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Abstract: Aldo-keto reductase 1B10 (AKR1B10), a member of aldo-keto reductase superfamily, contributes to detox-
ification of xenobiotics and metabolization of physiological substrates. Although increased expression of AKR1B10 
was found in hepatocellular carcinoma (HCC), the role of AKR1B10 in the development of HCC remains unclear. This 
study aims to illustrate the role of AKR1B10 in hepatocarcinogenesis based on its intrinsic oxidoreduction abilities. 
HCC cell lines with AKR1B10 overexpression or knockdown were treated with doxorubicin or hydrogen peroxide to 
determinate the influence of aberrant AKR1B10 expression on cells’ response to oxidative stress. Using Akr1b8 (the 
ortholog of human AKR1B10) knockout mice, diethylnitrosamine (DEN) induced liver injury, chronic inflammation 
and hepatocarcinogenesis were explored. Clinically, the pattern of serum AKR1B10 relevant to disease progres-
sion was investigated in a patient cohort with chronic hepatitis B (n=30), liver cirrhosis (n=30) and HCC (n=40). 
AKR1B10 expression in HCC tissues was analyzed using both the TCGA database (n=371) and our collected HCC 
samples (n=67). AKR1B10 overexpression reduced hepatocyte injury while AKR1B10 knockdown augmented reac-
tive oxygen species (ROS) accumulation and apoptotic cell death. Consistently, Akr1b8 deficiency in mice promoted 
DEN-induced hepatocyte damage and liver inflammation characterized by increased phospho-H2AX, serum alanine 
aminotransferase, interleukin-6 and tumor necrosis factor alpha level, myeloid cell infiltration and led to more se-
vere hepatocarcinogenesis and metastasis compared with wild type mice due to significant alteration on detoxifica-
tion and oxidoreduction. AKR1B10 was compensatory expressed and gradually upregulated in the process of liver 
disease progression in HCC and increased oxidative stress upregulated AKR1B10 through NRF2. Our results here 
suggested that through oxidoreduction and detoxification, AKR1B10 played an important role in protecting hepato-
cytes from damage induced by ROS. Deficiency of AKR1B10 might accelerate hepatotoxin and inflammation-associ-
ated hepatocarcinogenesis. AKR1B10 expression elevation in HCC could be a result of compensatory upregulation, 
rather than a driver of malignant transformation during the development of HCC.
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Introduction

Aldo-keto reductase 1B10 (AKR1B10) is a me- 
mber of the human aldo-keto reductase (AKR) 
superfamily which catalyzes the NAD(P)H-de- 
pendent oxidoreduction of various carbonyl 
compounds [1]. The expression of AKR1B10 
leads to detoxification of xenobiotics from lipid 
peroxidation and metabolization of physiologi-
cal substrates such as farnesal, retinal, and a 

variety of aromatic and aliphatic aldehydes or 
dicarbonyl compounds. Growing evidences ha- 
ve suggested that the abnormal expression of 
AKR1B10 was associated with many kinds of 
cancers including colorectal carcinoma [2], 
non-small cell lung carcinoma (NSCLC) [2], 
esophageal carcinoma [4], breast cancer [5], 
uterine cancer [6], pancreatic cancer [7], gas-
tric cancer [8] and particularly, the preliminary 
liver cancer [9]. However, the detailed mecha-

http://www.ajcr.us


AKR1B10 protects hepatocytes from oxidative stress

2731	 Am J Cancer Res 2019;9(12):2730-2748

nisms of AKR1B10 in hepatocarcinogenesis 
remain elusive.

Hepatocellular carcinoma (HCC) is one of the 
most common human cancers worldwide which 
accounts for the third most likely cause of can-
cer related mortality [10, 11]. It is well known 
that development of HCC is a complex and mul-
tistep process, with one or more risk factors 
including hepatitis B or C virus infection, alco-
hol abuse, non-alcoholic steatohepatitis (NA- 
SH), dietary exposure to aflatoxin B1 (AFB1) 
from fungal contaminant, or exposure to other 
chemical carcinogens [12, 13]. Though the de- 
tailed molecular pathogenesis of HCC has not 
been fully elucidated, the misregulation of oxi-
dative stress and lesions caused by chemical 
carcinogens exposure and/or inflammatory 
damage are involved [13-15].

It is well known that hypoxia and abundant 
reactive oxygen species (ROS) accumulation is 
a prevalent tumor microenvironment and oxida-
tive stress is an important factor in driving 
malignancy transformation and cancer pro-
gression [14, 16, 17]. ROS consisted by of free 
radicals or reactive nonradical species, such as 
superoxide anion, singlet oxygen, hydrogen per-
oxide (H2O2), perhydroxyl radical and hydroxyl 
radical from unsaturated carbonyls and alde-
hydes [18]. Previous studies demonstrated that 
AKR1B10 could efficiently catalyze and elimi-
nate acrolein, crotonaldehyde, HNE and other 
unsaturated carbonyls and aldehydes [19-21], 
suggested that AKR1B10 might participate in 
the redox and elimination of ROS. AKR1B10 
has been found predominantly expressed in 
the human digested organs like colon, small 
intestine, liver and the stomach where they will 
act directly with xenobiotics from oral intake [1, 
8, 22]. Liver is the primary organ to detoxify 
various metabolites with ROS producing or 
xenobiotics. Indeed, early studies have report-
ed the aberrant elevation of AKR1B10 in HCC 
tumor tissues and suggested that AKR1B10 
might act as a oncogene to drive hepatocar-
cinogenesis [23, 24]. In the cancer, however, 
excessive ROS would also cause DNA damage 
which in turn induced tumor cell apoptotic 
death. Therefore, to neutralize the extra ROS 
produced during fast cell proliferation and 
growing, tumor cells also evolved an antioxi-
dant system to balance the double-edged 
sword of ROS. Since AKR1B10 functions as an 

enzymatic antioxidant that can neutralize the 
extra ROS, it is reasonable to assume that ele-
vated AKR1B10 in tumor may play an important 
role in protecting hepatocytes from both en- 
dogenous and exogenous stress. However, the 
exact function of AKR1B10 in liver and the 
underlying mechanism of its upregulation in the 
process of hepatocarcinogenesis is still el- 
usive.

In this study, the detoxification role of AKR1B10 
in oxidative stress was analyzed in different 
HCC cell lines, either with AKR1B10 ectopic 
overexpression or knockdown. To clarify the 
role of AKR1B10 in hepatocarcinogenesis, the 
susceptibility to diethylnitrosamine (DEN) in- 
duced liver cancer were explored in Akr1b8 (the 
ortholog of human AKR1B10 [25]) knockout 
mice. In addition, the underlying mechanism 
relevant to AKR1B10 upregulation were investi-
gated both in the progression of hepatocarcino-
genesis in vivo and in cultured HCC cells. 

