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Abstract

Hepatocellular carcinoma (HCC) is a primary liver cancer commonly found in adults. Previously, we
showed the anticancer effects of Thai herbal plant extract, Dioscorea membranacea Pierre (DM), in
HCC-bearing rats. In the present study, we further examined the proposed mechanism of DM, including
apoptosis and antioxidant activity. Moreover, we used RNA sequencing (RNA-seq) to analyze molecular
pathways in the rat model in which HCC was induced by diethylnitrosamine (DEN) and thioacetamide
(TAA). The HCC-bearing rats were then treated with 40 mg/kg of DM for 8 weeks, after which
experimental and control rats were sacrificed and liver tissues were collected. The RNA-seq data of
DEN/TAA-treated rats exhibited upregulation of 16 hallmark pathways, including epithelial mesenchymal
transition, inflammatory responses, and angiogenesis (p<0.01). DM extract expanded the Bax
protein-positive pericentral zone in the tumor areas and decreased hepatic malondialdehyde levels,
implying a decrease in lipid peroxidation in liver. However, DM treatment did not ameliorate the
molecular pathways induced in DEN/TAA-treated livers. Our findings indicate that DM extract has
antioxidant activity and exerts its pro-apoptotic effect on rat HCCs in vivo at the (post-)translational level.
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Introduction

Hepatocellular carcinoma (HCC) is the most
common primary malignant tumor of the liver and
the fourth most common cause of cancer-related
mortality in humans [1]. Animal models are
well-established tools used to further our
understanding of HCC pathogenesis and provide
important data to screen for drugs with effective
anticancer properties [2]. Our recent research has
focused on a rat model of HCC to search for such
drugs in the resources of traditional Thai medicine [3].
To induce hepatocellular cancer, we selected two

chemical agents, diethylnitrosamine (DEN) and
thioacetamide (TAA), which are an established
initiator and promoter, respectively, of HCC in rats [4,
5]. A single dose of 200 mg/kg DEN causes DNA
mutations in hepatocytes [6]. However, continued
tumor-cell promotion is necessary to permit the
descendants of an initiated cell to survive and expand
[7]. To bring about the irreversible progression step in
the tumor cells, we have utilized different doses and
durations of TAA treatment in rats previously treated
with a single dose of DEN. TAA induces oxidative
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stress and is hepatotoxic in rats [5]. We observed that
TAA administration caused inflammation, fibrosis,
cirrhosis with regenerative nodules, and HCC
depending on the dose and the duration of treatment
[8, 9]. We tested 100-300 mg/kg TAA twice or thrice
weekly for 4 weeks and found that 300 mg/kg of TAA
thrice weekly for 4 consecutive weeks starting 2
weeks after administration of 200 mg/kg of the
initiator DEN induces HCC in a very reproducible
way [3, 10]. Since 90% of HCC cases arise from
cirrhosis [11-13], the DEN/TAA model appears to be
an appropriate model for inducing hepatocellular
tumors on a background of liver injury.

Our group confirmed the reproducible
development of HCCs in outbred male Wistar rats
with a single injection of 200 mg/kg DEN both macro-
and microscopically. Cirrhosis is the end-stage of liver
fibrosis due to chronic liver injury and is character-
ized by deformation of the liver parenchyma, which
acquires a nodular structure separated by fibrous
septae [14]. We further observed that the architectural
arrangement of the cells forming the nodules changes
into that of 3-4 layers thick hepatic cell cords without
sinusoidal channels in between adjacent cell cords.
Based on the histopathological analyses, we have
concluded that, in addition to fibrosis and cirrhosis,
angiogenesis [15], oxidative stress [16], and inhibition
of apoptosis [17] are involved in the development and
growth of the tumors, but the underlying mechanism
remained unclear.

A fairly recent approach to better understand
tumor development and progression relies on
analysis of the cell's entire transcriptome. The
comparison of spontaneous and chemically-induced
liver tumors revealed that the mutational profile of a
liver tumor induced by a single, relatively low dose of
DEN (20 mg/kg) to preweaning male mice of a
tumor-prone strain [18] produces less heterogenous
tumors than develop spontaneously in the same strain
[19], but whether this also applies to the more often
used outbred rat strains is not known. Earlier studies
have shown that DEN-induced tumors probably
develops from mutated cells that have escaped
p53-dependent cell removal [20]. With respect to the
cirrhotic DEN/TAA animal model only one such
analysis is available [21]. This relatively small
microarray study demonstrated upregulation of
extracellular-matrix deposition-associated genes. In
the present study, therefore, we used RNA
sequencing of our DEN/TAA rat model of
hepatocarcinogenesis to obtain such information.

The standard treatment of human advanced
HCC is the multi-kinase inhibitor Sorafenib (Nexavar;
Bayer Pharmaceuticals) [22]. This compound
temporarily blocks HCC growth [23], also in our

DEN/TAA rat model [3], but is associated with severe
side effects [24]. We have developed an interest in the
alleged beneficial effects of Thai traditional medicines
on the progression of HCC. Of these, we have recently
tested Benja-ummarit [3] and Dioscorea membranacea
Pierre (DM) extract [10] in our rat model, and have
shown them to slow down cancer progression. In the
present study, we aimed to investigate if the effect of
DM extract on the progression of tumor growth in the
DEN/TAA rat model was identifiable at the
molecular level. We have, therefore, determined the
mRNA profile in the livers of tumor-bearing and
control rats that were either treated or not treated
with DM extract. The samples were taken from rats in
a study we recently reported [10]. We opted to profile
the mRNA expression in rats treated with DM extract
because we deemed the effects of that extract most
promising.

Methods

Preparation of D. membranacea (DM) extract

Dried ground plant material of DM (100 g) was
percolated with 95% ethanol and evaporated to
dryness under reduced pressure to prepare the plant
extract stock [25]. The extract quality was comparable
to that established in a recent study [10].

