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Abstract

Background and Aims: Acute liver failure (ALF) is a se-
vere hepatic injury associated with high short-term mor-
tality. Our previous study found that 1,5-anhydroglucitol
(1,5AG) levels correlate with clinical outcomes in patients
with liver failure. This study aimed to explore the poten-
tial effects and mechanisms of 1,5AG in ALF. Methods: An
experimental model of ALF was established using LPS and
D-GalN. 1,5AG was administered to mice by gavage before
modeling. Empagliflozin was then administered to reduce
1,5AG levels in mice. Peroxisome proliferator-activated re-
ceptor alpha (PPARa) agonists were also used to explore
the role of 1,5AG in mice with liver failure. Results: 1,5AG
pretreatment significantly increased ALT and AST levels,
aggravated histological damage and hepatocyte apoptosis,
and increased mortality in ALF mice. Transcriptomic analy-
sis and western blot validation revealed that 1,5AG signifi-
cantly inhibited the PPARa signaling pathway and its down-
stream target, fibroblast growth factor 21. Empagliflozin
treatment reduced 1,5AG levels, alleviated liver injury and
hepatocyte apoptosis, and promoted the PPARa signaling
pathway in ALF. PPARa agonists effectively reversed the
effects of 1,5AG on ALF, thereby alleviating liver dam-
age, pathological injury, and hepatocyte apoptosis. Con-
clusions: 1,5AG exacerbated liver injury in ALF mice by
inhibiting the hepatic PPARa pathway, thereby promoting
hepatocyte apoptosis.
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Introduction

Acute liver failure (ALF) is a severe liver injury accompanied
by high short-term mortality and multiple organ failure,
which is caused by various factors such as drugs, viruses,
autoimmune hepatitis, and alcohol.1=# Despite significant
advances in medical therapies, stem-cell interventions,
and liver support systems, liver transplantation remains
the most effective treatment for advanced liver failure.1.5-7
Due to the limitation of liver sources, it is of great value to
explore the pathogenesis of liver failure and identify new
treatments.

1,5-anhydroglucitol (1,5AG) is a prominent polyol found
in the human body.8 Our previous study found that serum
1,5AG levels were correlated with clinical outcomes in pa-
tients with liver failure. Furthermore, we found that the lev-
el of 1,5AG in liver tissue was significantly increased in an
ALF animal model.® Previous studies have found that 1,5AG
levels are associated with chronic liver disease and cirrho-
sis.10.11 1, 5AG has also been found to be associated with liver
regeneration after partial hepatectomy.12 However, the po-
tential effect and mechanisms of 1,5AG in liver disease have
not been reported yet.

Previous studies have suggested that 1,5AG is almost not
involved in the metabolic processes of the human body.13
However, recent studies have found that 1,5AG plays a role
in glucose metabolism and oxidative stress. Maria et al. found
that 1,5AG can lead to neutropenia in G6PT- and G6PC3-de-
ficient animal models and in patients with glycogen storage
disease.1#1> Kato et al. found that 1,5AG can affect glycog-
enolysis and gluconeogenesis.1® 1,5AG could also drive gly-
colysis and reactive oxygen species formation in pre-B acute
lymphocytic leukemia.l”

Here, we explored the effect and mechanism of 1,5AG
in the progression of ALF and found that it may inhibit
peroxisome proliferator-activated receptor alpha (PPARa)
signaling, leading to hepatocyte apoptosis. As reported,
sodium-glucose cotransporter 2 inhibitors such as em-
pagliflozin (EMPA) and canagliflozin can effectively re-
duce 1,5AG levels in mice.1518 Therefore, we used EMPA
and PPARa agonists to further verify the effect of 1,5AG
on ALF.
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Methods

Animals

C57BL/6] male mice (20-25 g) were obtained from the
Animal Experiment Center of Zhejiang Academy of Medical
Sciences. Animal experiments were approved by the Ethics
Committee of the First Affiliated Hospital, Zhejiang University
School of Medicine (license number: 2024-1304). Mice were
raised in a standard environment, with 12-h alternating day
and night cycles, a constant temperature, and free access to
food and water.

Establishment of animal models

The ALF model was induced by intraperitoneal injection of
lipopolysaccharide (LPS; 10 pg/kg, Sigma, St. Louis, MO,
USA) and D-galactosamine (D-GalN; 400 mg/kg, Sigma) as
previously reported by Xia et al.1® The mice were sacrificed
after isoflurane inhalation, and serum and liver tissue were
collected. After modeling, the survival rate was monitored
continuously for 24 h to compare intergroup outcomes.