Materials and methods

Patient samples 

To assess the level deference of circulated 
AKR1B10 associated with chronic liver disease 
progression from CHB to cirrhosis and to hepa-
tocellular carcinoma, serum specimens from 
patients with CHB (n=30), liver cirrhosis (LC, 
n=30) and HCC (n=40) were collected in 2010 
from Beijing You’an Hospital, Capital Medical 
University. The clinical-pathological character-
istics of the patients were shown in Table 1. All 
the patients had laboratory evidence(s) of 
chronic HBV infection by serum HBsAg and/or 
HBV DNA detection positive, and the inclusion 
criteria for the patients followed the Guideline 
of Prevention and Treatment for Chronic 
Hepatitis B (2015 Update) [26]. 

Primary HCC and the adjacent non-tumor  
tissues (n=67) were collected from patients 
who underwent routine curative surgery from 
2009 to 2013 at Henan Oncology Hospital in 
Zhengzhou, Henan Province of China. All HCC 
patients were confirmed by pathological diag-
nosis, and none of them received any chemo-
therapy or radiotherapy before surgery. The 
clinical-pathological characteristics of the HCC 
patients were shown in Table 2. The normal 
liver tissues (n=9) were obtained from liver 
donors in the same hospital. 
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This study was approved by the Ethics Com- 
mittee of Peking University Health Science Cen- 
ter and the informed consents were obtained 
from all patients before the start of study. For 
patients who were children, written informed 
consents were obtained from their guardians.

Cell lines

HepG2 and 293T cells were purchased from 
the American Type Culture Collection (ATCC, 
Manassas, VA, USA) while Huh7, Huh1, SNU387 
cells were maintained as a laboratory stock 
and were recently authenticated by short tan-

ter, media was removed and fresh media con-
taining 2 μg/mL puromycin was added to each 
well and replaced every 2 to 3 days for stable 
AKR1B10-sh expressed cells selection. AKR- 
1B10 overexpression vector was constructed 
as previously described [27] and was used for 
transient transfection in Huh7 cells using lipo-
fectamine 2000 (Life Technologies, Carlsbad, 
CA) according to the manufacturer’s instruc-
tion. For the doxorubicin or H2O2 administration 
under AKR1B10 overexpression, doxorubicin or 
hydrogen peroxide were added 36 hours after 
the transfection and were administrated for 36 
hours before the cells were harvested.

Table 1. Clinicopathological parameters of patients with chronic hepatitis B (CHB, n=30), liver cirrho-
sis (LC, n=30) and HCC (n=40)

Characteristics Variables
CHB

Cases n (%)
n=30

LC
Cases n (%)

n=30

HCC
Cases n (%)

n=40
Age (years) Median (IQR) 29.50 (25.50, 39.75) 56.50 (47.00, 66.25) 56.50 (50.00, 62.50)

Gender
Male 24 (80%) 21 (70%) 29 (72.5%)

Female 6 (20%) 9 (30%) 11 (27.5%)
ALT (U/L) Median (IQR) 810.40 (176.25, 1084.60) 54.15 (33.88, 100.25) 43.85 (26.30, 67.38)
AST (U/L) Median (IQR) 251.40 (111.80, 574.65) 87.00 (52.05, 158.63) 62.70 (35.35, 127.68)
IQR, Inter Quartile Range.

Table 2. Clinicopathological parameters of 67 patients 
with HCC

Characteristics Variables Cases n (%)
n=67

Age (years) Median (IQR) 54 (46, 63)
Gender Male 56 (83.6%)

Female 11 (16.4%)
Liver cirrhosis Yes 61 (91.0%)

No 6 (9.0%)
Infection background HBV 52 (77.6%)

HCV 3 (4.5%)
Without HBV or HCV 12 (17.9%)

Portal vein tumor thrombosis Present 55 (82.1%)
Absent 12 (17.9%)

Tumor size ≥5 cm 55 (82.1%)
<5 cm 12 (17.9%)

BCLC stage A 39 (58.2%)
B 7 (10.4%)
C 20 (29.9%)
D 0

N/A 1 (1.5%)
IQR, Inter Quartile Range. N/A, Not available; HBV, hepatitis B virus; HCV, 
hepatitis C virus; BCLC, Barcelona Clinic Liver Cancer; A, early stage; B, 
intermediate stage; C, advanced stage; D, terminal stage.

dem repeat profiling. All cells were 
maintained in Dulbecco’s Modified Ea- 
gle’s Medium (DMEM) supplemented 
with 10% fetal bovine serum (Gibco, 
Carlsbad, CA, USA) at 37°C in a 5% CO2 
atmosphere.

AKR1B10 knockdown and overexpres-
sion

For AKR1B10 knock down, small-hair-
pin RNA inhibition plasmids were con-
structed by annealing two oligonucle-
otides and subsequently ligated into 
the TRC2B vector after digestion with 
BamHI and EcoRI. The oligonucleotide 
sequences used for shRNA construc-
tion were listed in Supplementary 
Table 1. For stable expression, 3×105 
HepG2 cells were seeded in 6-well 
plates with 2 ml of medium without 
antibiotics. Following overnight incuba-
tion, the media was replaced with 1 mL 
of medium containing lentivirus in 10 
μg/mL polybrene. Twenty-four hours 
later, the media was replaced with 2 
mL fresh media. Forty-eight hours la- 
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Animal experiments

Akr1b8 knock out (KO) mice were generated by 
Professor Deliang Cao as previously described 
[2] and were used to hybridize with wild type 
(WT) C57BL/6 mice bought from Peking Uni- 
versity Health Science Center to breed Akr1b8 
homozygous KO mice. All mice were maintained 
under specific pathogen free conditions in the 
Department of Laboratory Animal Science of 
Peking University Health Science Center. The 
experiments were conducted in accordance 
with the Guide for the Care and Use of La- 
boratory Animals and were approved by the ani-
mal ethics committee of Peking University 
Health Science Center (Beijing, China). For DEN 
administration, two-week-old WT or Akr1b8-KO 
male mice were intraperitoneally injected with 
a single DEN dose of 25 mg/kg. The animals 
were monitored thereafter by body weight and 
sacrificed by cervical dislocation at 6 (n=8), 9 
(n=11) and 12 (n=4) months post DEN treat-
ment for serum and liver isolation. For DEN-
induced hepatocyte injury study, 7 male WT 
and Akr1b8-KO mice after DEN treatment for 1 
month were used for serum detection.

Compounds

Hydrogen peroxide solution (Amresco, Houston, 
TX) was used to induce oxidative stress and 
chemotherapeutic agent doxorubicin (Cell sig-
naling technology, Danvers, MA) was dissolved 
in sterile PBS to generate a 4 mg/μL stock so- 
lution and stored at -20°C. Diethylnitrosa- 
mine (Sigma-Aldrich, St. Louis, MO) was dis-
solved in saline to generate 0.01 g/mL DEN 
solution and stored at 4°C.

