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Highlights
� Pathological AKR1B1 modulates hepatic metabolism to

promote MASLD-associated hepato-carcinogenesis.

� AKR1B1 is associated with the promotion of the Warburg
effect in HCC.

� AKR1B1 levels in plasma could act as a prognostic marker
and diagnostic test for MASLD and associated HCC.

� Aldose reductase inhibition modulates the glycolytic
pathway to prevent pre-cancerous hepatocyte formation.

� NARI-29 can be developed as a promising ARI for the
treatment of MASLD and associated HCC.

Impact and implications
This research work highlights AKR1B1 as a druggable
target in metabolic dysfunction-associated steatotic liver
disease (MASLD) and hepatocellular carcinoma (HCC),
which could provide the basis for the development of
new chemotherapeutic agents. Moreover, our results
indicate the potential of plasma AKR1B1 levels as a
prognostic marker and diagnostic test for MASLD and
associated HCC. Additionally, a major observation in this
study was that AKR1B1 is associated with the promotion
of the Warburg effect in HCC.
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Background & Aims: The mechanism behind the progressive pathological alteration in metabolic dysfunction-associated
steatotic liver disease/steatohepatitis (MASLD/MASH)-associated hepatocellular carcinoma (HCC) is poorly understood. In
the present study, we investigated the role of the polyol pathway enzyme AKR1B1 in metabolic switching associated with
MASLD/MASH and in the progression of HCC.
Methods: AKR1B1 expression was estimated in the tissue and plasma of patients with MASLD/MASH, HCC, and HCC with
diabetes mellitus. The role of AKR1B1 in metabolic switching in vitro was assessed through media conditioning, lentiviral
transfection, and pharmacological probes. A proteomic and metabolomic approach was applied for the in-depth investigation
of metabolic pathways. Preclinically, mice were subjected to a high-fructose diet and diethylnitrosamine to investigate the
role of AKR1B1 in the hyperglycemia-mediated metabolic switching characteristic of MASLD-HCC.
Results: A significant increase in the expression of AKR1B1 was observed in tissue and plasma samples from patients with
MASLD/MASH, HCC, and HCC with diabetes mellitus compared to normal samples. Mechanistically, in vitro assays revealed
that AKR1B1 modulates the Warburg effect, mitochondrial dynamics, the tricarboxylic acid cycle, and lipogenesis to promote
hyperglycemia-mediated MASLD and cancer progression. A pathological increase in the expression of AKR1B1 was observed
in experimental MASLD-HCC, and expression was positively correlated with high blood glucose levels. High-fructose diet +
diethylnitrosamine-treated animals also exhibited statistically significant elevation of metabolic markers and carcinogenesis
markers. AKR1B1 inhibition with epalrestat or NARI-29 inhibited cellular metabolism in in vitro and in vivo models.
Conclusions: Pathological AKR1B1 modulates hepatic metabolism to promote MASLD-associated hepatocarcinogenesis.
Aldose reductase inhibition modulates the glycolytic pathway to prevent precancerous hepatocyte formation.
Impact and implications: This research work highlights AKR1B1 as a druggable target in metabolic dysfunction-associated
steatotic liver disease (MASLD) and hepatocellular carcinoma (HCC), which could provide the basis for the development of
new chemotherapeutic agents. Moreover, our results indicate the potential of plasma AKR1B1 levels as a prognostic marker
and diagnostic test for MASLD and associated HCC. Additionally, a major observation in this study was that AKR1B1 is
associated with the promotion of the Warburg effect in HCC.
© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The quality of human life is dependent on lifestyle and food habits.
Modernized diets high in carbohydrate and fat but low in protein
and fiber result in chronic metabolic disorders.1,2 Cumulated
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evidence suggests a strong relationship between unhealthy food
habits and the development and progression of numerous can-
cers.3 One typical example is the development of hepatocellular
carcinoma (HCC) from metabolic dysfunction-associated steatotic
liver disease (MASLD) or metabolic dysfunction-associated stea-
tohepatitis (MASH) (formally NAFLD or NASH4). Studies suggest
that high glucose (HG) and fructose intake are associated with an
increased risk of HCC, and hyperglycemia is considered a prog-
nostic factor in HCC.5,6 Altered metabolic pathways associated
with high dietary glycemic load drive HCC into a more aggressive
phenotype resulting in chemoresistance and metastasis.7

One well-defined metabolic change termed the Warburg ef-
fect is a process in which cancer cells undergo glycolysis even in
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Fig. 1. AKR1B1 associates with MASLD/MASH, HCC, and DM+HCC progression. (A) Pictorial representation of study outline. (B) AKR1B1 gene expression in
normal and HCC tumor samples using TNM plot. Survival analysis of patients with non-alcohol-related HCC in (C) all stages and (D) stage 3. (E). Study design for
clinical sample analysis. (F) Immunohistochemistry and (G) violin plots for AKR1B1 expression in MASH/MASLD, HCC, and DM+HCC (each dot represents
individual data, and joints represent median values). Level of significance: **p <0.01, ***p <0.0001, and # p <0.05 (one-way ANOVA followed by Tukey test). Plasma
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abundant oxygen (aerobic glycolysis).8 Even though the Warburg
effect produces less ATP than oxidative phosphorylation, the
fermentation product lactate will favor cancer progression by
creating a tumor microenvironment. Moreover, lactate secreted
from glycolytic cancer cells is a reserved energy source for
oxidative cancer cells.9 Typically, cancer cells lacking adequate
glucose supply gradually deplete their energy and undergo
apoptosis, but lactate secreted by glycolytic cancer cells can serve
as an energy source for other cells and be converted to pyruvate
by reverse glycolysis.10 This pyruvate enters oxidative phos-
phorylation to produce energy and promote survival of cancer
cells without a nutrient supply. Interestingly, a similar metabolic
phenotype is observed in hepatocytes from patients with MASLD
and MASH.1 Hence, identifying the underlying cause of metabolic
switching will help to prevent and treat HCC. Recent studies
suggest that increased fructose production in the liver induces
hepatic fat accumulation and yields uric acid, which is highly
associated with MASLD and MASH.11 Clinical reports also indi-
cate that the overexpression of aldose reductase genes was
evident in patients with MASH.12 There is growing epidemio-
logical proof that MASLD and MASH have turned out to be the
leading etiology for many cases of HCC.13