To further test the effect of 1,5AG on ALF, we divided the
mice into a control group, a D-GalN/LPS group, and a 1,5AG
treatment group, with six mice in each group. In the 1,5AG
treatment group, as described by Maria et al.,*> 10 mg/mL
of 1,5AG (Aladdin Biochemical Technology Co., Ltd., Shang-
hai, China) was dissolved in normal saline. A dose of 5 uL/g
1,5AG was administered to each mouse by gavage every
day for seven days before modeling. The model and control
groups received the same doses of normal saline.

To reduce the concentration of 1,5AG in mice, we divided
them into a D-GalN/LPS group and an EMPA-treated group,
with six mice in each group. In the EMPA group, mice were
treated with EMPA (MCE, Monmouth Junction, USA) for 14
days before modeling, as reported by Maria et al.l> EMPA
was dissolved in PBS at a dose of 10 mg/kg and mixed with
hydroxyl cellulose (MCE, Monmouth Junction, USA) to form a
suspension. EMPA was administered to each mouse by daily
gavage. The model was induced 1 h after gavage on the 14th
day, and samples were collected after anesthesia 6 h after
modeling. The model group was continuously gavaged with
the same amount of solvent for 14 days.

In the PPARa agonist experiment, mice were divided into
a D-GalN/LPS group, a 1,5AG-treated group, and a PPARa
agonist WY14643-treated group. After 1,5AG was gavaged
for seven days, mice in the WY14643-treated group were
injected with WY14643 at a dose of 6 mg/kg via the tail vein
2 h before liver failure modeling, as reported by Jiao et al.20

Cell culture and treatment

HepG2 cells (ATCC HB 8065) were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, MD, USA) containing
10% fetal bovine serum and incubated at 37 °C in a humidi-
fied atmosphere of 5% CO,. To evaluate the impact of 1,5AG
in vitro, HepG2 cells were exposed to 25 or 50 ug/mL 1,5AG
for 12 h; control cells received an equivalent volume of PBS.

Total RNA extraction and mRNA-seq

Fresh liver tissues were immediately homogenized in TRI-
zol reagent (Invitrogen Life Technologies, Carlsbad, USA),
and total RNA was extracted following the manufacturer’s
instructions. The mRNA sequencing service was provided by
LC-Bio Technology. After generating the final transcriptome,
we used DESeq2 for gene differential expression analysis and
selected genes with |log, Fold Change| = 1 and q < 0.05
as significantly different genes. Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes enrichment analyses
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were used to determine the biological functions and signaling
pathways mainly affected by differentially expressed genes.
Sequencing reads are available in the NCBI Sequence Read
Archive database (accession number: PRINA1333804).

Liver enzyme activity determination

ALT and AST levels were quantified using commercial kits
(Jiancheng, Nanjing, China) following the manufacturer’s
protocols.

Western blotting and histology

Western blotting, HE staining, and TUNEL (terminal deoxy-
nucleotidyl transferase nick-end-labeling) staining were con-
ducted using methods previously reported in the authors'
earlier articles.2!

Statistics

Data were expressed as the mean + standard deviation of
at least three independent experiments. Data were analyzed
using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Group dif-
ferences were assessed by two-tailed unpaired t-tests (two
groups) or one-way ANOVA (>2 groups). Survival was evalu-
ated using Kaplan-Meier and log-rank tests. p < 0.05 was
considered significant.

Results

1,5AG exacerbated hepatic injury in the ALF model

In our previous studies, we found that the concentration of
1,5AG in the liver tissue of mice with ALF was significantly
increased. Therefore, we first investigated whether 1,5AG
could aggravate ALF in mice. We treated the mice using the
reported methods and doses. We found that the concentra-
tion of 1,5AG in liver tissue and serum significantly increased
after our treatment (Fig. 1A). At the same time, we found that
simple 1,5AG treatment did not result in a significant increase
in ALT and AST (Fig. 1B). This result indicates that simple
treatment with 1,5AG does not affect mouse liver function.

After treatment with 1,5AG, we induced ALF in mice using
D-GalN/LPS. Regarding liver injury, the serum levels of ALT
and AST were significantly increased in the 1,5AG-treated
group compared with the D-GalN/LPS group (Fig. 1C). The
1,5AG-treated group exhibited more severe architectural
disruption, vacuolar degeneration with nuclear loss, necro-
sis, and hemorrhage than the D-GalN/LPS group (Fig. 1D).
Moreover, 1,5AG pretreatment significantly exacerbated in-
jury and increased mortality in the ALF model (Fig. 1E).