Western blot

Proteins were extracted using Radio Immuno- 
precipitation Assay (RIPA) protein lysis buffer, 
boiled for 10 min at 95°C. The denatured pro-
teins were separated on 12% sodium dodecyl 
sulfate-polyacrylamide gels and then blott- 
ed onto nitrocellulose membranes (Amersh- 
am Biosciences, Uppsala, Sweden) using Mini-
Protean II transfer apparatus (Bio-Rad, CA). The 
antibody (NRF2, Proteintech Group, Inc, IL; 
AKR1B10 and Bach1, Santa Cruz, CA; p-H2AX, 
CTBP and PARP, Abcam, Cambridge, UK; Beta-
actin, ABGENT, CA; Gapdh, Medical & Biological 
Laboratories Co., Ltd., Nagoya, Japan) were 
used for immunoprobing as previously descri- 
bed [28]. 

Immunocytofluorescence

AKR1B10-konckdown HepG2 Cells and control 
HepG2 cells were seeded in a 24-well plate at 
1×105 cells per well. Twenty-four hours later, 
cells were treated with doxorubicin (0.5 μg/ml) 
for 24 hours and then fixed in 4% paraformalde-
hyde in phosphate-buffered saline for 20 min, 
permeabilized with 0.3% Triton X-100 for 10 
min and subsequently incubated with p-H2AX 
antibody, followed by a FITC-conjugated sec-
ondary antibody. Finally, the cells were counter-
stained with Hoechst and examined under a 
Leica inverted fluorescence microscope (DM- 
130CCB; Leica, Solms, Germany).

Biochemical markers detection

ROS Detection Kit and Cell Malondialdehyde 
(MDA) Detection Kit (Nanjing Jiancheng Bio- 
engineering Institute, Nanjing, Jiangshu, China) 
were used to detect the cell ROS and MDA level 
respectively under the manufacturer’s instruc-
tions. Mice serum Alanine aminotransferase 
(ALT), IL-6 and TNF-α levels were determined 
using the commercial Mouse ELISA Kits (Ding- 
Sheng, Beijing, China) according to the manu-
facturer’s instructions.

Luciferase reporter assay

To construct the AKR1B10-luc vector, the pro-
moter sequences -976 nt to +278 nt of 
AKR1B10 (NCBI ID: NC_000007.14) were PCR 
amplified from HepG2 genomic DNA and insert-
ed into the luciferase reporter vector pGL3-
basic (Promega, Madison, Wis) after digestion 
with KpnI and XhoI. The mutant AKR1B10-
luc-M vector was generated from AKR1B10-luc 
using AKR1B10-luc-M-F and AKR1B10-luc-M-R 
by Quik Change site-directed mutagenesis kit 
(Stratagene, La Jolla, CA). To construct NRF2 
overexpression vector, the NRF2 cDNA was 
cloned from HepG2 cDNA and ligased into 
pcDNA3.1 plasmid after digestion with KpnI 
and XhoI. The luciferase reporter assays were 
carried out as described previously [29]. The 
primer sequences used for plasmid construc-
tion were listed in Supplementary Table 2.

Cell apoptosis assay 

Apoptosis was evaluated by flow cytometry 
using cellular Annexin V-FITC PI Apoptosis 
Assay Kit (Bestbio, Shanghai, China) according 
to the manufacturer’s instructions and ana-
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lyzed using a BD flow cytometer (BD Bio- 
Sciences, San Jose, CA). Cells in early apopto-
sis are Annexin V positive and PI negative, while 
cells in late apoptosis are both Annexin V and PI 
positive. Annexin V and PI double-negative cells 
were considered viable.

Cell viability assay

Cell viability assays were carried out by CCK-8 
kit (DojindoLaboratories, Rockville, MA) accord-
ing to the manufacturer’s instruction. Briefly, 
3×104 HepG2 cells were seeded in 96-well 
plates followed by Hydrogen peroxide (5 μM) or 
doxorubicin (0.3 μg/mL) treatment 12 hours 
later. Then the cell viability was detected every 
24 hours.

Colony formation assay

For doxorubicin treatment, HepG2 AKR1B10 
knockdown cells or control cells were seeded in 
6-well plates at 1×105 cells per well, respective-
ly. The cells were insulted with 0, 0.1, 0.3, 0.5 
μg/mL doxorubicin after 4 days, followed by 
replacing the medium using flesh medium with 
doxorubicin at the same concentration every 2 
days. One week later, cells were fixed and 
stained with methanol/crystal violet and photo-
graphed. For Hydrogen peroxide treatment, 
HepG2 AKR1B10 knock down Cells or control 
cells were seeded in 6-well plates at 3×105 
cells per well, respectively. The cells were 
insulted with 0, 10, 50, 100 μM hydrogen per-
oxide after 24 hours, followed by operation 
same as doxorubicin treatment.

Immunohistochemistry

Liver tissues were fixed in 4% formalin over-
night, embedded in paraffin, sectioned at 4 μm 
and stained using a standard technique as 
described previously [28]. The primary antibod-
ies used for IHC including anti-Ki67 (Abcam, 
Cambridge, UK), anti-CD34 (Abcam, Cambridge, 
UK), anti-F4/80 (Abcam, Cambridge, UK). More 
than 3 randomly chosen magnification fields 
were imaged from each mouse liver with at 
least 3 mice per group.

Next-generation sequencing and data analysis

RNA was extracted with a standard method 
from mice liver tumors followed by concentra-
tion measurement using Qubit® RNA Assay Kit 

in Qubit® 3.0 Fluorometer (Life Technologies, 
CA, USA). Same amount of RNA from three 
Akr1b8-KO or WT mice was mixed as the KO or 
WT sample respectively and the transcriptome 
sequencing was relegated to Vazyme Biotech 
(Nanjing, Jiangsu, China). Briefly, the libraries 
were generated and sequenced on an Illumina 
Hiseq X Ten platform. Genes with corrected p 
values less than 0.05 and the absolute value of 
log2<1 were assigned as significantly differen-
tially expressed. The Gene Ontology (GO) terms 
enrichment and pathway annotation using the 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) were analyzed and the false discovery 
rate (FDR) was used to test for the statistical 
enrichment. To improve the enrichment accu-
racy and reduce the enrichment background 
due to some big pathways with large amount of 
genes, the pathways with enriched genes less 
than 100 were considered. The gene correla-
tion network was depicted by the STRING data-
base and the discrete cluster was isolated by 
Cytoscape Mcode.

Statistical analysis

For statistical analysis, two-tailed Student’s 
t-test and Fisher’s exact test were performed 
using the Statistical Product and Service So- 
lutions (SPSS) v21.0 (Xishu Software Com- 
pany, Shanghai, China). In all cases, a P value of 
<0.05 was considered as statistically signifi-
cant. Data was presented as the mean stan-
dard deviation (s.d.) from at least three inde-
pendent experiments.