Levels of the polyol pathway master regulator AKR1B1 are
low in normal tissues, but in hyperglycemic conditions AKR1B1
is overexpressed and drives 30-50% of glucose to the polyol
pathway. Increased polyol flux leads to the conversion of glucose
to sorbitol and fructose, which are responsible for diabetic
complications such as nephropathy, neuropathy, and cataracts.14

Moreover, there is strong evidence that aldose reductase pro-
motes HCC progression by interacting with various signaling
pathways15 and the byproduct of polyol flux, fructose, can trigger
fatty liver disease through metabolic modulation. Despite being a
metabolic modulator in diabetic conditions, the pathological role
of AKR1B1 in MASLD and HCC under hyperglycemia is unknown.
Hence, in the present study, we have investigated the role of
AKR1B1 in hyperglycemia-augmented MASLD-associated hep-
atocarcinogenesis and hepatic cancer progression with the aid of
human tissue and plasma samples, genetic manipulation, and
small molecule inhibitors. Preclinically, the aldose reductase in-
hibitor epalrestat (EPS) and the specific AKR1B1 inhibitor NARI-
2916–19 were employed to elucidate the effect of pharmacological
inhibition of AKR1B1.
Materials and methods
Clinical specimens and bioinformatics
The plasma and slides of normal adjacent tissue, MASLD/MASH,
HCC, and diabetes mellitus (DM)+HCC (DM+HCC) were obtained
from the National Liver Disease Biobank, Institute of Liver &
Biliary Sciences, New Delhi, India, with informed consent under
the institutional review board (IEC/2023/98/MA05). Survival
analysis (based on AKR1B1 expression) and an analysis of the
differential expression of AKR1B1 between tumor/non-tumor
tissue in patients with non-alcohol-related liver cancer was
performed using RNA-Seq data from the Kaplan-Meier plotter,
expression of AKR1B1 in (H) MASLD and MASLD+HCC compared with normal
significance: *p <0.05, **p <0.01; (one-way ANOVA followed by Tukey test). (J,
mean±SEM (n >−6). Each dot represents individual data and the line inside the bo
ANOVA followed by Tukey test). DM, diabetes mellitus; HCC, hepatocellular car
hepatitis; NAT, normal adjacent tissue.
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and TNM plot.20 A detailed description is provided in the sup-
plementary methods.

Cell culture experiments and transfection
All the cells were purchased from the ATCC (American Type
Culture Collection) and maintained according to ATCC guidelines.
HepG2 cells were cultured in a medium containing 4.5 g/L
glucose for the hyperglycemic condition experiments. AKR1B1
was overexpressed in PLC/PRF-5 cells using the Human Tagged
ORF Clone Lentiviral Particle (Origene-RC200504L4V) to study its
effect on metabolic reprogramming in hepatic cancer. Detailed
descriptions of in vitro experiments are given in the supple-
mentary methods.

Animal experiments
Animal experiments were performed according to the CPCSEA
(Committee for the purpose of control and supervision of ex-
periments on animals) guidelines and were approved by the
IAEC (institutional animal ethical committee) with protocol
number NIPER/PC/2022/45. The design for the in vivo study is
depicted in Fig. 7A. A detailed description of animal model
development and treatments is provided in the supplementary
methods.

Statistical analysis
Unless mentioned, the data are expressed as mean (SEM) of
minimum triplicate experiments. All statistical analysis was
performed using GraphPad Prism software 8.0 version. P values
were determined using one-way ANOVA or two-way ANOVA
followed by Tukey’s multiple comparison tests depending on the
dataset.
Results
AKR1B1 associated with progression of MASLD/MASH, HCC,
and DM+HCC
The mRNA expression data from the TNM plot reveals a signifi-
cant difference in the expression of AKR1B1 in tumor samples of
HCC compared to normal liver samples (Fig. 1B). Moreover, the
Kaplan-Meier plotter indicated that overexpression of AKR1B1
results in worse overall survival outcomes in patients with HCC
(Fig. 1C; all grades and Fig. 1D; grade 3). Further, as shown in
Fig. 1F,G, immune-positivity of AKR1B1 was significantly higher
in tissue sections of MASLD/MASH (p <0.01), HCC (p <0.001), and
DM+HCC (p <0.001) compared to normal adjacent tissues. This
data indicates that AKR1B1 could be a major contributing factor
in the progression of MASLD/MASH to HCC. Similarly, plasma
levels of AKR1B1 were significantly elevated in patients with
MASLD (p <0.01) and MASLD-associated HCC (p <0.05) compared
to healthy individuals (Fig. 1H). Most importantly, as depicted in
Fig. 1F,G, we could observe a significant elevation in AKR1B1
expression in DM+HCC compared to HCC alone (p <0.05), which
correlated with the plasma levels of AKR1B1 (Fig. 1I). Further-
more, the immunohistochemistry scoring of AKR1B1 expression
was significantly higher in grade 2 (p <0.05) and grade 3 (p <0.01)
control and (I) HCC and DM+HCC compared with normal control. Level of
K) expression of AKR1B1 in different stages of HCC. Data is represented as