Animal experimental design

Male Wistar rats (Rattus norvegicus) weighing
200-250 g were obtained from the National Laboratory
Animal Center, Mahidol University, Thailand. The
rats were acclimatized for 2 weeks before
experimentation.

The HCC groups were subjected to a single
intraperitoneal dose of 200 mg/kg diethylnitrosamine
(DEN; Sigma-Aldrich, St. Louis, MO, USA). After two
weeks, the rats were intraperitoneally administered
300 mg/kg of thioacetamide (TAA; Sigma-Aldrich, St.
Louis, MO, USA) three times per week for 4
consecutive weeks, and then left for a further 2 weeks
without any treatment. After HCC induction, the
normal control (n=6) and untreated-HCC groups
(n=6) received vehicle alone (propylene glycol:
tween80:water 4:1:4 v/v) for 8 weeks. The treatment
groups received 40 mg/kg of DM extract (DM40) daily
by oral gavage for 8 weeks. In total, the experiment
lasted 16 weeks. At the end of the experiment, rats
were anesthetized under 45 mg/kg Nembutal prior to
decapitation with a rodent guillotine. Liver tissues
were collected for RNA sequencing, immunohisto-
chemistry, Western blot, and MDA analysis.

RNA isolation and sequence analysis

RNA was extracted from snap-frozen rat liver
after homogenization of the samples in TRIzol reagent
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according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). RNA quality was
assured with the Bioanalyzer (Agilent, Santa Clara,
USA), and only samples with RIN scores >8 were
used. mRNA was isolated and converted into cDNA
with the KAPA mRNA HyperPrep Kit (Roche). cDNA
libraries were prepared for sequencing on the
HiSeq4000 at the Core Facility Genomics, Amsterdam
University Medical Centers, in a 50 bp single-ended
fashion to a depth of 40M per sample. The raw reads
were checked for quality using FastQC (v0.11.8) and
summarized in feature Counts MultiQC (v1.7) [26].
Alignments to the Rattus norvegicus genome (Rnor
v6.0) used STAR (v2.6.1a) and were annotated with
Ensembl v95 [27]. Genes with more than 2
counts-per-million reads (CPM) in 3 or more of the
samples were kept. For normalization the weighted
trimmed mean of M-values (relative to the reference)
was used (TMM (edgeR)) [28]. Genes were
reannotated using BiomaRt and Ensembl (v99). The
count data was transformed to 2log-counts per million
(logCPM) wusing “voom”, which estimates the
mean-variance relationship. Differential expression
was assessed by a Bayes moderated t-test, using the
linear model framework from the Limma package
[29]. The Benjamini-Hochberg false discovery rate
was used to correct for multiple testing of the
resulting p-values. Homologene v68 (ftp://ftp.ncbi.
nih.gov/pub/HomoloGene/) was used to map the
Entrez Gene IDS from R. norvegicus to human to be
able to perform a gene set enrichment analysis against
the human Genesets from MSigDB v7.0 (collections
H,C1,C2,C3,C5,C6,C7)  (http:/ /www.broadinstitute.
org/gsea/msigdb/index.jsp). For this geneset
enrichment analysis we used the CAMERA (http://
nar.oxfordjournals.org/content/early/2012/05/24/n
ar.gks461.abstract) function of the Limma package,
with inter.gene.corr=0.01. Analysis was performed
using R v3.6.1 (https://www.r-project.org/) and
Bioconductor v3.9 [30]. The RNA-seq data are
available on Sequence Read Archive under the
BioProject: PRJNA774039.

Quantitative real-time PCR (RT-qPCR)
analysis

We selected 8 genes that showed up-regulation
in response to RNA-Seq (log2 fold change>1.8) for
RT-qPCR validation. The RT-qPCR was performed in
CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA), using SsoAdvanced Universal
SYBR Green Supermix with commercial PrimePCR
primers (Bio-Rad, Hercules, CA, USA). All primers
used in this study are shown in Table 1. Rat Actb,
Gapdh, and Hprtl mRNA were used as the internal
controls. The thermal cycler protocol consisted of 2

minutes of activation at 95°C followed by 40 cycles of
denaturation at 95°C for 5 seconds and then
annealing/extension at 60°C for 30 seconds. The
mRNA expression analysis was performed by
Bio-Rad CFX manager software version 1.3.1
(Hercules, C. The quantification of relative mRNA
expression was calculated using the 2-*“CT (Livak)
method [31].

Table 1. PrimePCR primers designed for SYBR® Green gene
expression

Gene symbol Unique Assay ID GenBank accession No
Actb qRnoCID0056984 NM_031144
Gapdh qRnoCID0057018 NM_017008
Hprtl qRnoCED0057020 NM_012583
Igfbp2 qRnoCID0008306 NM_013122
Lamc2 qRnoCID0003848 Not Available
Scd qRnoCED0007508 NM_031841
Collal qRnoCED0007857 NM_053304
Bdkrb2 qRnoCID0003331 NM_173100
Emp1 qRnoCID0052105 NM_012843
Slc7all qRnoCID0005153 Not Available
Whtba qRnoCID0006042 Not Available
Bax qRnoCED0002625 Not Available

Immunohistochemistry

Liver sections were deparaffinized and
rehydrated in a graded series of ethanol. Immuno-
staining was performed using ImmunoCruz® rabbit
ABC Staining System (sc-2018, Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA). Antigen
retrieval was performed by heating the liver samples
in an autoclave for 10 minutes at 120°C in 10mM
sodium citrate. After cooling down, the sections were
incubated in 3% hydrogen peroxide in methanol for
20 minutes to quench endogenous peroxidase activity
and washed with phosphate-buffered saline (PBS)
twice. The sections were then incubated with 1.5%
blocking serum in PBS for 1.5 hours in a humidified
chamber. The sections were incubated with rabbit
anti-Bax  antibody  (1:250, ab32503, Abcam,
Cambridge, MA, USA) and rabbit anti-Bcl-2 antibody
(1:100, ab196495, Abcam, Cambridge, MA, USA)
diluted in blocking serum overnight at 4°C in a
humidified chamber. The sections were washed with
PBS, followed by incubation for 1.5 hours with
biotinylated secondary antibody. After washing with
PBS, the sections were incubated with avidin and
biotinylated horseradish peroxidase (AB reagents) for
30 minutes, washed with PBS, and further incubated
with peroxidase substrate. After washing with PBS,
counter staining was performed by incubating the
sections in Mayer’s hematoxylin (Bio-Optica, Milano,
Italy) for 1 minute. After washing in distilled water,
the sections were dehydrated and cleared in xylene.
The sections were mounted with Permount, then
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slides were photographed under a light microscope
(Olympus, Tokyo, Japan).