Results

AKR1B10 was involved in reducing oxidative 
stress and protecting hepatocytes against ROS 
induced injury

To investigate the function of AKR1B10 in hepa-
tocytes under oxidative damage, AKR1B10 was 
detected in four HCC cell lines including HepG2, 
Huh1, SNU387 and Huh7 and was silenced by 
shRNA in HepG2 cells with higher endogenous 
AKR1B10 expression, or was ectopically over-
expressed in Huh7 cells with lower endogenous 
AKR1B10 expression (Figure 1A and Supp- 
lementary Figure 1). Then cells were treated by 
doxorubicin (Dox) or hydrogen peroxide (H2O2) 
respectively. Dox belongs to the anthracyclines 
of antitumor agents which contains carbonyl 
groups and can efficiently induce generation of 
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Figure 1. AKR1B10 reduced oxidative stress and protected hepatocytes against apoptotic cell death. A. Western blot analysis confirmed AKR1B10-knockdown 
in HepG2 cells (top) or AKR1B10-overexpression in Huh7 cells (bottom). B. ROS accumulation assayed by DCFH-DA (2,7-dichlorofuorescin diacetate) probe in 
AKR1B10-knockdown HepG2 cells treated either with doxorubicin (Dox, 0.5 μg/mL) or with hydrogen peroxide (H2O2, 50 µM) for 36 hours, respectively. The merge 
indicated combined DCFH-DA (green) and the bright filed. The scale bar is 400 μm. C. MDA levels were detected in AKR1B10 knockdown HepG2 cells (left panel) 
or in ectopically overexpression Huh7 cells (right panel), after Dox (0.5 μg/mL) or H2O2 (50 µM) treatment for 36 hours respectively. D. Western blot and immuno-
fluorescent analysis of p-H2AX level in AKR1B10-overexpressed Huh7 cells (top) or AKR1B10-knockdown HepG2 cells (bottom) after Dox (0.5 μg/mL) or H2O2 (50 
µM) treatment for 36 hours, respectively. The scale bar is 500 μm. E, F. Flow cytometry and western blot analysis of apoptosis in AKR1B10 knockdown HepG2 
cells after Dox (0.5 μg/mL) or H2O2 (50 µM) treatment for 48 hours. G. CCK-8 assays of HepG2 cells with or without AKR1B10 knockdown after Dox (0.3 μg/mL) or 
H2O2 (5 µM) treatment. Cell viability were detected at indicated time points and normalized to that of control cells without treatment. H. Colony formation assays of 
HepG2 cells after Dox or H2O2 treatment with different dose for 7 days. Statistical significance was determined with Student t two-tailed test. *indicated P<0.05. 
**indicated P<0.01.
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free radicals and intercalate with DNA to lead to 
apoptotic cell death [30, 31]. H2O2 is a major 
source of ROS and is widely used to trigger oxi-
dative damage in the cell level [18, 32]. As 
shown in Figure 1B, the ROS assay revealed 
that compared with the control cells, AKR1B10 
knockdown caused more severe ROS accumu-
lation under H2O2 and Dox exposure. MDA was 
usually generated by peroxidation of polyun- 
saturated fatty acids and was widely used to 
assess lipid peroxidation and ROS accumula-
tion [33]. We then tested the MDA level in 
AKR1B10 knockdown HepG2 cells. Consistent 
with the more serious oxidative stress observed 
in AKR1B10 knockdown cells, the MDA level 
was significantly higher in AKR1B10 knock-
down cells than that in the control cells after 
H2O2 or Dox treatment (Figure 1C). When the 
AKR1B10 was overexpressed, the MDA level 
reduced significantly. These results indicated 
that the expression of AKR1B10 might play an 
important role in defending hepatocytes ag- 
ainst oxidative stress-induced damage by re- 
ducing ROS accumulation. 

ROS are considered as carcinogenic potentials 
that facilitate cancer promotion and progres-
sion, while excessive amounts of ROS may in- 
duce cell oxidative damage and death [34]. To 
investigate the likely protective roles of AKR- 
1B10 in hepatocytes, we detected the DNA 
damage and cell apoptosis induced by ROS in 
HCC cells with AKR1B10 overexpression or 
knockdown. First, expression level of phospho-
H2AX (p-H2AX), a marker for DNA damage, was 
analyzed by western blot and immunofluores-
cent assays. As shown in Figure 1D, AKR1B10 
overexpression significantly reduced the p-H2- 
AX level in Huh7 cells after H2O2 or Dox admin-
istration and conversely, knockdown of AKR- 
1B10 expression in HepG2 cells led to a signifi-
cant increase of p-H2AX expression compared 
to the control cells. Next, apoptosis of these 
HCC cells was detected by flow cytometry and 
western blot assays. The results revealed that 
exposure to H2O2 or Dox caused an increased 
incidence of apoptosis after silencing of AKR- 
1B10 expression (Figure 1E, 1F). Moreover, the 
enhanced apoptosis induced by AKR1B10 kn- 
ockdown upon oxidative stress was demon-
strated by increased cleaved-PARP levels. Fina- 
lly, the results of CCK-8 and colony formation 
assays showed that in consistent with the en- 
hanced apoptosis, AKR1B10 knockdown sig-
nificantly reduced cell proliferation and colony 

formation ability in HepG2 cells upon oxidative 
stress (Figure 1G, 1H). Taken together, these 
data suggested that AKR1B10 could protect 
hepatocytes and knockdown of AKR1B10 acce- 
lerated DNA damage and apoptotic cell death 
under oxidative stress.

Loss of Akr1b8 (AKR1B10 ortholog gene) in 
mice enhanced chemical-induced liver tumori-
genesis and metastasis

Since AKR1B10 could protect hepatocytes fr- 
om DNA damage and apoptotic cell death un- 
der oxidative stress, its role in HCC develop-
ment and progression were addressed by using 
Akr1b8 (the ortholog of human AKR1B10 [25]) 
KO C57 mice. Two-week-old male WT and 
Akr1b8-KO mice were intraperitoneal injected 
with a single dose of 25 mg/kg DEN. The mice 
were sacrificed at 6 (n=8), 9 (n=11) and 12 
(n=4) months post DEN administration (Figure 
2A). Macroscopically, nodules were found in 
the livers of both WT and Akr1b8-KO mice 6 
months after DEN administration (Figure 2B). 
However, significantly higher tumor incidence 
(75.0% vs 12.5%, P=0.041) and tumor number 
(P=0.0398) were observed in the livers of 
Akr1b8-KO mice, as compared with WT mice 
(Figure 2C). Compared with WT mice under the 
same treatment, a more severe tumor develop-
ment tendency remained in Akr1b8-KO mice 9 
months after DEN treatment in both tumor inci-
dence (90.9% VS 63.6%) and tumor weight 
verse liver weight (45.1% vs 32.7%). Though all 
mice developed liver tumor 12 months after 
DEN treatment, Akr1b8-KO mice still showed 
more advanced tumor development character-
ized by higher tumor weight verse liver weight 
than WT mice (P=0.0286) (Figure 2C). Hema- 
toxylin and eosin (H&E) staining and IHC assays 
showed that nodules from the Akr1b8-KO mice 
retained major histological features of primary 
HCC with the confluent areas of cytological 
atypia such as huge nuclei and multinuclear 
hepatocytes (Figure 2D). IHC for the prolifera-
tion marker Ki67 revealed ongoing proliferation 
of cells in Akr1b8-KO nodules. Further IHC 
assays of CD34 staining showed that there was 
a significant angiogenesis in Akr1b8-KO tumors 
(Figure 2D). In addition, lung metastasis from 
HCC was observed in one of the Akr1b8-KO 
mice after 12 months of DEN administration 
(Figure 2E). The basic leucine zipper transcrip-
tion factor, BTB and CNC homology 1 (Bach1) 
has been identified in metastatic signatures in 
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variety cancers which can induce expression of 
metastatic genes and can also increase glycol-
ysis to promotes metastasis [35, 36]. Consis- 
tently, western blot assays further showed that 
the Bach1 expression was more obvious in the 
livers of Akr1b8-KO mice than that in WT mice 
at both 9 and 12 months post DEN injection 
(Figure 2F). Taken together, these data indicat-
ed that deficiency of Akr1b8 enhanced chemi-
cal-induced liver tumorigenesis and progres-
sion in mice.