x represents median values. Level of significance: *p <0.05, **p <0.01; (one-way
cinoma; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steato-
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HCC compared to non-cancerous samples. Cumulatively, the data
suggests the role of AKR1B1 as a disease-progressive marker in
MASLD/MASH, MASLD-associated HCC, and DM-aggravated HCC
progression. Plasma estimation of AKR1B1 could be a predictive
method for the early identification of liver ailments such as
MASLD and its progression to MASH and HCC.
AKR1B1 overexpression is associated with modulation of
glycolytic markers in HCC under hyperglycemic conditions
We have used various cell culture systems and experiments to
delineate the role of AKR1B1 in hyperglycemia-aggravated
MASLD/MASH and HCC progression (Fig. 2A). As shown in
Fig. 2B, AKR1B1 expression was highest in the HepG2 cell line
among other hepatic cancer cell lines, where SNU-387 and HEPA
1-6 cell lines have a moderate expression of AKR1B1. Around a
20-fold change in expressionwas observed in the HepG2 cell line
compared to hepatic fibroblast cell line BRL-3A. In contrast,
poorly differentiated hepatic cancer cell line PLC/PRF-5 has
minimal expression of AKR1B1 compared to other cancer cell
lines. A significant increase in lactate secretion was observed in
HepG2 (p <0.001), SNU 387 (p <0.01), and HEPA 1-6 (p <0.001)
cells. However, no significant change in the secretion of lactate
was observed in PLC/PRF-5 and BRL-3A cell lines (Fig. 2C), which
express low levels of AKR1B1, showing that AKR1B1 might be
responsible for the Warburg effect in hepatic cancer. Moreover, a
considerable increase in the expression of AKR1B1 (p <0.001)
was witnessed in the HepG2 cells cultured in HG media (Figs 2D,
E, and S1A), which could be responsible for the overexpression of
glycolytic enzymes cMYC (p <0.01), hexokinase-II (HK-II)
(p <0.001), ketohexokinase (KHK) (p <0.001), lactate dehydro-
genase A (LDHA) (p <0.05), and monocarboxylate transporter-4
(MCT-4) (p <0.01), modulating the Warburg effect (Fig. 2G, H).

Further, Oil Red O (ORO) staining revealed that the HepG2
cells were presented with high lipid droplets (p <0.001) under
hyperglycemia, and treatment with BSA-PA (500 lM) has further
enhanced the production of oil globules. However, oil deposition
in low glucose (LG) media is lower (p <0.01) than in HG media (p
<0.001), indicating that AKR1B1 could be a contributing factor
for hyperglycemia-mediated fatty liver progression (Figs 2F and
5G). Moreover, we have observed significantly increased
(p <0.01) wound closure in HepG2 cells cultured in HG media
over LG media, demonstrating the role of AKR1B1 in the hyper-
proliferation and metastasis of HCC (Fig. S1B).
Lentiviral transfection of huAKR1B1 leads to metabolic
reprogramming in PLC/PRF-5 cell line
To delineate the exact role of AKR1B1 in metabolic modulation
and the Warburg effect, we have stably transfected AKR1B1 low-
expressing PLC/PRF-5 cells with lentiviral particles. As shown in
Fig. 2I, we obtained PLC/PRF-5 cells stably overexpressing
AKR1B1 at a multiplicity of infection of 20. The flow cytometric
measurement of mGFP in non-transfected and transfected cells
showing a 30-fold difference in green fluorescence emission
further confirms the transfection efficiency (Fig. S2). As pre-
sented in Fig. 2J-L, overexpression of AKR1B1 (p <0.001) leads to
upregulation of cMYC (p <0.01), HK-II (p <0.01), KHK (p <0.001),
and LDHA (p <0.001) like that observed in the hyperglycemic
condition. The increase in lactate secretion (p <0.001) (Fig. 2M)
confirmed the modulation of metabolic reprogramming and the
JHEP Reports 2024
Warburg effect in PLC/PRF-5-AKR1B1+ cells compared to wild-
type PLC/PRF-5 cells under normal and HG conditions.

AKR1B1 inhibition by small molecules represses polyol flux
and glucose transporter to prevent hepatic cancer cell
proliferation
Previously, it has been reported that NARI-29 is a structural
analog of EPS with more potent AKR1B1 inhibition.19 Hence, in
the present study, we have used EPS and NARI-29 as pharma-
cological probes to elucidate the role of AKR1B1 in metabolic
reprogramming. Initially, we demonstrated that NARI-29 and
EPS dose-dependently reduced the proliferation of hepatic can-
cer cell lines, and their cytotoxicity is directly correlated with
AKR1B1 expression. As shown in Fig. 3A, NARI-29 exhibited
cytotoxicity in HepG2, SNU-475, and SK-Hep1 cells, with IC50
values of 6.6, 7.1, and 15.1 lM, respectively. EPS showed EC50

values of 58.7, 78.7, and 77.1 lM in respective cell lines. Inter-
estingly, NARI-29 and EPS failed to induce significant cytotoxicity
on the PLC/PRF-5 cell line (Fig. 3A), primary mouse hepatocytes,
peripheral blood mononuclear cells, and red blood cells (Fig. S3).
However, NARI-29 and EPS prevented the AKR1B1
overexpression-mediated hyper-proliferation of PLC/PRF-5-
AKR1B1+ cells, thus eliciting increased growth inhibition than
in wild-type PLC/PF-5 cells (IC50 values of 55.69 and 223.89 lM,
respectively) (Fig. 2N). Moreover, AKR1B1 inhibition with EPS
(50 lM), and NARI-29 (10 lM) in HepG2 cells cultured in HG
media resulted in cell cycle arrest at the G2/M phase (Fig. S4),
reduced proliferation, and metastasis (Fig. S5). As shown in
Fig. 3C, AKR1B1 inhibition also induced toxicity to HepG2
spheroids cultured in HG media. FDA/PI staining indicated sig-
nificant cell death in EPS- or NARI-29-treated groups compared
to untreated groups (p <0.001).