Western blot analysis

Forty milligram of liver tissue was mixed with
350 uL of RIPA (Radioimmunoprecipitation) Lysis
Buffer System (Santa Cruz Biotechnology, CA, USA),
sonicated for 10 seconds, and centrifuged for 15
minutes at 12,000 rpm at 4 °C. The protein
concentration in the supernatant was determined with
the Bradford assay (Bio-Rad, Hercules, CA, USA),
with bovine serum albumin as protein standard. After
loading the gels with 50 pg of protein, proteins were
separated by 125% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred to polyvinylidene difluoride (PVDF)
membranes. Membranes were blocked for non-
specific binding by incubating for 1 hour in blocking
solution (5% skim milk powder in Tris-buffered saline
containing 0.1% Tween-20 (TBST), pH 6.8) at room
temperature. After blocking, the membranes were
incubated in rabbit anti-Bax antibody (1:5,000,
ab32503) or rabbit anti-Bcl-2 antibody (1:5,000,
ab196495) diluted in 5% skim milk powder in TBST
pH 6.8 for 18 hours at 4 °C. The membranes were
washed with TBST buffer and incubated in anti-rabbit
IgG, linked to horseradish peroxidase (1:5,000, #7074,
Cell Signaling Technology, Danvers, MA, USA)
diluted in 3% skim milk at room temperature for 1
hour. After washing with TBST buffer, protein bands
were developed by enhanced chemiluminescence
(ECL) wusing Clarity Western ECL Substrate
(#1705061, Bio-Rad, Hercules, CA, USA) and imaged
on a Syngene (UK) gel documentation system. The
protein bands were quantified by measuring the
density of each band with the Scion Image program
(National Institutes of Health, Bethesda, MD).
GAPDH (1:5,000, Invitrogen, Carlsbad, CA, USA) was
used as a loading control.

Malondialdehyde (MDA) assay

Lipid peroxidation was determined by assaying
malondialdehyde (MDA) with thiobarbituric acid
(TBA) using a commercial kit (MAKO085, Sigma-
Aldrich, St. Louis, MO, USA). Briefly, 20 mg of liver
samples were sonicated in 300 pL of MDA lysis buffer
and centrifuged at 13,000 g for 10 minutes at 4 °C. 200
uL of supernatant was collected, and 0.6 mL of the
TBA solution was added to form the MDA-TBA
adduct. Absorbance was measured at 532 nm with a
spectrophotometer. The concentration of MDA
present in the samples was determined from a
calibration curve of the MDA standard as described in
the manufacturer’s instruction.

Statistical analysis

Data were analyzed using a one-way analysis of
variance with a Bonferroni post-hoc test (GraphPad
Prism 7.0).

Results

Fraction of genes that is affected by the tumor
production protocol

More than 15,000 different mRNAs that qualified
(>2 counts-per-million reads (CPM) in =3 samples)
were identified. Of these, 655 (~4%) were
differentially expressed (P.¢<0.01) between HCC and
control samples. 466 mRNAs were upregulated (71%)
and 190 downregulated in the tumor tissue. All data
were subjected to pathway enrichment analysis, using
the Molecular Signatures Database (MSigDB) [32].
Using just the relatively non-redundant collection of
“hallmark” gene sets in MSigDB, we observed that 16
processes were significantly upregulated with p<0.01
and 10 additional ones with p<0.05 (Table 2), whereas
none of the processes analyzed was significantly
downregulated. Genes involved in the establishment
of cell structure, inflammatory responses, vessel
formation, and metabolic, executive, and signaling
pathways were regulated, whereas DNA damage and
proliferation processes were hardly affected. The
strong upregulation of the expression of genes
involved in epithelial-mesenchymal transition (EMT)
may relate to hepatocellular dedifferentiation in the
tumors [33,34]. The identification of highly regulated
genes will allow a choice of marker genes to follow
the above-mentioned processes in our rat hepatoma
model. Apparently, inflammation, fibrosis,
angiogenesis, and also metabolism are regulated by
exposure to DEN/TAA and tumor development.

The mRNAseq data were validated with
RT-qPCR assays. Comparison of both assays revealed
that the log2 fold change of 8 genes which showed
upregulation in the mRNAseq assays of the HCC
group compared to the control group (Lamc2, Empl,
Scd, Bdkrb2, Slc7all, Igfbp2, Wntba, and Collal) were
also upregulated in the RT-qPCR assays (Figure 1A).
The Pearson correlation coefficient of this comparison
was 0.98 (p<0.001; Figure 1B).

DM extract does not change the expression of
hepatoma-associated genes

We also analyzed gene expression in livers of
HCC rats treated with DM extract. The number of
analyzed animals and the analysis protocol were the
same as those for the non-treated rat groups. 259
genes were differentially expressed at (p<0.01).
Unexpectedly, we found that the expression of none
of these 259 genes was significantly regulated (Pag
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<0.01) by the DM extract in the tumor-bearing groups.
The expression of only 2 genes was differentially
expressed at Pagj <0.05 (glutathione hydrolase 1 (Ggt1)
and stearoyl-CoA desaturase 2 (Scd2) mRNA (p<0.01)
and the downregulation of epithelial membrane
protein-1 (Emp1; p<0.05). In the non-tumor-bearing
control group, not a single gene was differentially
affected by DM extract.