Loss of Akr1b8 promoted hepatocyte damage 
and liver inflammation

To investigate the underlying mechanism rele-
vant to increased susceptibility to DEN-induced 

hepatocarcinogenesis observed in Akr1b8-KO 
mice, the makers of hepatocyte damage and 
inflammatory response in WT and Akr1b8-KO 
mice were assessed. Compared to the untreat-
ed mice, DEN treatment significantly increased 
the serum ALT level in 1-month-old WT and 
Akr1b8-KO mice, implying the hepatocyte injury 
induced by DEN and especially in the KO mice 
at the time point of 9-month post DEN treat-
ment (Figure 3A). Consistently, western blot 
assays showed that in the livers of Akr1b8-KO 
mice, the p-H2AX activation was more obvious 
than that in WT mice, indicating more serious 
hepatocyte injury and DNA damage after DEN 
treatment in Akr1b8-KO mice (Figure 3B). In 
addition, IHC for the peripheral blood lympho-
cyte marker CD3 identified an extensive peri-

Figure 2. Knockout of Akr1b8 in mice promoted DEN-induced hepatocarcinogenesis and metastasis. A. Schematic 
of DEN intraperitoneal injection and the experimental design. B. Representative photographs of mice livers har-
vested post 6, 9 and 12 months DEN administration. The scale bar is 5 mm. C. Liver tumorigenesis in WT and 
Akr1b8-KO mice post 6, 9, and 12 months DEN injection. Liver tumors ≥0.5 mm were considered. D. Histological 
and pathological determination characterized by H&E staining, Ki67 and CD34 IHC staining of the liver sections in 
WT and Akr1b8-KO mice 6 months after DEN injection. For Ki67 and CD34 IHC staining, the representative positive 
staining cells were showed by arrows. The scale bar is 200 μm. E. Gross (arrowhead) and histological appearance 
of lung metastasis in Akr1b8-KO mice. The scale bar is 400 μm. F. Western blot analysis of Bach1 level in livers of 
WT and Akr1b8-KO mice 9 and 12 months after DEN injection. Data represent means ± s.d. (n≥4). Statistical signifi-
cance was determined with Fisher’s exact test or Student t two-tailed test. *indicated P<0.05.
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ductular and periportal mixed inflammatory 
infiltrate in the livers of 6 or 9 month DEN treat-
ed Akr1b8-KO mice (Figure 3C). To further con-

firm the liver inflammation, we detected serum 
IL-6 and TNF-α, the main pro-inflammatory cyto-
kines that indicated inflammatory response 

Figure 3. Akr1b8 Knockout in mice promoted hepatocyte damage and Liver inflammation. A. Changes of serum ALT 
level in WT or Akr1b8-KO mice with or without DEN administration for 1, 6, 9 and 12 months, respectively. B. West-
ern blot analysis of p-H2AX level in livers of WT and Akr1b8-KO mice 6 and 9 months after DEN injection. C. IHC of 
CD3 in the none-tumor liver tissues of WT and Akr1b8-KO mice 6 and 9 months after DEN injection. The scale bar is 
100 μm. Average numbers of CD3 positive stained cells in five high power fields were calculated and the data rep-
resent means ± s.d. (n=5). D. Changes of serum IL-6 and TNF-α levels in WT and Akr1b8-KO mice 6 and 9 months 
after DEN injection. E. F4/80 IHC staining of macrophages infiltration in the livers of WT and Akr1b8-KO mice after 
6-month DEN treatment. Average numbers of F4/80 positive stained cells in five fields were calculated and the 
data represent means ± s.d. (n=5). The scale bar is 100 μm. The arrows indicated positive staining. Statistical 
significance was determined with Student t two-tailed test. *indicated P<0.05. **indicated P<0.01. ***indicated 
P<0.001.
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level of the mice. The results showed that the 
serum IL-6 and TNF-α levels were higher in 
Akr1b8-KO mice compared with the WT mice, 
and the difference was statistically significant 
for IL-6 at 6 months and for TNF-α at 9 months 
post DEN treatment, respectively (Figure 3D). 
The IHC of F4/80, a widely used marker of mac-
rophages or Kuppfer cells also showed a signifi-
cant macrophage infiltration in the livers of 
Akr1b8-KO mice 6 months after DEN treatment 
(Figure 3E) and in the tumor tissues 9 months 
after DEN treatment (Supplementary Figure 2). 
Taken together, these data suggested that in 
Akr1b8-KO mice the hepatocytes became more 
sensitive to DEN-induced damage and were 
more prone to liver necro-inflammation, there-
by enhancing HCC development in mice.

Tumors in Akr1b8-KO mice displayed signifi-
cant alteration on detoxification and oxidore-
duction

