly influences Nrf2 /HO-1 signaling activity.

Ethanol-induced oxidative stress may contribute to hepatic inflammation by activating
redox-sensitive signaling pathways and promoting the production of pro-inflammatory
cytokines [9,35]. In our chronic-binge ethanol-feeding model, hepatic IL-6, TNF-«, and IL-
1B levels were elevated by ethanol exposure, whereas HY7804 administration significantly
lowered their levels. Although the difference in IL-17 levels among the groups was not
statistically significant, HY7804 treatment showed a downward trend relative to the EtOH
group. In contrast, hepatic IL-10 levels were significantly increased following HY7804
administration. As an anti-inflammatory cytokine, IL-10 plays an important role in limiting
excessive inflammatory responses. Collectively, the cytokine profile observed following
HY7804 treatment was characterized by lower levels of pro-inflammatory mediators and
increased IL-10, suggesting a shift toward a less inflammatory hepatic environment under
chronic-binge ethanol exposure.

Sustained oxidative stress and inflammatory activation are closely linked to hepa-
tocellular apoptosis, thereby contributing to ethanol-induced liver injury [36]. Bax is a
pro-apoptotic factor, whereas Bcl-2 counteracts apoptosis; therefore, the Bax/Bcl-2 ratio
reflects the relative shift toward a pro-apoptotic expression profile [37]. In our chronic-binge
ethanol-fed mouse model, ethanol feeding significantly elevated the hepatic Bax/Bcl-2 ratio,
whereas HY7804 administration significantly reduced this increase without significantly
altering individual Bax or Bcl-2 expression levels. These results suggest that HY7804 may
influence ethanol-associated apoptosis-related gene expression imbalance; however, further
protein-level and histological analyses are required to determine whether HY7804 directly
affects apoptotic processes.

Overall, HY7804 treatment was associated with reduced ethanol-induced hepatic
injury, together with changes in inflammatory responses, antioxidant defense, lipid peroxi-
dation, and apoptosis-related gene expression in the liver. The present study supports the
potential of HY7804 as a functional probiotic ingredient for alleviating ethanol-associated
hepatic damage. However, this study did not evaluate protein-level changes in Nrf2-related
or apoptosis-related pathways, nor did it assess intestinal barrier function, gut microbiota
composition, or endotoxin-related responses. Therefore, future studies are needed to de-
termine whether HY7804-mediated protection involves gut-liver axis modulation and to
identify HY7804-derived bioactive metabolites or strain-specific functional components
responsible for its protective effects. Such investigations would help clarify the broader
mechanisms underlying the hepatoprotective potential of HY7804 in ethanol-induced
hepatic injury.
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4. Materials and Methods

4.1. Lactobacillus helveticus Culture and Preparation

Lactobacillus helveticus HY7804 (HY7804), isolated from raw fresh milk obtained from
domestic animals, was provided by R&BD Center of hy Co., Ltd. (Yongin, Republic
of Korea) HY7804 was stored at —80 °C in MRS broth (BD Difco, Sparks, MD, USA)
supplemented with 25% (v/v) glycerol (Sigma-Aldrich, St. Louis, MO, USA). Lactobacillus
helveticus type strain ATCC15009 (American Type Culture Collection (ATCC), Manassas, VA,
USA) served as the reference strain for the animal experiments. For preparation, both strains
were grown anaerobically in MRS broth at 37 °C for 18 h and harvested by centrifugation at
3000 x g for 15 min. The resulting pellets were washed twice and resuspended in sterile PBS
for the in vitro experiments. The lyophilized preparations used for the animal experiment
were produced at the Probiotics Plant of hy Co., Ltd. (Pyeongtaek, Republic of Korea). The
viable counts of the lyophilized preparations used for the animal study were determined
by serial dilution and plate counting and were expressed as CFU/g. The viable count of the
HY7804 preparation after lyophilization was 9.9 x 10'° CFU/g, while that of ATCC15009
was 5.8 x 10!° CFU/g. The preparations were stored at —20 °C until use. Periodic plate
counts confirmed that the viable counts remained stable during storage and throughout the
administration period. The amount administered was calculated based on the confirmed
viable count to provide 1 x 10° CFU/kg/day.