Table 2. Functional processes that are affected by the DEN/TAA
tumor-production protocol

Hallmark gene sets N p-value FDR

Epithelial_mesenchymal_transition 160 1.42E-08 2.57E-05
Allograft_rejection 169 1.13E-05 2.16E-03
Kras_signaling_up 159 6.85E-05 6.19E-03
Estrogen_response_late 165 1.25E-04 8.93E-03
Mtorcl_signaling 185 2.62E-04 1.40E-02
Myc_targets_v1 178 4.02E-04 1.76E-02
Cholesterol_homeostasis 72 4.50E-04 1.84E-02
Angiogenesis 35 2.27E-03 4.74E-02
112_Stat5_signaling 170 2.34E-03 4.82E-02
Inflammatory_response 165 2.76E-03 5.34E-02
Myogenesis 143 4.05E-03 6.55E-02
Coagulation 116 4.29E-03 6.72E-02
Glycolysis 170 4.69E-03 7.10E-02
Tgfl3_signaling 51 5.44E-03 7.64E-02
Complement 166 6.11E-03 8.16E-02
Apoptosis 142 7.64E-03 9.08E-02
Interferon_y_response 180 1.06E-02 1.08E-01
Androgen_ response 93 1.23E-02 1.17E-01
Apical_junction 162 1.25E-02 1.17E-01
Protein secretion 85 1.62E-02 1.32E-01
Apical_surface 38 1.83E-02 1.41E-01
Estrogen_response_early 168 2.14E-02 1.53E-01
Interferon_a_response 88 2.57E-02 1.67E-01
Reactive_oxygen_species_pathway 46 2.60E-02 1.68E-01
Tnfa_signaling via_NFKB 177 2.84E-02 1.75E-01
Hypoxia 164 3.47E-02 1.94E-01

Pathway enrichment analysis was performed and found to be significantly changed
in the shown Hallmark gene sets. The number of founding genes (N) in the
Hallmark sets is shown, because a larger number tends to result in a more
significant p-value. The last column shows the calculated false discovery rate (FDR)
of the findings.

Compared to control rats, the increase in
circulating liver enzymes in HCC-bearing rats was
modest (Figure 2). Confirming our earlier data [10],
DM extract nevertheless, reduced plasma ALT and
ALP levels significantly in the HCC-bearing rats. This
finding suggests that DM has a small adjuvant effect.
Furthermore, DM treatment of HCC-bearing rats
significantly decreased the area that stained for
reticulin and that of cancer cells in sections (Figure 2).
These findings indicate that the DM extract was
effective in reducing hepatocyte injury.

DM can elevate key proteins of the apoptotic
pathway in HCC-bearing rats

The apoptosis pathway is upregulated in
DEN/TAA-induced tumors (Table 2; p<0.009). DM
enhances  apoptosis in liver cancers of
DEN/TAA-treated rats, as shown by the DNA
fragmentation TUNEL assay reported in our recent
study [10]. To investigate if this pro-apoptotic effect of
DM is caused by increased expression of key proteins
in the apoptotic pathway, we stained sections
immunohistochemically, and quantified Western
blots for the presence of BAX and BCL-2 proteins.
BAX expression in normal non-treated-and
DM-treated rats was immunopositive only in a few
layers of hepatocytes surrounding the central veins,
whereas BCL-2 was present diffusely throughout the
liver tissue (Figure 3A). In non-treated HCC-bearing
rats, apart from the pericentral area, the staining of
BAX was less intense and found at the peripheral part
of the tumor nodule. The administration of DM
extract enhanced the staining of BAX in tumor and
peritumoral areas. However, compared with the
tumor areas, BAX immunostaining was quite minimal
in non-tumorous areas of HCC or DM-treated HCC
rat livers (Figure 3B). Accordingly, the concentration
of BAX in DM-treated HCC-bearing rat liver was

significantly =~ increased compared to that in

non-treated HCC liver (p<0.05;

A B Figure 4A). The distribution and
= ® staining intensity of BCL-2 was

) ’ similar in all groups (Figure 3A). In

956l g e agreement, the BCL-2 content in
Eg 3 liver extracts as measured with
;& 4 ;-'4 Western blots was similar in all
e E 'I' T T x groups (Figure 4A). In addition, the
é"’;’-_az_ T E‘z RT-qPCR assay demonstrated that
° = b wieoema DX mMRNA  expression  was
o4 : i : . - upregulated in DM-treated HCC-

'?'E: 'E'. 3 E E ;9. % 3 - RN:_seq (|og:z - c:ange) ®  bearing rats compared to the

S uw 3 3 ° = 3§ non-treated HCC group (p<0.05)

Figure 1. A) Log2 fold changes (Control vs. HCC) of representative genes measured by RT-qPCR; B) Correlation
of gene expression log2 fold change obtained by RT-qPCR and RNA-seq. All RT-qPCR data was collected from five

biological replicates.

(Figure 4B). These findings show
that DM extract regulates at least
some steps of the apoptotic

https://www.medsci.org



Int. J. Med. Sci. 2022, Vol. 19

1811

pathway in HCCs at the protein level, whereas it did
not affect this pathway in healthy livers.

DM reduces lipid peroxidation in HCC-bearing

rats
The

MDA assay,

which determines

peroxidation, was used to measure the antioxidant

200+

1504

100+

AST (UIL)

504

GGT (U/L)

Control

Control

Control
+DM40

Control
+DM40

80+

a
(=3
i

ALT (UIL)
8

properties of DM extract. It showed significantly
increased MDA concentrations in the HCC group
compared to the control group (p<0.01) and reduced
MDA concentrations to ~60% of controls in the
DM-treated groups (p<0.05; Figure 5).