AKR1B10 participates in the intracellular oxi- 
doreductation metabolism of α, β-unsaturated 
carbonyls, which are highly reactive and cyto-
toxic, by detoxifying the electrophilic xenobiot-
ics to less toxic alcohol forms in a NADPH-
dependent way [19]. AKR1B10 also is a key 
enzyme in retinoic acid (RA) metabolism th- 
rough its high catalytic efficiency on all-trans-
retinaldehyde, triggering a decrease in the RA 
biosynthesis flow, and may involve in different 
signaling pathways related to RA [37]. The bio-
logical functions of AKR1B10 were depicted in 
Figure 4A. To associate the tumorigenesis in 
Akr1b8-KO mice to the loss of Akr1b8 function, 
the global gene expression of liver tumors from 
WT and Akr1b8-KO mice after 12 month DEN 
administration was performed using transcrip-
tome sequencing by Illumina HiSeq. The RNA-
seq data identified 829 differently expressed 
genes between WT and Akr1b8-KO mice. The 
GO analysis of the differently expressed genes 
showed that oxidoreductation terms such as 
oxidoreductase activity, monooxygenase activi-
ty and carboxylic ester hydrolase activity in the 
molecular function process were enriched 
(Figure 4B). In the KEGG pathway annotation 
analysis, the top 10 pathways enriched in de- 
toxification and xenobiotics metabolism path-
ways including chemical carcinogenesis, me- 
tabolism of xenobiotics by cytochrome P450, 
propanoate metabolism and drug metabolism 
(Figure 4C). Further gene correlation analysis 

among these differently expressed genes id- 
entified a strongly concentrated correlation 
among the genes of oxidoreductase activity in 
GO terms, chemical carcinogenesis and retinol 
metabolism in the KEGG pathways (Figure 4D 
and Supplementary Figure 3). Taken together, 
these data suggested that hepatocytes with 
Akr1b8 knockout might undergo tumorigenesis 
due to loss of efficient oxidoreduction and 
detoxification of Akr1b8 and the resulted exces-
sive oxidative stress. 

AKR1B10 was compensatory upregulated in 
the process of liver tumorigenesis

Chronic liver diseases including viral hepatitis, 
necrosis, fibrosis, cirrhosis and HCC are often 
accompanied by high ROS production and oxi-
dative stress in liver, irrespective of the cause 
of the liver dysfunction [38, 39]. To investigate 
whether AKR1B10 expression could be upregu-
lated accompanied with chronic liver disease 
progression we detected the AKR1B10 level in 
the serum of patients with chronic hepatitis B 
(CHB, n=30), liver cirrhosis (LC, n=30) and HCC 
(n=40). The results showed that with the pro-
gression of liver diseases, the AKR1B10 levels 
were sequentially increased (Figure 5A). To 
confirm if upregulation of AKR1B10 expression 
attributed to tumor development, AKR1B10 
mRNA level was quantitatively determined in 
67 paired HCC tumor tissues and non-tumor 
liver tissues, and 9 normal liver tissues by 
RT-qPCR assays. The results showed that 
AKR1B10 expression was significantly higher in 
liver tumors compared to the non-tumor and 
normal liver tissues (Figure 5B), which was fur-
ther confirmed by Western blot (Figure 5C). In 
line with these results, analysis of data from 
TCGA database revealed that AKR1B10 mRNA 
expression was significantly higher in tumors 
than that in the non-tumor tissues and more 
than that, the higher AKR1B10 expression was 
significantly associated with poor survival rate 
in HCC patients (Figure 5D, 5E). To further con-
form the compensatory or adaptive upregula-
tion of AKR1B10/Akr1b8, we detected the 
Akr1b8 expression in WT mice livers with (n=5) 
or without (n=6) DEN administration for 1 
month. The results showed that upon DEN 
treatment, there was a significant Akr1b8 
expression increase in mRNA level (P=0.0043, 
Supplementary Figure 4A). Concordantly, this 
up-regulation was further confirmed by other 
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Figure 4. Different oxidoreduction and detoxification profile in the DEN-induced liver tumors between WT and 
Akr1b8-KO mice. (A) The biological function of AKR1B10 in carbonyls and retinoic acid (RA) metabolism. R, R1 and 
R2 stand for various chemical groups. ADH4/7, alcohol dehydrogenase 4/7. ALDH1a1, aldehyde dehydrogenase 
1 family member A1. SDR, short-chain dehydrogenase. RAR, retinoic acid receptor. RXR, retinoid X receptor. PPAR, 
peroxisome proliferator-activated receptor-α. (B, C) KEGG and GO analysis of the different expression genes in liver 
tumors between WT and Akr1b8-KO mice after 12 months DEN administration. The top 10 terms from GO analysis 
(B) in the molecular function process and the top 10 pathway items from KEGG analysis (C) were shown. FDR, false 
discovery rate. (D) Gene relative network among the differently expressed genes enriched in oxidoreductase activity 
in GO terms and chemical carcinogenesis and retinol metabolism in KEGG pathways. Genes enriched in oxidoreduc-
tase activity, chemical carcinogenesis and retinol metabolism were indicated by red, blue and green color, respec-
tively. The genes with more than one color indicated they were involved in different GO terms or KEGG pathways.

researchers in rats with (n=3) or without DEN 
(n=3) treatment through the whole transcript 
array assay (GEO database ID: GSE123408 
[40]) which showed a dramatically Akr1b8 ex- 
pression increase of about 64 times in DEN 
treated rat livers (Supplementary Figure 4B). 

assay revealed that doxorubicin could cause 
evident ROS production (Figure 6A). RT-qPCR 
and western blot assays showed that Dox treat-
ment could increase AKR1B10 expression both 
in mRNA and protein level (Figure 6B, 6C). 
Nuclear factor related factor 2 (NRF2) is a criti-

Figure 5. AKR1B10 was compensatory upregulated with the increased oxi-
dative stress in liver disease progression. A. AKR1B10 concentrations in se-
rum of patients with chronic hepatitis B (CHB), liver cirrhosis (LC) and HCC. 
B. AKR1B10 mRNA expression in liver tissues detected by RT-qPCR assay. 
C. Western blot assay about the AKR1B10 expression in HCC samples and 
the adjacent none-tumor tissues (n=6). p, patient. NT, non-tumor. T, tumor. 
D. AKR1B10 mRNA expression data collected from TCGA database. E. The 
overall survival of the 371 patients analyzed according to the AKR1B10 ex-
pression level in TCGA database. 

The results suggested that 
AKR1B10 expression levels 
might be compensatively up- 
regulated during the progres-
sion of chronic liver diseases 
to protect hepatocytes again- 
st excessive oxidative stress 
and maintain a relatively high-
er level of ROS homeostasis in 
the tumor microenvironment. 
Notably, we also found that 
another two members Akr1b3 
and Akr1b7 in aldo-keto reduc-
tase superfamily which has 
the similar detoxification enzy-
matic function of Akr1b8 [41], 
were also upregulated in liver 
tumors or upon DEN treat-
ment in mice (Supplementary 
Figure 5).