Transcriptomic characteristics of liver tissues in the
ALF model

To further illustrate the potential signaling pathways, we
used transcriptome analysis to analyze liver tissue. PCA and
Pearson’s correlation analysis revealed discernible differenc-
es among the three groups (Fig. 2A and B). We identified 153
differentially expressed genes between the LPS/D-GalN group
and the 1,5AG+LPS/D-GalN group (Fig. 2C and D). To iden-
tify the important pathophysiological differences after 1,5AG
treatment, we further analyzed the differentially expressed
genes using Gene Ontology analysis. As shown in Figure 2E,
the DEGs between the LPS/D-GalN group and the 1,5AG-
treated group were mainly involved in oxidation-reduction
processes, inflammatory responses, and signal transduction.
We also used the Kyoto Encyclopedia of Genes and Genomes
database to explore potential signaling pathways. As shown
in Figure 2F, the differentially expressed genes between the
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Fig. 1. Effects of 1,5AG in LPS/D-GalN-induced ALF mice. (A) 1,5AG levels in serum and liver in 1,5AG-treated mice (n = 6); (B) Serum AST and ALT levels
in 1,5AG-treated groups (n = 6); (C) Serum AST and ALT levels in 1,5AG+LPS/D-GalN and LPS/D-GalN groups (n = 6);(D) Hematoxylin-eosin-stained liver sections
(magnification, 100x); (E) Survival rate of LPS/D-GalN-induced mice after pretreatment with normal saline or 1,5AG for 24 h (n = 12). *p < 0.05, **p < 0.01 compared
with the LPS/D-GalN group. 1,5AG, 1,5-anhydroglucitol; ALF, acute liver failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LPS, Lipopolysac-

charide; D-GalN, D-galactosamine.

1,5AG-treated group and the LPS/D-GalN group were mainly
enriched in pathways such as retinol metabolism, arachidonic
acid metabolism, glycine, serine, and threonine metabolism,
the PPAR signaling pathway, and cytokine-cytokine receptor
interactions.

1,5AG aggravated liver injury and hepatocyte apop-
tosis in ALF through the PPARa signaling pathway

Based on the above transcriptomic analysis, we focused on

Journal of Clinical and Translational Hepatology 2026

the PPAR signaling pathway. We first detected PPARa protein
expression in ALF mice. The expression of PPARa was signifi-
cantly decreased in the LPS/D-GalN group, and it showed a
further reduction after treatment with 1,5AG (Fig. 3A). We
also investigated the expression of adenosine 5'-monophos-
phate-activated protein kinase (AMPK) signaling pathway,
which is upstream of PPARa. We found that the expression
of AMPKa and p-AMPKa, similar to PPARa, was reduced in
the LPS/D-GalN group and further decreased after treatment
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Fig. 2. Transcriptomic characteristics of ALF mice. (A) PCA and (B) Pearson’s analysis revealed discernible differences among the 1,5AG+LPS/D-GalN, LPS/D-
GalN, and control groups; (C) Number of significantly differentially expressed genes in pairwise comparisons; (D) The volcano plot shows the results of pairwise dif-
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1,5AG+LPS/D-GalN and LPS/D-GalN groups based on Gene Ontology analysis (GO); (F) Pathway enrichment analysis between 1,5AG+LPS/D-GalN and LPS/D-GalN
groups based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 1,5AG, 1,5-anhydroglucitol; ALF, acute liver failure; LPS, Lipopolysaccharide; D-
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Fig. 3. Effects of 1,5AG on the PPARa signaling pathway in ALF mice. (A-D) Immunoblotting analysis of PPARa, P-AMPKa, AMPKa, FGF21, Bax, Bcl2, and cleaved
caspase-3 proteins in the liver (n = 3); (E) Representative TUNEL staining of 1,5AG+LPS/D-GalN and LPS/D-GalN groups. *p < 0.05, **p < 0.01, ***p < 0.001,
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with 1,5AG (Fig. 3B). Thus, the PPARa pathway was sup-
pressed in ALF mice, and 1,5AG pretreatment further sup-
pressed this pathway.