4.2. Cell Culture and Sample Treatment

HepG2 cells, a human hepatocellular carcinoma cell line, were obtained from the
Korean Cell Line Bank (Seoul, Republic of Korea). Cells were maintained in Minimum
Essential Medium (MEM; WELGENE, Gyeongsan, Republic of Korea) supplemented with
10% fetal bovine serum (Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin
(Gibco, Waltham, MA, USA) at 37 °C under a humidified atmosphere containing 5% CO,.
For the experiments, cells were seeded in 6-well plates at 5 x 10* cells/well and allowed
to stabilize for 24 h. The medium was then replaced with fresh MEM without serum and
antibiotics. For the cell viability assay, two separate experiments were conducted. First,
HepG2 cells were treated with HY7804 at 10°~10” CFU/mL for 4 h to evaluate the effects
of HY7804 alone on cell viability. In a separate experiment, cells were pretreated with
HY7804 at 10°~107 CFU/mL for 4 h and subsequently exposed to 750 mM ethanol (Cat. No.
459844, Sigma-Aldrich, St. Louis, MO, USA) for 48 h to evaluate the protective effects of
HY7804 against ethanol-induced cytotoxicity. The concentration of 750 mM ethanol was
selected based on preliminary concentration-response experiments (Figure S1) and previous
HepG2-based ethanol injury studies [38,39]. For the analyses of inflammatory cytokine
production and apoptosis-related gene expression, cells were treated with HY7804 before
ethanol exposure under the same conditions. A HY7804-only group was not included in
the inflammatory cytokine or apoptosis-related gene expression analyses.

4.3. MTT Assay

HepG2 cells were plated in 96-well plates at 1 x 10* cells/well. HY7804 suspended in
PBS was applied at 10°, 108, or 107 CFU/mL. The bacterial cells were maintained in the
culture during the 4-h pretreatment and subsequent ethanol exposure; no bacterial removal
or medium replacement was performed between the HY7804 pretreatment and ethanol
treatment. After the 4-h pretreatment, ethanol was added to obtain a final concentration of
750 mM, and the cells were maintained for a further 48 h. MTT solution was then added to
each well at a final concentration of 0.5 mg/mL and incubated for 4 h. The MTT-containing
medium was completely aspirated to remove non-adherent bacterial cells, followed by
two washes with PBS. The formazan crystals retained within the adherent HepG2 cells
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were subsequently solubilized in 100 pL of dimethyl sulfoxide (DMSO; Sigma-Aldrich, St.
Louis, MO, USA), and absorbance was recorded at 570 nm using a BioTek® Synergy HT
Microplate reader (Santa Clara, CA, USA).

4.4. LDH Assay

LDH activity released into the culture medium was quantified with the CytoTox
96 Non-Radioactive Cytotoxicity Assay Kit (Promega, Madison, WI, USA) following the
supplier’s protocol. Absorbance was recorded at 490 nm.

4.5. Animal Experimental Design

Female C57BL/6 mice, 8 weeks of age and weighing 19-21 g, were purchased from
Dooyeol Biotech (Seoul, Republic of Korea) and maintained at 21-23 °C and 45-65%
relative humidity. After an acclimation period, the mice were randomly assigned to five
groups (n = 6): a normal group (NOR, Lieber-DeCarli Regular Control diet, DYET #710027
(Dyets, Inc., Bethlehem, PA, USA)), an ethanol-fed group (EtOH, Lieber-DeCarli Ethanol
Diet, DYET #710260((Dyets, Inc., Bethlehem, PA, USA))), ethanol-fed group treated with
silymarin (EtOH + SM, positive control, 100 mg/kg/day) [13,40,41], ethanol-fed group
treated with L. helveticus type strain ATCC15009 (EtOH + TH, 10° CFU/kg/day) and
ethanol-fed group treated with L. helveticus HY7804 (EtOH + HY, 10° CFU/kg/day). The
NOR group was pair-fed an isocaloric control diet matched to the dietary intake of the
ethanol-fed groups.