Further, we investigated the fate of metabolic enzymes in
hyperglycemia after AKR1B1 inhibition in HepG2 and PLC/PRF-5-
AKR1B1+ cells. Immuno-fluorescence (Fig. 3D) and immuno-
blotting (Fig. 3F) data advise that AKR1B1 inhibition with
NARI-29 at 10 and 20 lM concentrations has significantly
reduced the expression of KHK (p <0.001), which converts fruc-
tose to fructose-1-phosphate in the HepG2 cell line under hy-
perglycemic conditions. Even though 50 lM of EPS has
considerably reduced the expression of KHK (p <0.05), the effect
was less than the low dose of NARI-29. Similarly, in PLC/PRF-5-
AKR1B1+ cells, 50 lM of NARI-29 significantly (p <0.01)
reduced the expression of KHK compared to EPS at 200 lM (p
<0.05) (Fig. 3B, E), indicating the potency of NARI-29 over EPS in
the inhibition of polyol flux and the rerouting of fructose to the
glycolytic pathway. Further, AKR1B1 inhibition inhibited the
phosphorylation of Akt (NARI L; p <0.001, NARI H; p <0.001, and
EPS; p <0.001) and inhibited cMYC (NARI L; p <0.05, NARI H;
p <0.01, and EPS; p <0.05), which leads to downregulation of
glucose transporter 1 (NARI L; p <0.05, NARI H; p <0.001, and
EPS; p <0.05) in HepG2 cells (Fig. 3F). Similarly, AKR1B1 inhibi-
tion reduced p-Akt (NARI; p <0.01& EPS; p <0.05), cMYC (NARI;
p <0.05& EPS; p <0.05), and glucose transporter 1 (NARI;
p <0.001& EPS; p <0.05) in PLC/PRF-5-AKR1B1+ cells (Fig. 3B).

Obstructing the polyol flux results in suppression of the
Warburg effect and lipid accumulation
Our preliminary data indicated that aldose reductase
inhibition prevented the overexpression of KHK and inhibited
4vol. 6 j 100974
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the rerouting of fructose to the glycolytic pathway. Furthermore,
immunoblotting and metabolomics analysis revealed that
AKR1B1 inhibition with EPS or NARI-29 substantially reduced
JHEP Reports 2024
the expression of HK-II (HepG2: NARI L, NARI H; p <0.001, and
EPS; p <0.05 and PLC/PRF-5-AKR1B1+: NARI and EPS; p <0.01),
which converts glucose to glucose-6-phosphate. As a result,
5vol. 6 j 100974



EPSC N LD N HD

GLUT-1

cMyc

p-Akt

Akt

β-actin

KHK

HepG2

Control EPS NARI 29 LD NARI 29 HD

D
AP

I
KH

K

Control EPS NARI 29

HepG2 PLC/PRF-5-AKR1B1+ED

0
0

20

40

60

80

100

HepG2 SNU 387

SK-Hep1

0.25 0.74 2.22 6.66 20

PLC/PRF-5

NARI-29

Vi
ab

ilit
y 

(%
)

0
0

20

40

60

80

100

1.23 3.70 11.11 33.33 100

EPS

Vi
ab

ilit
y 

(%
)

F

BA
EPSC N 

PLC/PRF-5-AKR1B1+

GLUT-1

cMyc

p-Akt

Akt

β-actin

KHK

*

**

*
*

*

**

***

 

*

ii

iii

iv

***
***

***

0.0

0.5

1.0

1.5

* *

**

 

*
***

***

 

* *
***

 

iii

iii

iv

Control EPS NARI 29 LD NARI 29 HD
FDA/PI

0
1
2
3
4
5

PI
 to

 F
D

A 
ra

tio

***

***

***

C

HepG2 SNU 387

SK-Hep1 PLC/PRF-5
R

el
at

iv
e 

ex
pr

es
si

on
(p

-A
KT

/A
KT

)
R

el
at

iv
e 

ex
pr

es
si

on
(c

M
yc

/β
-a

ct
in

)

R
el

at
iv

e 
ex

pr
es

si
on

(K
H

K/
β-

ac
tin

)

i

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
ex

pr
es

si
on

(p
-A

KT
/A

KT
)

R
el

at
iv

e 
ex

pr
es

si
on

(c
M

yc
/β

-a
ct

in
)

R
el

at
iv

e 
ex

pr
es

si
on

(K
H

K/
β-

ac
tin

)

R
el

at
iv

e 
ex

pr
es

si
on

(G
LU

T-
1/

β-
ac

tin
)

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
ex

pr
es

si
on

(c
M

yc
/β

-a
ct

in
)

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

2.0

Con
tro

l

Con
tro

l

EPS

EPS

NARI-2
9

Con
tro

l
EPS

NARI-2
9

Con
tro

l
EPS

NARI-2
9 L

NARI-2
9 H

Con
tro

l
EPS

NARI-2
9 L

NARI-2
9 H

Con
tro

l
EPS

NARI-2
9 L

NARI-2
9 H

Con
tro

l
EPS

NARI-2
9 L

NARI-2
9 H

Con
tro

l
EPS

NARI-2
9 L

NARI-2
9 H

Con
tro

l
EPS

NARI-2
9

NARI-2
9

Fig. 3. AKR1B1 inhibition reverses polyol flux and GLUT-1 expression. (A) Line plot showing percentage cell viability of NARI-29 and EPS in the different
hepatic cancer cell lines. Representative immunoblots and bar graphs show differential expression of AKT, pAKT, cMYC, GLUT-1, and KHK on (B) PLC/PRF-5-AKR+
cell line and (F) HepG2 cell line (HG: 4.5 g/L) (each bar represents mean ± SEM). Level of significance: *p <0.05, **p <0.01, ***p <0.001; (one-way ANOVA followed
by Tukey test). (C) Representative images of fluorescence diacetate and propidium iodide dual staining assay depicting live and dead cells in HepG2 spheroid