Previous studies have indicated that PPARa and its down-
stream fibroblast growth factor 21 (FGF21) can exert pro-
tective effects against liver injury by inhibiting apoptosis. To
further investigate whether FGF21 plays a role in the exac-
erbation of liver failure by 1,5AG, we detected FGF21 pro-
tein levels. We found that FGF21 levels were reduced in ALF
mice and further decreased after treatment with 1,5AG (Fig.
3C). Additionally, the levels of cleaved caspase-3 and Bax/
Bcl-2 were significantly increased in the LPS/D-GalN group
and further elevated after treatment with 1,5AG (Fig. 3D
and Supplementary Fig. 1A). TUNEL staining further con-
firmed that hepatocyte apoptosis significantly increased af-
ter LPS/D-GalN treatment and was further exacerbated by
1,5AG (Fig. 3E). Therefore, 1,5AG exacerbated liver failure
by increasing hepatocyte apoptosis through inhibition of the
PPARa signaling pathway.

Reducing 1,5AG levels alleviated liver injury in ALF
and promoted the PPARa signaling pathway

Next, we investigated whether reducing 1,5AG levels in mice
could improve ALF. After treatment with EMPA, 1,5AG levels
in mouse liver and serum were significantly reduced (Fig.
4A). Meanwhile, reducing 1,5AG levels significantly improved

ALF in mice. As shown in Figure 4B, EMPA treatment sig-
nificantly reduced ALT and AST levels compared with the D-
GalN/LPS group. EMPA treatment also reversed pathological
changes in ALF mice (Fig. 4C).

Then, we detected the expression of AMPKa, PPARg,
FGF21, and apoptosis-related proteins. We found that the
expression levels of PPARa and FGF21, as well as the ex-
pression and phosphorylation levels of AMPKa, were in-
creased in the EMPA-treated group compared with the
D-GalN/LPS group (Fig. 4D-F). The expression levels of
cleaved caspase-3 and Bax/Bcl-2 were significantly de-
creased after EMPA treatment (Fig. 4G and Supplementary
Fig. 1B). TUNEL staining further confirmed that hepatocyte
apoptosis significantly decreased in the EMPA-treated group
(Fig. 4H). These results suggest that decreasing 1,5AG lev-
els markedly ameliorates liver failure in mice through the
PPARa signaling pathway.

PPARa agonist reversed the effect of 1,5AG on ALF
by decreasing hepatocyte apoptosis

To verify whether 1,5AG aggravated liver failure by inhibit-
ing the PPARa signaling pathway, we investigated whether
a PPARa agonist could reverse the effects of 1,5AG in ALF.
After treatment with the PPARa agonist WY14643, we found
that WY14643 significantly reduced ALT and AST levels in
ALF mice (Fig. 5A). In addition, HE staining showed that
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WY14643 improved the pathological damage aggravated by
1,5AG in ALF mice (Fig. 5B).

We observed changes in the PPARa signaling pathway.
As shown in Figure 5C and E, the protein expression levels
of PPARa and FGF21 significantly increased after WY14643
treatment. Meanwhile, the expression levels of cleaved cas-
pase-3 and Bax/Bcl-2 significantly decreased (Fig. 5F and
Supplementary Fig. 1C). TUNEL staining also revealed a
significant decrease in the number of apoptotic hepatocytes
after WY14643 treatment (Fig. 5G). Therefore, the PPARa

agonist reversed the effect of 1,5AG on ALF by decreasing
hepatocyte apoptosis through activation of the PPARa signal-
ing pathway.

1,5AG inhibited the PPARa signaling pathway in vitro

We also verified the effects of 1,5AG in HepG2 cells. 1,5AG
markedly suppressed PPARa signaling following treatment
(Fig. 6A). Concomitantly, the expression levels of FGF21 and
the expression and phosphorylation levels of AMPKa were
significantly diminished (Fig. 6B and C).
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Discussion

In our previous study, we found that the level of 1,5AG in
liver tissue was significantly increased in ALF.° Prior stud-
ies have generally regarded 1,5AG as minimally involved in
human metabolic processes; most studies have limited its
application to a biomarker for blood glucose levels.22:23 Con-
sequently, systematic investigation of its potential roles and
mechanisms in various diseases is particularly limited. Re-
cent studies have shown that 1,5AG is also involved in some
biological processes such as glucose metabolism and oxida-
tive stress. Kato et al. and Zhu et al. found that 1,5AG could
affect glycolysis, glycogenolysis, and gluconeogenesis.6:17
Zhu et al. also found that 1,5AG can activate the ROS-de-

pendent MAPK/ERK pathway in acute leukemia to promote
disease progression.l” However, research on the impact of
1,5AG on liver diseases is limited.