Silymarin and probiotics were orally administered for 10 days prior to and throughout
the ethanol feeding period. The NOR and EtOH groups were orally administered an
equivalent volume of saline. The chronic-binge ethanol feeding regimen was established
based on the National Institute on Alcohol Abuse and Alcoholism (NIAAA) model and
previously reported ethanol-feeding protocols [10,11,13]. Ethanol was provided using
a Lieber-DeCarli ethanol liquid diet. To facilitate adaptation to ethanol exposure and
minimize potential reductions in food intake associated with abrupt exposure to a high
ethanol concentration, the ethanol concentration was gradually increased during the initial
5 days (1% for 2 days, 2% for 2 days, and 4% for 1 day). The mice were then maintained on a
5% ethanol-containing diet for 10 days. On day 16, mice were additionally gavaged a single
oral dose of ethanol (5 g/kg). The NOR group was gavaged an isocaloric maltodextrin
solution instead of ethanol. Nine hours after gavage, the mice were sacrificed and blood
and liver tissue were collected. Serum was prepared by centrifugation at 3000 x g for 20 min.
All animal procedures were approved by the Institutional Animal Care and Use Committee
of hy Co., Ltd., Seoul, Republic of Korea (AEC-2026-0006-Y; approved 21 April 2026).

4.6. Serum Biochemical Analysis

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
were determined by Dooyeol Biotech (Seoul, Republic of Korea).

4.7. Histological Examination

For histological analysis, liver tissues were fixed in 10% formalin (Sigma-Aldrich,
St. Louis, MO, USA), and paraffin-embedded sections were prepared and stained with
hematoxylin and eosin (H&E) by Dooyeol Biotech (Seoul, Republic of Korea). For Oil Red
O staining, separate tissue samples were embedded in optimal cutting temperature (OCT)
compound to generate frozen blocks. Sections with a thickness of 8-10 um were obtained
using a cryostat and subjected to Oil Red O staining. Five randomly selected fields per
sample were imaged at 100x magnification. The Oil Red O-positive area was determined
using Image] software (version 1.54k) and calculated as the percentage of stained area
relative to the total tissue area.
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4.8. Measurement of Antioxidant Enzymes and Lipid Peroxidation

For the analysis of antioxidant enzyme activities, liver tissues were prepared in accor-
dance with the respective manufacturers’ protocols. Briefly, the tissues were homogenized
in the assay buffer and centrifuged, and the resulting supernatants were collected for mea-
surement of catalase and superoxide dismutase (SOD) activities using the Catalase Assay
Kit and SOD Assay Kit (BO-CAT-400 and BO-SOD-250, respectively; BIOMAX, Guri-si,
Gyeonggi-do, Republic of Korea). Catalase and SOD activities were normalized to the total
protein concentration of the corresponding liver homogenates.

For MDA analysis, liver tissues were washed with PBS, homogenized in the lysis buffer
provided with the Lipid Peroxidation (MDA) Assay Kit (ab118970, Abcam, Cambridge, UK),
and centrifuged according to the manufacturer’s instructions. The resulting supernatants
were collected for hepatic MDA quantification. MDA levels were normalized to tissue
weight and expressed as nmol/mg tissue.

4.9. Measurement of Cytokine Levels

The levels of IL-6, IL-1p3, TNF-oc and IL-8 in the culture supernatants were quanti-
fied using the BD OptEIA™ Human ELISA Set (IL-6, IL-1$3, TNF-«, and IL-8; BD555220,
BD557953, BD555212 and BD555244; BD Biosciences, San Diego, CA, USA) according to the
manufacturer’s instructions.