Control

20+
0
HCe Hce
+DM40
100+
“E 80+
e
g s0-
©
£ 40+
3
8
T 20-
14
0
HCe HCe
+DM40

Control

lipid
150+
I 1004
2
o
-l
< 504
T 0
Control HCC HCC Control Control HCC HCC
+DM40 +DM40 +DM40 +DM40
ke 30-
2
= 20+
]
o
1
[
£ 104
-]
o
0
Control  HCC HCC Control  Control  HCC HCC
D040 +DM40 +DM40 +DM40

Figure 2. Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), g-glutamyl transferase (GGT) activities, and the area of
reticulin cancer (¥p<0.05, **p<0.01, **p<0.001, ND: non-detectable) in the four experimental groups of rats (control, control treated with DM40, HCC, HCC treated with
DM40). The data represent a subsample of those described in reference [10] to evaluate the effect of DM40 in a 2*2 comparison.
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Figure 3. A) Immunohistochemical staining of BAX and BCL-2 in the livers of the four experimental groups of rats; B) The expression of BAX in tumorous (T) and
non-tumorous (NT) areas of HCC and DM-treated HCC rat tissues. CV; central vein, PV; portal vein.
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Discussion

In this study, we showed that 16 Hallmark
pathways were very significantly upregulated
(p<0.01) and an additional 10 pathways slightly less
significantly (p<0.05) in the DEN/TAA HCC model.
The outcome of the present cell-wide mRNAseq
analysis corresponds largely with the earlier reported
14 “main upregulated” genes in the study of
Romualdo et al (Supplementary Table 1; [21]). The
pathways establish a well-defined expression profile
for this liver tumor model that we then used to study
the effects of interventions with Thai traditional
medicines [3, 10]. Our earlier [10] and the present
studies show that DM extract improves the
histopathology of the tumors (smaller cancer areas,
reduction of reticulin and glypican3 staining), limits

parenchymal damage (lower serum transaminase and
alkaline phosphate activity) [10], increases the hepatic
protein content of BAX (Figure 4), and causes less
lipid peroxidation (Figure 5). Unexpectedly, however,
the mRNA expression profile of the DM-treated HCC
rats was not different from that of the non-treated
tumor-bearing rats. In aggregate, these data therefore
suggest that the reported effects of DM extract are
mediated by processes at the (post-)translational level.

The DEN/TAA model of rodent liver cancer is
widely used to study potential treatment options for
hepatocellular carcinoma [4, 5, 21], but the protocols
used vary considerably. DEN is a powerful genotoxic
agent [15, 35], which is often administered only once
to preweaning male mice at a dose of 5-25 mg/kg [19,
36]. Male rats are usually treated later, at 5-9 weeks of
age, with 10-200 mg/kg. Furthermore, DEN
administration is repeated several times in some
protocols [37, 38]. After a low dose of DEN, mice do
not develop fibrosis [39] or HCC [40]. Inflammation
and fibrosis are more prominent if DEN is
administered at intermediate doses (5-90 mg/kg).
Under such a regimen, mice develop premalignant
lesions after 24 weeks, and HCC after ~1 year [36, 40].
If DEN is repeatedly administered, the effects are
more severe [37, 38].

Human HCC is present 5 to 6-fold more often in
cirrhotic than in non-cirrhotic livers [41, 42]. Given the
moderately  profibrotic activity of DEN at
intermediate doses, a strong pro-fibrotic hepatotoxin,
such as CCly or TAA, is often added to the DEN
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protocol as a promoting agent. Such a two-stage
model assumes that the induction of the tumor is
caused by a genotoxic compound, such as DEN, and
that a promoting compound without genotoxic
activity enhances tumor formation [40]. We used TAA
as promoting agent. TAA induces hepatotoxicity after
biotransformation by CYP450 enzymes and flavin
monoxygenase to TAA-S-oxide, which modifies
amine-lipids and proteins [43]. When treatment is
chronic, TAA is administered at doses between 25 and
280 mg/kg [44, 45]. Low doses cause apoptosis,
whereas doses of >150 mg/kg cause necrosis of
pericentral hepatocytes within a day [46, 47]. Chronic
administration of TAA causes hepatitis at 6 weeks,
advanced fibrosis at 12 weeks, and macronodular
cirrhosis at 18 weeks [48].

The respective roles of DEN as mutagenic
compound and TAA as promoting compound raise
the question whether the genomic signatures that we
found reflect either one or both compounds. The
mutational profiles of DEN-treated mice were similar
between different mice and between dysplastic and
tumorous nodules in the same mouse, implying
reproducible, stable mutations [19]. In contrast to
human HCC, DEN mutations in rodents rarely
involve TP53 and CTNNB1 [35, 49], explaining the
typically decreased expression of glutamine
synthetase in DEN-treated animals [37]. DEN does
mutate, however, Braf, Hras, and Egfr preferentially
[19, 35]. Unfortunately, the mutational profile of TAA
has been characterized in less detail [50].
Nevertheless, it seems possible to recognize typical
DEN-induced pathways, such as “estrogen_response_
early and _late” and “androgen_response” (Table 2).
This hormonal response imprint corresponds with the
much higher sensitivity of male than female rodents
to the induction of mutations by DEN [18, 40, 51],
which may relate, in turn, to sex-dependent
differences in growth hormone secretion by
hepatocytes [52] and IL-6 production in Kupffer cells
[18]. Such a sex difference is also found in human
HCC [41]. The effect on the “coagulation” pathway
appears to  correspond  with  TAA-related
thrombocytopenia [53], while the “apical_junction”
and “apical_surface pathways appear to reflect
TAA-induced bile duct epithelial damage [54, 55]. The
pro-fibrotic effects of TAA are well-studied and seem
to be a sequel of its cytotoxicity which peaks between
24 and 48 hours after administration [44, 47]. DEN
has, in addition to mutagenic, also pro-inflammatory
effects that appear secondary to its hepatotoxicity [18,
36], but these effects are probably limited, because the
compound is usually administered only once. TAA, in
contrast, is repeatedly administered, which induces
cycles of cell death, regeneration and ECM deposition,

and well-developed fibrosis at ~12 weeks [48].
Accordingly, human HCCs usually develop in the
context of chronic liver disease [51]. Given the fact
that 4- to 5-fold more “spontaneous” human and
mouse HCCs develop in a cirrhotic than in a
non-cirrhotic liver [40, 42, 56], hallmark pathways
such as “epithelial mesenchymal_transition”, “angio-
genesis”, “TGF_p_signaling”, therefore reflect mostly
TAA-induced fibrosis. From this brief overview, we
conclude that the contributions of both DEN and TAA
remain identifiable in rodent HCCs.