Research article

6JHEP Reports 2024 vol. 6 j 100974



=

glucose-6-phosphate was reduced (HepG2: NARI L, NARI H;
p <0.05). Consequently, there was a noticeable decrease in
phosphofructokinase muscle (PFKM) (HepG2: NARI L, NARI H;
p <0.001, and EPS; p <0.05 and PLC/PRF-5-AKR1B1+: NARI and
EPS; p <0.01), which converts fructose 6-phosphate to fructose
1,6-bisphosphate. This led to reduced levels of fructose 1,
6-bisphosphate (n.s), and phosphoenolpyruvate (HepG2: NARI L,
NARI H; p <0.05).

This initial suppression of the glycolytic phase resulted in
decreased expression of pyruvate kinase M2 (PKM) (HepG2:
NARI L, NARI H, and EPS; p <0.001 and PLC/PRF-5-AKR1B1+:
NARI; p <0.01 and EPS; p <0.05), responsible for pyruvate pro-
duction, thereby corroborating reduced pyruvate conversion. The
Warburg effect is characterized by production of lactate and
acidification of the microenvironment. There was a notable
reduction in LDHA (HepG2: NARI H; p <0.001 and PLC/PRF-5-
AKR1B1+: NARI; p <0.01 and EPS; p <0.05), resulting in
decreased intracellular lactate production (HepG2: NARI L, NARI
H; p <0.05) and subsequently reduced expression of MCT-4
(HepG2: NARI L; p <0.01, NARI H; p <0.001, and EPS; p <0.05
and PLC/PRF-5-AKR1B1+: NARI; p <0.01 and EPS; p <0.05). These
findings collectively indicated a reversal of the Warburg effect in
hepatic cancer cell lines. Furthermore, this reversal was
confirmed by a decrease in extracellular acidification, as evi-
denced by reduced lactate concentrations in the culture media
(HepG2: NARI L; p <0.05, NARI H; p <0.05, and EPS; p <0.001)
(Figs 4A, C and S6). These results highlight a profound impact on
the metabolic reprogramming in hepatic cancer cells following
AKR1B1 inhibition.

Accumulating lipid globules and forming fatty liver is one of
the early events occurring in MASLD-associated hepatocarcino-
genesis. Besides inhibiting the Warburg effect, AKR1B1
inhibition-mediated impairment in glycolytic flux reduced the
formation of lipid globules estimated by ORO staining. As shown
in Fig. 4B, AKR1B1 inhibition with EPS and NARI-29 significantly
(p <0.001) reduced the hyperglycemia-mediated formation of
lipid globules in HepG2 cells. Moreover, treatment dramatically
inhibited (p <0.001) BSA-palmitic acid-mediated oil deposition,
indicating the role of AKR1B1 in promoting MASLD via metabolic
reprogramming.

AKR1B1 inhibition modulated mitochondrial dynamics and
initiated apoptosis in hepatic cancer cells
Mitochondrial dynamics (mitochondrial fusion or fission) bal-
ances the energy requirement and supply to cancer cells. Herein
we investigated the expression of fusion and fission proteins
after AKR1B1 inhibition. As depicted in Fig. 5C, NARI-29 treat-
ment increased the expression of MFN-1 and decreased the
expression of DRP-1 (dynamin related protein 1). The ratio of
MFN-1 over DRP-1 was significantly increased in NARI-29 low-
dose (p <0.05) and high-dose (p <0.001) groups, while only a
slight increase in the ratio was observed with EPS treatment. The
data indicates that aldose reductase inhibition leads to mito-
chondrial fusion in HepG2 cells. Further, to analyze the mito-
culture upon AKR1B1 inhibition with NARI-29 (LD: 10 lM and HD: 20 lM) and EP
(one-way ANOVA followed by Tukey test). Representative immunofluorescence im
line. EPS: Epalrestat, LD: Low dose, and HD: High dose.
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chondrial network in confocal images of MitoTracker staining,
we have employed mitochondria Analyzer plugging in ImageJ
software. As shown in Fig. 5D, E, the increased (p <0.001) mito-
chondrial aspect ratio in EPS and NARI-29 treatment groups in-
dicates that mitochondrial fusion was augmented by AKR1B1
inhibition.

Further, we observed that mitochondrial fusion resulted in a
significant increase in superoxide generation (p <0.001)
(Fig. 5F,H) and impairment of mitochondrial membrane potential
in treatment groups (Fig. 5G, I). As a result, we observed an
increased ratio of Bax to BCL-2 (EPS; p <0.05, NARI L; p <0.01, and
NARI H; p <0.001) in treatment groups, indicating the initiation
of apoptosis (Fig. 5J). Relating to this, immunofluorescence data
suggests that the localization of HK-II to mitochondria was high
in HepG2 cells cultured in HG, and treatment with EPS and high-
dose NARI-29 drastically reduced (p <0.01) the association of HK-
II with mitochondria (Fig. 5A, B). HK-II is a mitochondrial
permeability transition pore-associated protein, which nega-
tively regulates pore opening and apoptosis in cancer cells.21

Based on proteomics data, it appears that inhibiting AKR1B1
under hyperglycemia not only disrupts the association between
HK-II and mitochondria, but also increases the expression of
proteins in the mitochondrial permeability transition pore
complex, including voltage-dependent anion channel 1, 2 and 3,
adenine nucleotide translocase, and inorganic phosphate carrier
in HepG2 cells (Fig. S7). This ultimately leads to the opening of
mitochondrial pores and triggers apoptosis.