In this study, we found for the first time that 1,5AG is not
merely a bystander in ALF but an exacerbating factor. We
found that 1,5AG could significantly aggravate liver injury in
ALF mice, whereas EMPA, an SGLT-2 inhibitor, could amelio-
rate such injury. A recent study has demonstrated a strong
therapeutic potential of SGLT-2 inhibitors in patients with ad-
vanced liver disease.?* However, mechanistic investigations
remain limited, with researchers speculating that their effi-
cacy might be linked to reduced glycemia and osmotic diure-
sis. Herein, we identify another potential mechanism: SGLT-2
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inhibitors improve liver disease by clearing 1,5AG.

Then, we applied transcriptomics to further explore the
underlying mechanisms by which 1,5AG exacerbates ALF.
PPAR, a member of the ligand-inducible nuclear receptors,
particularly, drew our attention. PPAR has three main sub-
types: PPARa, PPARB/d, and PPARy.2> Among these sub-
types, PPARa is mainly distributed in tissues with high fatty
acid metabolism, such as the liver. It plays a role in various
hepatic processes, including lipid metabolism,2> hepatocyte
proliferation,26 apoptosis,2’ and inflammation.28 Activating
PPARa can improve hepatocyte apoptosis and alleviate liver
injury.2® Consistent with previous reports showing reduced
PPARa levels in ALF and alcoholic liver injury,2030 PPARa
protein levels were also significantly reduced in ALF models

in our study, and treatment with 1,5AG further decreased
PPARa protein levels. In contrast, EMPA treatment effec-
tively enhanced PPARa expression. Therefore, we hypoth-
esized that 1,5AG might exacerbate liver failure by inhibit-
ing the PPARa signaling pathway. Notably, the PPARa agonist
WY14643 could also reverse 1,5AG-induced ALF exacerba-
tion, which validates our hypothesis.

To further explore the upstream mechanisms of 1,5AG-
induced PPARa suppression, we focused on the AMPK path-
way, a known upstream activator of PPARa.3! Our results
demonstrated that 1,5AG significantly suppressed the AMPK
signaling pathway. Conversely, EMPA treatment significant-
ly activated the AMPK signaling pathway. Thus, 1,5AG ap-
pears to suppress the PPARa signaling pathway by inhibiting
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AMPK activation. We also explored the downstream effects
of 1,5AG-induced PPARa suppression. FGF21 plays a cru-
cial role in the hepatic protective mechanisms of PPARa.32
In various types of liver injury, FGF21 exerts anti-apoptotic
and antioxidant effects.33:34 In acetaminophen-induced liver
injury models, FGF21 knockout significantly exacerbates liv-
er damage, while FGF21 supplementation can mitigate it.3>
FGF21 has been proposed as a potential therapeutic target
for liver diseases.3¢ Our results showed that hepatic FGF21
protein expression was significantly reduced by 1,5AG. We
also observed that treatment with EMPA and PPARa ago-
nist significantly increased hepatic FGF21 expression. Based
on these findings, FGF21 is also expected to be an effec-
tive therapeutic target for ameliorating ALF exacerbated by
1,5AG.

This study has multiple clinical implications. First, as our
prior work showed, serum 1,5AG is a readily available prog-
nostic biomarker for liver failure patients. Second, our find-
ings demonstrate that reducing 1,5AG levels and activating
its downstream signaling can significantly ameliorate hepatic
injury, supporting 1,5AG targeting as a promising therapeutic
strategy for ALF.

Several limitations exist in this research. Firstly, SGLT-2
inhibitors such as EMPA might influence ALF through addi-
tional mechanisms. Hence, it is necessary to employ other
methods to reduce 1,5AG levels to verify its effect on ALF.
Secondly, our research only focused on the protective effects
of PPARa agonists against 1,5AG-induced ALF exacerbation.
Further experiments in PPARa-knockout animal models are
required to provide robust evidence confirming the role of
the PPARa pathway in 1,5AG-induced exacerbation of ALF,
representing a key direction for future research. Moreover,
the D-GalN/LPS-induced ALF model cannot fully replicate
every type of liver failure. Additionally, the role of FGF21 in
1,5AG-induced ALF exacerbation requires further validation
through functional studies involving stimulation or suppres-
sion via pharmacological agents or transfection. Therefore,
the mechanisms by which 1,5AG affects ALF still require veri-
fication.

Conclusions

1,5AG exacerbated liver injury in ALF mice by inhibiting the
hepatic PPARa pathway to promote hepatocyte apoptosis.
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