AKR1B10 was upregulated 
via NRF2 upon oxidative 
stress in hepatocytes

It is known that persistent 
inflammation caused by oxida-
tive stress and hepatocyte 
injury is the major reason to 
drive and promote tumorigen-
esis in liver and hypoxia and 
abundant ROS accumulation 
is a prevalent tumor microen-
vironment [14, 16]. To investi-
gate the potential mechanism 
of AKR1B10 upregulation in 
HCC, Dox was used to induce 
oxidative stress and cellular 
toxicity in Huh7 cells. The ROS 
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cal transcription factor for regulating expres-
sion of genes involved in decreasing intracellu-
lar ROS level by binding to antioxidant response 
element (ARE) [42] and the western blot assay 
showed that the doxorubicin treatment induced 
significant NRF2 expression (Figure 6C). Since 
ARE sequence was identified in AKR1B10 pro-
moter located from -228 to -214 by the JASPAR 
database [43] (Figure 6D), we then detected 
the possible regulating role of NRF2 on 
AKR1B10 expression in hepatocytes. The lucif-
erase reporter assays demonstrated that over-
expression of NRF2 could increase the tran-
scriptional activity of AKR1B10 promoter, while 
had no effect on the ARE-mutated AKR1B10 
promoter (Figure 6E). Consistently, the western 
blot assay demonstrated that AKR1B10 expres-
sion level was increased in NRF2-overexressed 
Huh7 cells, compared with cells expressing the 
vector control (Figure 6F). Additionally, the lucif-

erase reporter assays also showed that the 
AKR1B10 promoter activity was increased by 
Dox and H2O2 treatment in a dose-dependent 
manner, implying endogenous expression of 
NRF2 induced by ROS could modulate AKR- 
1B10 expression (Supplementary Figure 6). 
Taken together, these data suggested that the 
upregulation of AKR1B10 expression might be 
mediated by NRF2 through the key motif in 
AKR1B10 promoter in the cellular response to 
ROS in hepatocytes. 

Discussion

As a cytosolic NADPH-dependent reductase, 
AKR1B10 plays a critical role in detoxifying 
intracellular cytotoxic carbonyls and mediat- 
ing oxidative stress decrease. Elevated expres-
sion of AKR1B10 has been observed in sever- 
al kinds of tumors including HCC, but it is still 

Figure 6. AKR1B10 was upregulated via NRF2 upon oxidative stress. A. ROS assay in Huh7 cells with Dox (0.5 μg/
mL) treatment for 36 hours. DCFH-DA was the probe targeting the ROS. The scale bar is 200 μm. B, C. RT-qPCR and 
western blot assays of AKR1B10 in Huh7 cells after treatment with Dox (0.5 μg/mL) for 16 hours and 36 hours, 
respectively. D. Schematic of NRF2 transcriptional regulation element and the site-directed ARE mutation located 
in AKR1B10 promoter. The nucleotides in red indicated the mutant sites compared to the wild type AKR1B10 pro-
moter sequence. E. Luciferase activity assay detected in Huh7 cells with AKR1B10 promoter and NRF2 expression 
plasmids transfection. F. Western blot assay of AKR1B10 protein level with NRF2 overexpression. Data showed the 
mean ± s.d. of three independent experiments (*P<0.05, **P<0.01, Student’s t-test, two-tailed).
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unclear whether AKR1B10 contributes to the 
pathogenesis of the disease. Our data here 
demonstrated that AKR1B10 could protect 
hepatocytes against ROS-induced injury and 
the upregulation of AKR1B10 was not a driver 
in hepatocarcinogenesis, but a compensatory 
or adaptive response to the malignant cell 
microenvironment. 

It is well known that oxidative stress induced by 
ROS is a major contributing factor to the tumori-
genesis in liver regardless of etiology [38]. The 
balance between ROS production and antioxi-
dant defenses determines the degree of oxida-
tive stress. With the important role of AKR1B10 
in oxidoreduction and detoxification of xenobi-
otics, it is logical to presume that AKR1B10 
might protect hepatocytes from oxidative str- 
ess induced from ROS. In this study, we demon-
strated that overexpression of AKR1B10 re- 
duced the ROS-induced DNA damage, while 
knockdown of AKR1B10 increased the DNA 
damage, and the later accompanied with ele-
vated cell apoptosis. These findings suggested 
that the AKR1B10 upregulation was responsi-
ble for the resistance to ROS-induced hepato-
cyte damage through the oxidoreduction and 
detoxification activities of AKR1B10. Consistent 
with these results from in vitro experiments, 
deficiency of AKR1B10 ortholog gene (Akr1b8) 
in mice enhanced chemical-induced liver tu- 
morigenesis due to significant alteration on de- 
toxification and oxidoreduction. More Importan- 
tly, Akr1b8-KO mice were much more predis-
posed to severe hepatocyte damage and liver 
inflammation, suggested that loss of Akr1b8-
dependent oxidoreduction and detoxification 
led to the enhanced hepatocarcinogenesis. 
Similar to our findings, Shen et al. demonstrat-
ed that Akr1b8 loss also aggravated the oxida-
tive and carbonyl-induced DNA damage in the 
colonic mucosa under dextran sulfate sodium 
(DSS) treatment [2]. Therefore, AKR1B10 fun- 
ctions as a critical protein in protecting hepato-
cytes and colonic epithelium cells from oxida-
tive stress and carbonyl damage. 

The expression of AKR1B10 varies greatly by 
cancer type and tissue of origin. AKR1B10 is 
constitutively and typically limited expression 
to the small intestine, stomach, colon and liver 
in humans, contributing to detoxification of 
xenobiotics and metabolizes physiological sub-
strates [1, 19, 44]. Decreased expression of 
AKR1B10 has been discovered in colon and 

gastric cancer [2, 8, 45], which are organs con-
tacting to the xenobiotics or dicarbonyl com-
pounds directly from the daily diet and exoge-
nous intake. Thus, it is reasonable to assume 
that AKR1B10 low-expression results in decre- 
ased detoxification function to the cytotoxic 
compounds and leads to cell injury, inflamma-
tion, compensatory proliferation and tumori-
genesis. Up-regulation of AKR1B10 has been 
observed in non-small cell lung carcinoma 
(NSCLC), esophageal carcinoma, breast, uter-
ine, pancreatic cancers and liver cancers [3-7]. 
Since knockdown of AKR1B10 in HCC cells in- 
hibited cell proliferation, most studies assumed 
that AKR1B10 might function as an oncogenic 
gene in the development of HCC [24, 46]. It is 
well known that inflammation and injury of 
hepatocytes caused by viral infection or chemi-
cal carcinogen could induce high ROS produc-
tion and oxidative stress in the liver, which is 
becoming recognized as a key factor in the pro-
gression of HCC [39]. Based on the antioxidant 
defense ability of AKR1B10, it is reasonable to 
assume that AKR1B10 would be upregulated 
accompanied with chronic liver disease pro-
gression and tumorigenesis. Here we demon-
strated that AKR1B10 expression was gradual-
ly upregulated in the process of chronic liver 
disease progression, and HCC tissues showed 
the highest AKR1B10 expression. In addition, 
higher AKR1B10 expression was significantly 
associated with poor survival rate in HCC pa- 
tients. Recently, Ye et al. also found that the 
serum AKR1B10 level was gradually increased 
from CHB, LC to HCC patients [47]. Commonly, 
alcoholic and non-alcoholic fatty liver, HBV or 
HCV infection or chemical-induced hepatic tox-
icity are the origination of liver disease from 
persistent wound-healing response activated 
by hepatic injury, liver cell death and the result-
ing inflammatory cascade which leads to HCC 
development at last [14]. Starmann et al. found 
that AKR1B10 was striking highly expressed in 
steatohepatitis compared to normal liver [48] 
and Qi et al. found expression of AKR1B10 was 
increased significantly in the liver tumors with 
HBV infection and/or AFB1 exposure [46]. The- 
se results suggested that the expression of 
AKR1B10 might increase compensatively dur-
ing chronic liver disease and HCC development 
due to the increasing ROS production and oxi-
dative stress. This upregulation of AKR1B10 
expression in HCC reduced ROS accumulation 
and protected malignant hepatocytes from suf-
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fering ROS-induced injury and apoptosis, rather 
than promoted cellular proliferation and tumori-
genesis. The higher expression of AKR1B10 in 
HCC might reflect more serious malignancy and 
poor prognosis of liver tumor as our calculated 
results from TCGA database. Therefore, AKR- 
1B10 deficiency in normal tissues may play an 
initiating role in development of tumor such as 
colon cancer and HCC, while when the tumor 
happens, compensatory or adaptive response 
induced AKR1B10 increase may help the trans-
formed cell survival and play a promoting role in 
tumor progression.