AKR1B1 inhibitors modulate the TCA cycle to deplete ATP and
induce apoptosis in hepatic cancer cells
The proteomics data revealed that proteins involved in glucose
metabolism, the pentose phosphate pathway, and the tricar-
boxylic acid (TCA) cycle were predominantly upregulated in
HepG2 cells cultured in HG media compared to normal glucose
media. Similar to immunoblotting data, proteomics analysis
revealed that AKR1B1 inhibition with EPS (50 lM) or NARI-29
(10 and 20 lM) decreased the relative abundance of metabolic
markers in the HepG2 cell line (Fig. 6B). Furthermore, our data
suggests that the altered mitochondrial dynamics following
NARI-29 and EPS treatment are associated with impairment of
the TCA cycle in the HepG2 cell line. As shown in Fig. 6C, HG
media increased the relative abundance of the TCA enzymes,
pyruvate dehydrogenase (1.04-fold), citrate synthase (1.32-fold),
aconitase 1 (1.74-fold), isocitrate dehydrogenase (1.78-fold),
oxoglutarate dehydrogenase (1.68), succinyl-CoA ligase ADP
forming subunit beta (1.25), succinate dehydrogenase (1.38-fold),
fumarate hydratase (1.61-fold), malate dehydrogenase (1.82-
fold), and pyruvate carboxylate (1.93-fold), indicating increased
TCA cycle activity in hyperglycemia. However, treatment with
EPS (50 lM) and NARI-29 (10 and 20 lM) reduced the relative
abundance of all the enzymes involved in the TCA cycle,
hampering ATP production. As shown in Fig. 6A, intracellular ATP
decreased significantly after EPS (50 lM; p <0.01) and NARI-29
(20 lM; p <0.001) treatment, which leads to cleavage of PARP
S (50 lM) (each bar represents mean ± SEM). Level of significance: ***p <0.001;
ages for KHK on (D) HepG2 cell line (HG: 4.5 g/L) and (E) PLC/PRF-5-AKR+ cell
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(p <0.001, Fig. 6F) and apoptosis in HepG2 cells. Further, AO/EB
(Fig. 6D), FDA/PI (Fig. S8), and Annexin V/PI (Fig. 6E) staining
confirmed the significant induction of apoptosis by EPS and
NARI-29 treatments.

AKR1B1 inhibition reverses HFrD-aggravated DEN-induced
MASLD in mice
The pharmacokinetic properties of NARI-29 in BALB/c mice were
impressive at doses of 25 mg/kg and 50 mg/kg (Fig. 7B). The drug
exhibited a Cmax of 14.57 and 26.7 lg/ml at the respective doses,
with a half-life of 3.3 h (Fig. S9A–D). Further, we show that HFrD
feeding for 15 weeks combined with diethylnitrosamine (DEN)
administration induces significant (p <0.001) pathologic liver
transformations, such as increased liver index (Fig. 7F), aspartate
aminotransferase (Fig. 7G), alanine aminotransferase (Fig. 7H),
and serum triglycerides (Fig. 7H), which were associated with
increased blood glucose levels (Fig. 7E, p <0.001), indicating the
role of hyperglycemia in functional and structural alterations in
the liver. As shown in Fig. 7D, body weight change in the
HFrD+DEN group was higher than in the control group though
there was no significant difference. Histopathological evaluation
using H&E and ORO staining revealed fat droplet deposition in
hepatocytes in the HFrD+DEN group (Fig. 7D). However, treat-
ment with aldose reductase inhibitors EPS and NARI-29 at a dose
of 50 mg/kg/day for 21 days significantly reversed the elevated
hepatic enzymes, serum triglycerides, and hepatic fat deposition
with glycemic control.