Apart from the molecular aspects of hepatocarci-
nogenesis, the metabolic sequels of the genomic
alterations also have their effect at the posttransla-
tional level. A recent study in human [57] identified
metabolites that were associated specifically with
HCCs in a fibrotic or cirrhotic environment and that
predominated in a pre-fibrotic environment. The
majority of these changes in metabolite concentration
are in all likelihood secondary to changes at the
mRNA level, but choline, one of the metabolites,
causes or aggravates fatty liver, while another,
glutamine, is a key interorgan transporter of amino
groups and a precursor to neurotransmitters. We
ourselves observed effects on lipid peroxidation
(Figure 5).

The RNA sequencing data were strictly filtered
so that differences between conditions were only
included if that difference exceeded a 2.6-fold change.
The analysis of the filtered data revealed that the liver
tumors developed a clear molecular profile under our
experimental conditions. Since we did observe
clear-cut effects of DM extract on tumor size and
environment, and less parenchymal damage (lower
serum enzymes), the beneficial effects of DM extract
must be looked for at the (post-)translational level. We
hypothesize that DM, not being a pure substance, has
several small but additive, rather than one large
beneficial effect on liver tumors. Given the findings, it
is well possible that some, or even the majority, of the
effects of DM extract are mediated by
(post-)translational mechanisms.

In conclusion, the present and our earlier study
[10] showed that DM extract reduces the cancer
volume in livers, promotes apoptosis and antagonizes
oxidative stress and hepatocellular enzyme leakage,
but does not mediate these effects via changes at the
transcriptional level.

Abbreviations

ALP: alkaline phosphatase; ALT: alanine
aminotransferase; AST: aspartate aminotransferase;
Bax/BAX: Bcl-2-associated X protein; Bcl-2/BCL-2:
b-cell lymphoma 2; CCly: carbon tetrachloride;
CYP450: cytochrome P450; DEN: diethylnitrosamine;

https://www.medsci.org



Int. J. Med. Sci. 2022, Vol. 19

1814

DM: Dioscorea  membranacea; Empl:  epithelial
membrane protein-1; EMT: epithelial-mesenchymal
transition; GGT: y-glutamyltransferase; Ggtl: gluta-
thione hydrolase 1; HCC: hepatocellular carcinoma;
IL-6: Interleukin 6; MDA: malondialdehyde; MSigDB:
molecular signatures database; PBS: phosphate-
buffered saline; RT-qPCR: quantitative real-time
polymerase chain reaction; Scd2: stearoyl-CoA
desaturase  2; SDS-PAGE: sodium  dodecyl
sulfate-polyacrylamide gel electrophoresis; TAA:
thioacetamide; TBA: thiobarbituric acid; TUNEL:
terminal deoxynucleotidyl transferase dUTP nick end
labeling.

Supplementary Material

Supplementary table.
https:/ /www.medsci.org/v19p1806s1.pdf

Acknowledgements

We are indebted to Prof. Dr. Wouter De Jonge
and his research group from Tytgat Institute for Liver
and Intestinal Research, Amsterdam, the Netherlands,
for the RNA sequencing facilities.

Funding source

This work was supported by grants from
Thailand Science Research and Innovation Fund
[grant number 014/2564], Faculty of Medicine,
Srinakharinwirot University, Thailand [grant number
143/2565], and the Royal Golden Jubilee Ph.D.
Program [grant number PHD /0037 /2557].

Ethical approval

All procedures involving animals in this study
were followed and approved by the Animal Ethics
Committee of Srinakharinwirot University (Bangkok,
Thailand; approval no. COA/AE-001-2564).

Author contributions

Vichununt Kerdput conceptualized the research
design, performed the rat experiments, RT-qPCR, and
MDA assays, interpreted the data, and drafted the
manuscript.  Kritsakorn =~ Kanjanapongkul and
Ratchadaporn Pramong performed the
immunohistochemical and Western blot assays.
Arunporn Itharat carried out the DM extraction.
Theodorus B. M. Hakvoort and Aldo Jongejan
performed the RNA-seq analysis. Wouter H Lamers
interpreted data, drafted and revised the manuscript.
Wisuit Pradidarcheep conceptualized the research
design, wrote the grant application, performed the rat
experiments, interpreted the data, and was a major
contributor in writing the manuscript. All authors
read and approved the final manuscript.

Data availability

The RNA-seq data are publicly available at
NCBI, under BioProject PRJNA774039 with Bio-
Sample accession: SAMN22630034, SAMN22630033,
SAMN22551377 and SAMN22629979, Sequence Read
Archive (SRA) accession: SRR16634580, SRR16634581,
SRR16634582, and SRR16634583 (https://dataview
.ncbi.nlm.nih.gov/object/ PRINA774039).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Caines A, Selim R, Salgia R. The changing global epidemiology of
hepatocellular carcinoma. Clin Liver Dis. 2020; 24: 535-47.

2. Santos NP, Colago AA, Oliveira PA. Animal models as a tool in hepatocellular
carcinoma research: A Review. Tumor Biology. 2017; 39: 1010428317695923.

3. Kaewnoonual N, Itharat A, Pongsawat S, Nilbu-Nga C, Kerdput V,
Pradidarcheep W. Anti-angiogenic and anti-proliferative effects of
Benja-ummarit extract in rats with hepatocellular carcinoma. Biomed Rep.
2020; 12: 109-20.

4. Memon A, Pyao Y, Jung Y, Lee JI, Lee WK. A Modified Protocol of
Diethylnitrosamine Administration in Mice to Model Hepatocellular
Carcinoma. Int ] Mol Sci. 2020; 21: 5461.