For hepatic cytokine analysis, liver tissues were homogenized in ice-cold PBS containing a
protease inhibitor cocktail. The homogenates were centrifuged at 10,000 x g for 15 min at 4 °C,
and the resulting supernatants were collected for cytokine measurements. Hepatic IL-6, TNF-
«, and IL-10 levels were determined using the BD OptEIA™ Mouse ELISA Sets (IL-6, TNF-«,
and IL-10; BD555240, BD555268, and BD555252, respectively; BD Biosciences, San Diego,
CA, USA). IL-17 and IL-13 concentrations were measured using the Mouse IL-17 Quantikine
ELISA Kit (M1700, R&D Systems, Minneapolis, MN, USA) and Mouse IL-1(3 Uncoated ELISA
Kit (88-7013A, Invitrogen, Waltham, MA, USA), respectively, following the manufacturers’
instructions. Total protein concentrations were determined using the bicinchoninic acid (BCA)
assay, and cytokine measurements were normalized to the corresponding total protein content.
Data were expressed as pg/mg protein or ng/mg protein.

4.10. Quantitative Real-Time PCR (qPCR) Analysis

Total RNA was extracted from HepG2 cells and mouse liver tissues with the easy-spin
Total RNA Extraction Kit (iNtRON Biotechnology, Seoul, Republic of Korea) following
the manufacturer’s instructions. The concentration and purity of extracted RNA were
determined using a microvolume spectrophotometer. Equal amounts of total RNA were
used for cDNA synthesis using the Omniscript Reverse Transcription Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. qPCR analysis was carried out on
a QuantStudio 6-Flex Real-time PCR System (Applied Biosystems, Foster City, CA, USA)
using TagMan Gene Expression Master Mix and TagMan Gene Expression Assays (Applied
Biosystems). Each qPCR reaction was performed in a final volume of 20 pL containing
10 puL of TagMan Gene Expression Master Mix, 1 uL of the corresponding TagMan Gene
Expression Assay, 2 uL. of cDNA, and 7 pL of nuclease-free water. The thermal cycling
conditions consisted of an initial denaturation at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing /extension at 60 °C for 60 s. Table 1 summarizes
the target genes together with their corresponding TagMan Gene Expression Assay IDs.
For normalization, GAPDH was used as the reference gene in human HepG2 cells, whereas
Gapdh served as the reference gene in mouse liver tissues. Relative transcript levels were
determined using the comparative cycle threshold method (2~44C).
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Table 1. TagMan probes used in vitro and animal experiments.
Gene Symbol Gene Name Assay ID

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1
CASP3 Caspase-3 Hs00234387_m1
CASP9 Caspase-9 Hs00962278_m1
Gapdh Glyceraldehyde-3-phosphate dehydrogenase Mm99999915_g1

Cat Catalase MmO00437992_m1

Sod1 Superoxide dismutase 1, soluble Mm01344233_g1

Sod? Superoxide dismutase 2, soluble Mm01313000_m1

Gpx1 Glutathione peroxidase 1 Mm00656767_g1
Hmox1 Heme oxygenase 1 Mm00516005_m1
Nfe2l2 Nuclear factor, erythroid derived 2, like 2 MmO00477784_m1

Gclc Glutamate-cysteine ligase, catalytic subunit MmO00802658_m1

Bax BCL2-associated X protein MmO00432051_m1

Bcl-2 BCL2, apoptosis regulator MmO00477631_m1

4.11. Statistical Analysis

Statistical comparisons among multiple groups were conducted using one-way analy-
sis of variance (ANOVA) followed by Tukey’s post hoc test. Analyses were performed with
GraphPad Prism 10. Results are expressed as mean =+ standard deviation (SD), and p < 0.05
was considered indicative of statistical significance.

5. Conclusions

Opverall, the findings support a protective effect of L. helveticus HY7804 against ethanol-
associated cellular injury in HepG2 cells and hepatic injury in chronic-binge ethanol-fed
mice. HY7804 improved ethanol-associated cellular damage, serum transaminase elevation,
hepatic lipid deposition, and histopathological abnormalities. These protective effects
were accompanied by reduced hepatic inflammatory responses, improved antioxidant-
related responses, decreased lipid peroxidation, and modulation of apoptosis-related gene
expression. Taken together, this study highlights HY7804 as a potential probiotic material
for alcohol-related liver health, while further studies are warranted to define its active
components and clarify its translational relevance.
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