AKR1B1 inhibition modulates glucose metabolism to prevent
precancerous hepatocyte formation
Correlating the in vitro findings, hyperglycemia induced by HFrD
feeding augmented the polyol flux in the liver indicated by
increased expression of AKR1B1 in mouse liver (Fig. 8A, C) and
plasma (Fig. 8B, p <0.001). Significant expression changes in
cMyc (p <0.05), AKR1B1 (p <0.001), and KHK (p <0.01)) were
observed in the HFrD+DEN group compared to the control group
(Fig. 8C). Other glycolytic markers (PFKM [p <0.01], PKM [p
<0.001], and LDHA [p <0.01]) and a lactate transporter (MCT-4 [p
<0.01]) were also upregulated in the HFrD-DEN group (Fig. 8F).
This metabolic modulation increased the expression of the
oncogenic marker Ki67 (Fig. 8G) and CD44 (Fig. 8A), and
downregulated the adhesion marker E-cadherin (Fig. 8E) in
hepatocytes, promoting carcinogenesis. Our data indicate that
the aggravation of polyol and glycolytic flux through AKR1B1
contributes significantly to precancerous hepatocyte formation.
Fig. 5. AKR1B1 inhibition promotes mitochondrial fusion. (A) Representative
line (HG: 4.5 g/L) upon AKR1B1 inhibition with NARI-29 (LD: 10 lM and HD: 20 lM
(each bar represents Mean ± SEM). Level of significance: **p <0.01, ***p <0.001; (on
graphs showing differential expression of MFN-1/DRP-1 ratio in HepG2 cell line (
***p <0.001; (one-way ANOVA followed by Tukey test). (D) Representative images
ImageJ plugin. (E) Bar graph showing the mitochondrial aspect ratio upon AKR1B1
represents mean ± SEM). Level of significance: **p <0.01, ***p <0.001; (one-way A
assay. (G) Representative images for JC-1 staining and a dot plot showing JC-1 agg
Bar graph showing mean fluorescence intensity of mitosox upon AKR1B1 inhib
represents mean ± SEM). Level of significance: ***p <0.001; (one-way ANOVA follo
AKR1B1 inhibition with NARI-29 (LD: 10 lM and HD: 20 lM) and EPS (50 lM). (
ANOVA followed by Tukey test) (I) Representative immunoblots and bar graphs
mean ± SEM). Level of significance: *p <0.05, **p <0.01, ***p <0.001; (one-way ANO
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However, treatment with EPS and NARI-29 significantly reduced
the HFrD+DEN-induced overexpression of AKR1B1 (tissue: EPS;
p <0.05 and NARI-29; p <0.001 and plasma: EPS; p <0.05 and
NARI-29; p <0.01), KHK (EPS; p <0.001 and NARI-29; p <0.01),
and cMyc (EPS; p <0.05 and NARI-29; p <0.01). Further, we have
shown that the AKR1B1 inhibition reduced glycolytic flux and
the expression of a lactate transporter in the mouse liver (PFKM
[NARI-29; p <0.05], PKM [EPS; p <0.01 and NARI-29; p <0.001],
LDHA [EPS; p <0.01 and NARI-29; p <0.01], and MCT-4 [NARI-29;
p <0.01]). As a result of reversing aberrant metabolism, AKR1B1
inhibition prevented precancerous transformation, evidenced by
decreased expression of Ki67 and CD44 and increased expres-
sion of E-cadherin compared to the disease group.
Discussion
Metabolic switching is an adaptive mechanism for cancer
development and aggravation.22 Normal cells rely on oxidative
phosphorylation for survival and energy production. However,
cancer cells show a dual phenotype; in normal conditions,
cancer cells tend to be in a glycolytic phenotype,23 whereas
they immediately switch their metabolism to oxidative phos-
phorylation in response to external stimuli that induce
oxidative stress. Once the stimuli are removed, they return to
their glycolytic phenotype (Warburg effect).24,25 Similarly, an
increased glycolytic metabolic phenotype was observed in
MASH-associated HCC progression. This metabolic switching is
prominent in patients with diabetic co-morbidity. Identifying a
target responsible for this metabolic switching and disease
pathology will help to screen potential therapeutic molecules.
Cumulated evidence indicates a role of AKR1B1 and the polyol
pathway in metabolic modulation, especially in diabetic
complications.26 However, there is no proof of the relation
between AKR1B1 and the Warburg effect in MASLD-mediated
HCC.

Studies show that AKR1B1 can reroute glucose to the polyol
pathway to generate sorbitol, which is converted to fructose by
the sorbitol dehydrogenase enzyme.27 Recent reports revealed
that increased fructose formation through polyol flux promotes
the Warburg effect in cancer cells.9 Interestingly, our data sug-
gested a stage-specific increase in AKR1B1 in plasma and tissues
of patients with MASLD/MASH, MASH-associated HCC, HCC, and
DM+HCC, indicating that AKR1B1 is a disease-progressive
marker in HCC which is more prominent in patients with hy-
perglycemia. Cell-based assays showed that AKR1B1 expression
immunofluorescence images for HK-II and Mitotracker staining in HepG2 cell
) and EPS (50 lM). (B) Graphical representation of HK-II correlation coefficient

e-way ANOVA followed by Tukey test). (C) Representative immunoblots and bar
HG: 4.5 g/L) (each bar represents mean ± SEM). Level of significance: *p <0.05,
for mitochondrial network in single cell generated from mitochondria Analyser
inhibition with NARI-29 (LD: 10 lM and HD: 20 lM) and EPS (50 lM) (each bar
NOVA followed by Tukey test). (F) Representative images for mitosox staining
regated (red) and monomers (green) were performed using flow cytometry. (H)
ition with NARI-29 (LD: 10 lM and HD: 20 lM) and EPS (50 lM) (each bar
wed by Tukey test). (I) Graphical representation of JC-1 red fluorescence upon
each bar represents mean ± SEM). Level of significance: ***p <0.001; (one-way
showing the ratio of Bax to BCL-2 in the HepG2 cell line (each bar represents
VA followed by Tukey test). EPS: Epalrestat, LD: Low dose, and HD: High dose.
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correlates with lactate secretion and fat deposition in HCC cell
lines under hyperglycemia, indicating the role of AKR1B1 in
promoting the Warburg effect and fatty liver. Further, we
observed that AKR1B1 expression was upregulated in the HepG2
cell line with an increase in glucose concentration. Reports
suggest that the hyperglycemia-induced overexpression of
AKR1B1 drags 30% glucose from the glycolytic pathway, which is
responsible for diabetic complications.28

Besides the enzymatic role, AKR1B1 binds to Akt, which can
activate cMyc, a key regulator of metabolic pathways.15 We have
shown that HG is associated with increased expression of the
glycolytic enzymes HK-II, KHK, and LDHA. As the polyol pathway
consumesNAD+ and converts it toNADH,29 lactate dehydrogenase
activity moves towards lactate production, which increases the
expression of MCT-4. Further, lentiviral-mediated stable over-
expression of AKR1B1 in PLC/PRF-5 cells (AKR1B1 lowexpression)
resulted in a glycolytic phenotype with increased expression of
cMyc, HK-II, KHK, and LDHA,with increased lactate secretion. This
data demonstrates, for the first time, the role of AKR1B1 in
metabolic modulation and lactate secretion in HCC. Similar
metabolic changes also occur in hepatocytes in fatty livers. The
vital glycolytic enzymes (HK-II, PFKM, and PKM)were increased in
the liver of high-fat diet-compared to regular chow-fed mice.30

Another study reported that overexpression of HK-II and PKM
promoted livergrowthand liver steatosis related tocarcinogenesis
in the fatty liver.31 Similarly, our data implicated AKR1B1 in pro-
moting MASLD formation via metabolic reprogramming.