NRF2 is an essential transcription factor that 
regulates an array of detoxifying and antioxi-
dant defense genes expression in the liver [43]. 
NRF2 is activated in response to ROS accumu-
lation and oxidative stress in hepatic inflamma-
tion, fibrosis, hepatocarcinogenesis [42, 49]. 
Thus, NRF2 plays a pivotal role as a protector 
through target gene induction [43]. We ob- 
served that NRF2 increased AKR1B10 promot-
er activity and enhanced AKR1B10 expression 
under oxidative stress, suggesting the compen-
sative upregulation of AKR1B10 in the process 
of chronic liver disease progression and HCC 
was mediated, at least partially by NRF2-in- 
duced transcriptional activation with increased 
oxidative stress.

In summary, our findings indicated that AKR- 
1B10 could protect hepatocytes against ROS-
induced injury through reducing oxidative str- 
ess. Loss of AKR1B10 ortholog gene (Akr- 
1b8) in mice enhanced chemical-induced liver 
tumorigenesis with more serious liver damage 
and inflammation due to significant alteration 
on detoxification and oxidoreduction. AKR1B10 
was compensatory unregulated during the pro-
cess of liver tumorigenesis. Therefore, our re- 
sults here provided a novel insight into the 
mechanism of AKR1B10-mediated hepatocar-
cinogenesis via reducing ROS-induced hepato-
cyte damage, which suggest the potential of 
AKR1B10 as a therapeutic target to prevent 
and treat HCC.
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Supplementary Table 1. Summary of oligo nucleotides sequences for constructing AKR1B10-shRNA 
plasmids
Oligos Sequences
AKR1B10-sh1+ 5’-GATCCGCAAGTGTGACTACCTCCACTCATTCAAGAGATGAGTGGAGGTAGTCACACTTTTTTTG-3’
AKR1B10-sh1- 5’-AATTCAAAAAAAGTGTGACTACCTCCACTCATCTCTTGAATGAGTGGAGGTAGTCACACTTGCG-3’
AKR1B10-sh2+ 5’-GATCCGCAAGATCACAGTGAACTTAGTCTTCAAGAGAGACTAAGTTCACTGTGATCTTTTTTTG-3’
AKR1B10-sh2- 5’-AATTCAAAAAAAGATCACAGTGAACTTAGTCTCTCTTGAAGACTAAGTTCACTGTGATCTTGCG-3’

Supplementary Table 2. Primer sets for constructing luciferase-related plasmids
Primer name Sequences
AKR1B10-luc-F Forward: 5’-CGGGGTACCAGATTCAACCAAAGCCAACTCATC-3’
AKR1B10-luc-R Reverse: 5’-CCGCTCGAGGTAGAAGTCTCACGTCCTGCTCTC-3’
AKR1B10-luc-M-F Forward: 5’-ccaacttttggctgtgttgaattTGAAGAGTGAGCATGaacaagcagaaactccaatgatac-3’
AKR1B10-luc-M-R Reverse: 5’-gtatcattggagtttctgcttgttCATGCTCACTCTTCAaattcaacacagccaaaagttgg-3’
NRF-cDNA-F Forward: 5’-CGGGGTACCATGATGGACTTGGAGCTGC-3’
NRF-cDNA-R Reverse: 5’-CCGCTCGAGCTAGTTTTTCTTAACATCTGGCTTC-3’

Supplementary Figure 1. AKR1B10 expression assay in four HCC cell lines including Huh1, SNU387, HepG2 and 
Huh7 by western blot.
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Supplementary Figure 2. H&E staining and IHC of Ki67, F4/80 in Akr1b8 WT and KO mice after 9 months DEN treat-
ment revealed more Kuppfer cells infiltration in the tumor characterized by F4/80 signifying severe inflammatory 
response status in the Akr1b8 KO mouse livers. H&E staining and IHC of Ki67 indicated the significant HCC devel-
opment. The insets were high-magnification views. The arrows indicated positive staining. The scale bar is 100 μm.

Supplementary Figure 3. Gene relative correlation network among the differently expressed genes in Akr1b8 WT 
and KO liver tumors after 12 months DEN administration. The gene correlation network was depicted by the STRING 
database. Genes enriched in oxidoreductase activity, chemical carcinogenesis and retinol metabolism were indi-
cated by red, blue and green color, respectively. The genes with more than one color indicated they were involved in 
different GO terms or KEGG pathways.
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Supplementary Figure 4. Akr1b8 expression assay in mouse or rat livers with or without DEN administration. A. 
Akr1b8 mRNA expression assay in WT mice livers with (n=5) or without (n=6) DEN administration for 1 months 
by RT-qPCR. The mice were administrated with DEN at 25 mg/kg. Data shown are the mean ± s.d. (*P<0.05, 
**P<0.01, Student’s t-test, two-sided). B. Akr1b8 mRNA expression assay using the data of whole transcript array 
on rat livers with (n=3) or without (n=3) DEN administration for 3 months from GEO database (ID: GSE123408). 
Data shown are the mean ± s.d.

Supplementary Figure 5. The expression of another two members Akr1b3 and Akr1b7 in aldo-keto reductase su-
perfamily in mice. A. Akr1b3 and Akr1b7 expression assays by RT-PCR in tumors (T) and matched non-tumor liver 
tissues (NT) in Akr1b8 KO (n=7) mice after DEN administration for 9 months. B. Akr1b3 and Akr1b7 expression 
assays in Akr1b8 WT mice livers upon DEN administration by RT-qPCR. The mice were treated with (n=5) or without 
(n=6) DEN for 1 month (*P<0.05, **P<0.01, Student’s t-test, two-sided).
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Supplementary Figure 6. Luciferase reporter assays showed hydrogen peroxide (H2O2) and doxorubicin (Dox) could 
increase AKR1B10 promoter activity. Data shown are the mean ± s.d. of three independent experiments (*P<0.05, 
**P<0.01, Student’s t-test, two-sided).