5. Kimura M, Fyjii Y, Yamamoto R, Yafune A, Hayashi SM, Suzuki K, et al.
Involvement of multiple cell cycle aberrations in early preneoplastic liver cell
lesions by tumor promotion with thioacetamide in a two-stage rat
hepatocarcinogenesis model. Exp Toxicol Pathol. 2013; 65: 979-88.

6. Punvittayagul C, Chariyakornkul A, Chewonarin T, Jarukamjorn K,
Wongpoomchai R. Augmentation of diethylnitrosamine-induced early stages
of rat hepatocarcinogenesis by 1,2-dimethylhydrazine. Drug Chem Toxicol.
2019; 42: 641-8.

7. Pitot HC. The molecular biology of carcinogenesis. Cancer. 1993; 72: 962-70.

8. Khunvirojpanich M, Showpittaporchai U, Moongkamdi P, Pradidarcheep W.
Alpha-mangostin partially preserves expression of ammonia-metabolizing
enzymes in thioacetamide-induced fibrotic and cirrhotic rats. ] Med Assoc
Thai. 2015; 98 Suppl 9: S53-60.

9. Rodniem S, Tiyao V, Nilbu-Nga C, Poonkhum R, Pongmayteegul S,
Pradidarcheep W. Protective effect of alpha-mangostin on thioacetamide-
induced liver fibrosis in rats as revealed by morpho-functional analysis. Histol
Histopathol. 2019; 34: 419-30.

10. Kerdput V, Nilbu-Nga C, Kaewnoonual N, Itharat A, Pongsawat S,
Pradidarcheep W. Therapeutic efficacy of a Dioscorea membranacea extract in a
rat model of hepatocellular carcinoma: Histopathological aspects. J Tradit
Complement Med. 2021; 11: 400-8.

11. Yang JD, Kim WR, Coelho R, Mettler TA, Benson JT, Sanderson SO, et al.
Cirrhosis is present in most patients with hepatitis B and hepatocellular
carcinoma. Clin Gastroenterol Hepatol. 2011; 9: 64-70.

12. Sanyal AJ, Yoon SK, Lencioni R. The etiology of hepatocellular carcinoma and
consequences for treatment. Oncologist. 2010; 15 Suppl 4: 14-22.

13. Hucke F, Sieghart W, Schoniger-Hekele M, Peck-Radosavljevic M, Miiller C.
Clinical characteristics of patients with hepatocellular carcinoma in Austria -
is there a need for a structured screening program? Wiener klinische
Wochenschrift. 2011; 123: 542-51.

14. Pinter M, Trauner M, Peck-Radosavljevic M, Sieghart W. Cancer and liver
cirrhosis: implications on prognosis and management. ESMO Open. 2016; 1:
€000042.

15. Takeda A, Stoeltzing O, Ahmad SA, Reinmuth N, Liu W, Parikh A, et al. Role
of angiogenesis in the development and growth of liver metastasis. Annals of
Surgical Oncology. 2002; 9: 610-6.

16. Sosa V, Moliné T, Somoza R, Paciucci R, Kondoh H, Lleonart ME. Oxidative
stress and cancer: An overview. Ageing Research Reviews. 2013; 12: 376-90.

17. Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis. 2000; 21: 485-95.

18. Tolba R, Kraus T, Liedtke C, Schwarz M, Weiskirchen R. Diethylnitrosamine
(DEN)-induced carcinogenic liver injury in mice. Lab Anim. 2015; 49: 59-69.

19. Connor F, Rayner TF, Aitken SJ, Feig C, Lukk M, Santoyo-Lopez ], et al.
Mutational landscape of a chemically-induced mouse model of liver cancer. J
Hepatol. 2018; 69: 840-50.

20. Lim IK. Spectrum of molecular changes during hepatocarcinogenesis induced
by DEN and other chemicals in Fischer 344 male rats. Mech Ageing Dev. 2002;
123: 1665-80.

21. Romualdo GR, Grassi TF, Goto RL, Tablas MB, Bidinotto LT, Fernandes AAH,
et al. An integrative analysis of chemically-induced cirrhosis-associated
hepatocarcinogenesis: Histological, biochemical and molecular features.
Toxicol Lett. 2017; 281: 84-94.

https://www.medsci.org



Int. J. Med. Sci. 2022, Vol. 19

1815

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Bouattour M, Mehta N, He AR, Cohen EI, Nault JC. Systemic Treatment for
Advanced Hepatocellular Carcinoma. Liver Cancer. 2019; 8: 341-58.

Liu L, Cao Y, Chen C, Zhang X, McNabola A, Wilkie D, et al. Sorafenib blocks
the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces
tumor cell apoptosis in hepatocellular carcinoma model PLC/PRF/5. Cancer
Res. 2006; 66: 11851-8.

Abdel-Rahman O, Lamarca A. Development of sorafenib-related side effects in
patients diagnosed with advanced hepatocellular carcinoma treated with
sorafenib: a systematic-review and meta-analysis of the impact on survival.
Expert Review of Gastroenterology & Hepatology. 2017; 11: 75-83.

Itharat A, Houghton PJ, Eno-Amooquaye E, Burke PJ, Sampson JH, Raman A.
In vitro cytotoxic activity of Thai medicinal plants used traditionally to treat
cancer. ] Ethnopharmacol. 2004; 90: 33-8.

Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinformatics. 2016;
32:3047-8.

Zerbino DR, Achuthan P, Akanni W, Amode MR, Barrell D, Bhai ], et al.
Ensembl 2018. Nucleic Acids Res. 2018; 46: D754-d61.

Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biology. 2010; 11: R25.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Research. 2015; 43: e47-e.

Huber W, Carey V], Gentleman R, Anders S, Carlson M, Carvalho BS, et al.
Orchestrating high-throughput genomic analysis with Bioconductor. Nat
Methods. 2015; 12: 115-21.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods.
2001; 25: 402-8.

Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P.
The Molecular Signatures Database (MSigDB) hallmark gene set collection.
Cell Syst. 2015; 1: 417-25.