Further, AKR1B1 inhibitionwith the standard inhibitor EPS and
our investigational molecule NARI-29 inhibited glycolytic flux in
HepG2 and PLC/PRF-5-AKR1B1+ cells. The inhibition of the War-
burg effect is evidenced by decreased lactate secretion in culture
media, and the prevention of fatty liver formation is evidenced by
decreased lipid globules. It has been reported that targeting the
Warburg effect is an attractive strategy for treating HCC.22 The
most recent report by Wang et al., 2022 stated, "Saturation of the
mitochondrial NADH shuttles drives aerobic glycolysis in prolifer-
ating cell32". Hence, themetabolic shifting of cancer cells warrants
a dual targeting of oxidative phosphorylation and the Warburg
effect for effective cancer treatment. Primarily mitochondrial dy-
namics govern the metabolic state of cancer cells. Fused mito-
chondria were observed in cells with an oxidative phenotype,
while fissionwas observed in the glycolytic phenotype.33 AKR1B1
inhibition resulted in mitochondrial fusion, which increased
mitochondrial superoxide generation and impaired membrane
potential. Moreover, our proteomics data revealed that AKR1B1
inhibition using EPS or NARI-29 reversed the upregulation of TCA
cycle enzymes and reduced ATP generation in the HepG2 cell line.
Cumulatively, AKR1B1 overexpression is associated with
hyperglycemia-triggered metabolic reprogramming, resulting in
increased lipid accumulation, proliferation, lactate secretion, and
the Warburg effect in HCC.

Further, we developed a MASLD-associated hepatocarcino-
genesis model using the combined administration of HFrD and
KHK in live tissue lysate (each bar represents mean ± SEM and each point represenˇ

p <0.05,

ˇˇ

p <0.01, and

ˇˇˇ

p <0.001 (one-way ANOVA followed by Tukey test). (F) R
(ii) PFK1, (iii) PKM2, (iv) LDHA, and (v) MCT-4 in live tissue lysate (each bar repr
significance: **p <0.01, ***p <0.001,

ˇˇ

p <0.01, and

ˇˇˇ

p <0.001 (one-way ANOVA fo
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DEN. This model also mimics the westernized food habit
(fructose-rich food) and oxidative stress-induced chronic liver
injury and carcinogenesis. It has been reported that HFrD can
induce metabolic alterations in the liver34 and chronic con-
sumption of HFrD induces lipogenesis, oxidative stress, and
inflammation in the liver.35 Relating to these, Lanaspa et al.
showed that the knockdown of aldose reductase or KHK pro-
tected mice from fatty liver disease induced by HG intake.36

However, the mechanism behind HFrD-induced liver carcino-
genesis is unclear. We have demonstrated that AKR1B1 partic-
ipates in HFrD+DEN-induced carcinogenesis in the mouse liver.
This data validates the use of AKR1B1 as a prognostic marker for
early hepatic carcinogenesis. Recent studies reported that
glycolysis is upregulated in hepatocarcinogenesis induced by
DEN in the mouse model.37 Similarly, we observed an increase
in glycolytic markers in the livers of HFrD+DEN-treated mice,
which correlates with elevated aminotransferase and triglyc-
eride levels in the serum. Elevated serum glucose was one of
the significant contributing parameters to the hepatocarcino-
genesis observed in our study. Related to our research, it has
been reported that fructose consumption can induce pancreatic
cell damage, insulin resistance, and hyperglycemia in experi-
mental animals.38 Hence, elevated AKR1B1 may be an effect of
hyperglycemia caused by HFrD. Further, MASLD-associated
hepatocarcinogenesis was confirmed by increased expression
of cMYC, Ki67, and CD44 in hepatocytes.

There are shreds of evidence for using aldose reductase in-
hibitors to prevent diabetes-induced micro and macrovascular
complications.39 A relevant outcomewas observed inmethionine-
and choline-deficient diet-fed mice, wherein aldose reductase
inhibition (zopol) significantly alleviated hepatic steatosis and
inflammation.40 Moreover, it has been shown that the aldose
reductase-mediated lipid accumulation is through selective de-
repression of PPARc and the retinoic acid receptor.41 Our study
demonstrated that AKR1B1 inhibition using EPS and/or NARI 29
reversed the MASLD induced by the combined administration of
HFrD and DEN. Moreover, we have shown that AKR1B1 inhibition
using EPS and/or NARI-29 reversed the metabolic alterations in
mouse livers induced by HFrD+DEN, which is supported by our in
vitro findings. Most importantly, mechanistically we demon-
strated that AKR1B1 inhibition suppresses the formation of pre-
cancerous hepatocytes in mouse livers.

Overall, our data suggest that AKR1B1 regulates glycolysis and
the Warburg effect in HCC under hyperglycemia, and its over-
expression was correlated with early hepatocarcinogenesis in
MASLD. Since the polyol pathway is restricted to cancer, dia-
betes, and other inflammatory diseases, effective and safe ther-
apy can be achieved by targeting AKR1B1, especially for treating
and preventing HCC in patients with diabetes. It was also
concluded that the aldose reductase inhibitors EPS and NARI-29
might be potential candidates either alone or in combination
with antidiabetic therapy for the prevention and treatment of
diabetes-induced MASLD or HCC.
ts individual animal data). Level of significance: *p <0.05, **p <0.01, ***p <0.001,
epresentative (i) immunoblots and bar graph showing differential expression of
esents mean ± SEM and each point represents individual animal data). Level of
llowed by Tukey test). DC, disease control; EPS, Epalrestat; VC, vehicle control.
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