Ribatti D, Tamma R, Annese T. Epithelial-mesenchymal transition in cancer: A
historical overview. Transl Oncol. 2020; 13: 100773.

Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progression and
metastasis. Dev Cell. 2019; 49: 361-74.

Dow M, Pyke RM, Tsui BY, Alexandrov LB, Nakagawa H, Taniguchi K, et al.
Integrative genomic analysis of mouse and human hepatocellular carcinoma.
Proc Natl Acad Sci U S A. 2018; 115: E9879-E88.

Schneider C, Teufel A, Yevsa T, Staib F, Hohmeyer A, Walenda G, et al.
Adaptive  immunity suppresses formation and progression of
diethylnitrosamine-induced liver cancer. Gut. 2012; 61: 1733-43.

Williams GM, Gebhardt R, Sirma H, Stenback F. Non-linearity of neoplastic
conversion induced in rat liver by low exposures to diethylnitrosamine.
Carcinogenesis. 1993; 14: 2149-56.

Chen Z, Li S, Shen M, Lu X, Bao C, Chen D, et al. The mutational and
transcriptional landscapes of hepatocarcinogenesis in a rat model. iScience.
2020; 23: 101690.

Chen X, Yamamoto M, Fujii K, Nagahama Y, Ooshio T, Xin B, et al. Differential
reactivation of fetal/neonatal genes in mouse liver tumors induced in cirrhotic
and non-cirrhotic conditions. Cancer Sci. 2015; 106: 972-81.

Heindryckx F, Colle I, Van Vlierberghe H. Experimental mouse models for
hepatocellular carcinoma research. Int ] Exp Pathol. 2009; 90: 367-86.

Nzeako UC, Goodman ZD, Ishak KG. Hepatocellular carcinoma in cirrhotic
and noncirrhotic livers. A clinico-histopathologic study of 804 North
American patients. Am J Clin Pathol. 1996; 105: 65-75.

Schutte K, Schulz C, Poranzke ], Antweiler K, Bornschein J, Bretschneider T, et
al. Characterization and prognosis of patients with hepatocellular carcinoma
(HCC) in the non-cirrhotic liver. BMC Gastroenterol. 2014; 14: 117.

Hajovsky H, Hu G, Koen Y, Sarma D, Cui W, Moore DS, et al. Metabolism and
toxicity of thioacetamide and thioacetamide S-oxide in rat hepatocytes. Chem
Res Toxicol. 2012; 25: 1955-63.

Chen TM, Subeq YM, Lee RP, Chiou TW, Hsu BG. Single dose intravenous
thioacetamide administration as a model of acute liver damage in rats. Int J
Exp Pathol. 2008; 89: 223-31.

Schyman P, Printz RL, Estes SK, Boyd KL, Shiota M, Wallqvist A.
Identification of the toxicity pathways associated with thioacetamide-induced
injuries in rat liver and kidney. Front Pharmacol. 2018; 9: 1272.

Bulera SJ, Eddy SM, Ferguson E, Jatkoe TA, Reindel JF, Bleavins MR, et al.
RNA expression in the early characterization of hepatotoxicants in Wistar rats
by high-density DNA microarrays. Hepatology. 2001; 33: 1239-58.

Minami K, Maniratanachote R, Katoh M, Nakajima M, Yokoi T. Simultaneous
measurement of gene expression for hepatotoxicity in thioacetamide-
administered rats by DNA microarrays. Mutat Res. 2006; 603: 64-73.

Laleman W, Vander Elst I, Zeegers M, Servaes R, Libbrecht L, Roskams T, et al.
A stable model of cirrhotic portal hypertension in the rat: thioacetamide
revisited. Eur J Clin Invest. 2006; 36: 242-9.

Aleksic K, Lackner C, Geigl JB, Schwarz M, Auer M, Ulz P, et al. Evolution of
genomic instability in diethylnitrosamine-induced hepatocarcinogenesis in
mice. Hepatology. 2011; 53: 895-904.

Hong JS, Lee DH, Yook YW, Na D, Jang Y], Kim JH, et al. MicroRNA
signatures associated with thioacetamide-induced liver fibrosis in mice. Biosci
Biotechnol Biochem. 2017; 81: 1348-55.

51.

52.

53.

54.

55.

56.

57.

Carlessi R, Kohn-Gaone J, Olynyk JK, Tirnitz-Parker JEE. Mouse models of
hepatocellular carcinoma. In: Tirnitz-Parker JEE, editor. Hepatocellular
Carcinoma. Brisbane (AU); 2019.

Bugni JM, Poole TM, Drinkwater NR. The little mutation suppresses
DEN-induced hepatocarcinogenesis in mice and abrogates genetic and
hormonal modulation of susceptibility. Carcinogenesis. 2001; 22: 1853-62.

Lin YY, Hu CT, Sun DS, Lien TS, Chang HH. Thioacetamide-induced liver
damage and thrombocytopenia is associated with induction of antiplatelet
autoantibody in mice. Sci Rep. 2019; 9: 17497.

Al-Bader A, Mathew TC, Abul H, Al-Sayer H, Singal PK, Dashti HM.
Cholangiocarcinoma and liver cirrhosis in relation to changes due to
thioacetamide. Mol Cell Biochem. 2000; 208: 1-10.

Yeh CN, Weng WH, Lenka G, Tsao LC, Chiang KC, Pang ST, et al. cDNA
microarray profiling of rat cholangiocarcinoma induced by thioacetamide.
Mol Med Rep. 2013; 8: 350-60.

Bruix J, Gores GJ, Mazzaferro V. Hepatocellular carcinoma: clinical frontiers
and perspectives. Gut. 2014; 63: 844-55.

Buchard B, Teilhet C, Abeywickrama Samarakoon N, Massoulier S,
Joubert-Zakeyh J, Blouin C, et al. Two metabolomics phenotypes of human
hepatocellular carcinoma in non-alcoholic fatty liver disease according to
fibrosis severity. Metabolites. 2021; 11.

https://www.medsci.org



