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ARTICLE INFO ABSTRACT

Keywords: The incidence of nonalcoholic fatty liver disease (NAFLD) has been steadily increasing in Western society in
Nonalcoholic fatty liver disease recent years and has been recognized as a risk factor for the development of hepatocellular carcinoma (HCC).
Hepatocellular carcinoma However, the molecular mechanisms underlying the progression from NAFLD to HCC are still unclear, despite

Fatty acid metabolism

Lipidomics the use of suitable mouse models. To identify the transcriptional and lipid profiles of livers from mice with

NAFLD-HCC, we induced both NAFLD and NAFLD-HCC pathologies in C57BL/6J mice and performed RNA-
sequencing (RNA-seq) and targeted lipidomic analysis. Our RNA-seq analysis revealed that the transcriptional
signature of NAFLD in mice is characterized by changes in inflammatory response and fatty acid metabolism.
Moreover, the signature of NAFLD-HCC is characterized by processes typically observed in cancer, such as
epithelial to mesenchymal transition, angiogenesis and inflammatory responses. Furthermore, we found that the
diet used in this study inhibited cholesterol synthesis in both models. The analysis of lipid composition also
showed a significant impact of the provided diet. Therefore, our study supports the idea that a Western diet (WD)
affects metabolic processes and hepatic lipid composition. Additionally, the combination of a WD with the
administration of a carcinogen drives the progression from NAFLD to HCC.

Abbreviations: Acly, ATP citrate lyase; Ccl20, C-C motif chemokine ligand 20; CD36, cluster of differentiation 36; CL, cardiolipin; DAG, diacylglycerol; Dgat1,
diacylglycerol acyltransferase-1; DEG, differentially expressed gene; DMBA, 7,12-dimethylbenz[a]anthracene; Egrl, early growth response protein 1; EMT, epithelial
to mesenchymal transition; ESI, electrospray ionization; FA, fatty acid; Fabp2, fatty acid-binding protein 2; Fasn, fatty acid synthase; HCC, hepatocellular carcinoma;
HE, hematoxylin and eosin; HFD, high-fat diet; Hmgcr, 3-hydroxy-3-methylglutaryl-CoA reductase; HNF1, hepatocyte nuclear factor; Igfbp3, insulin like growth
factor binding protein 3; Lgals1, galectin 1; Lpl, lipoprotein lipase; Marcks, myristoylated alanine-rich protein kinase C substrate; MS, mass spectrometry; mTORCI,
mammalian target of rapamycin complex 1; NAFLD, nonalcoholic fatty liver disease; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nfkbie,
NF-xB inhibitor epsilon; NR112, nuclear receptor subfamily 1 group i member 2; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol;
Plod 2, procollagen-lysine-2-oxoglutarate 5-dioxygenase 2; SM, sphingomyelin; Sppl, secreted phosphoprotein 1; Sqle, squalene epoxidase; TAG, triacylglycerol;
Tall, T-cell acute lymphocytic leukemia 1; TFEA, transcriptional factors enrichment analysis; TLC, thin-layer chromatography; WD, Western diet.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a highly prevalent pa-
thology affecting approximately 30-32 % of the European population
[1,2]. In its early stages, NAFLD is characterized by the accumulation of
fat inside hepatocytes, known as non-alcoholic fatty liver (NAFL).
However, this often leads to inflammation-driven scarred remodeling of
liver tissue known as non-alcoholic steatohepatitis (NASH), which can
ultimately result in liver cirrhosis or primary hepatocellular carcinoma
(HCC) [3]. Additionally, NAFLD has been shown to increase the risk of
certain extrahepatic malignancies, such as gastrointestinal and gyne-
cological cancers [4]. Since various conditions can lead to NAFLD and
alcohol intake was considered an arbitrary exclusion criterion for
diagnosis, an alternative, more inclusive nomenclature was suggested a
few years ago: metabolic dysfunction-associated fatty liver disease
(MAFLD) [5]. Despite the significant burden on global health and the
expanding knowledge of its underlying pathophysiologies, there is still a
lack of knowledge about NAFLD's origins [6]. According to the ‘parallel
multiple hits’ theory, fatty liver formation is worsened by a variety of
factors that ultimately contribute to the development of primary liver
cancer. Factors such as lipid oxidation, insulin resistance, hormone al-
terations from adipose tissue, nutritional factors, gut microbiota and
genetic and epigenetic factors have been extensively studied in recent
years to uncover the mechanisms involved in NAFLD development and
progression to HCC [7,8]. Although HCC is a multifactorial malignancy,
it is predicted that its incidence will significantly increase due to the
epidemic levels of obesity [9].

To date, several murine models of NAFLD have been developed to
study the mechanisms involved in the progression of the disease to HCC,
but these models only partially mimic the human disease [10].

It has been reported that mice fed a Western diet (WD), enriched in
high-fat and high-fructose, exhibit a metabolism and histological
phenotype that resembles human NAFLD [11]. However, there have
been only a few studies in mice that accurately mimic the progression
from NAFLD to HCC. Previous research has shown that a single dose of
the carcinogen 7,12-Dimethylbenz[a]anthracene (DMBA) given during
postnatal age, along with a high-fat diet (HFD), promotes the develop-
ment of hepatic tumors that share many characteristics with human HCC
[12]. In this model, DMBA causes an oncogenic mutation in the H-ras
gene, and when combined with obesity, HCC develops. However, DMBA
alone is not sufficient to cause liver cancer [12]. Another study,
following a similar procedure, found that HCC development was only
observed in DMBA-treated mice that were fed HFD for 40 weeks.
Interestingly, hyperglycemia did not have any tumor-promoting effects
during HCC development in this model [13]. Furthermore, other studies
have made slight modifications to the original model and demonstrated
that liver tumorigenesis is dependent on the implementation of a HFD
[14,15].

Recently, a cell line derived from a DMBA-HFD model was obtained
[14]. When cultured, these cells lose expression of the classical liver
marker albumin, but maintain expression of the transcriptional factor
hepatocyte nuclear factor 1 (HNF1). Additionally, high levels of the
epithelial-mesenchymal-transition (EMT) markers, twist-related protein
1 (Twistl) and snail family transcriptional repressor 1 (Snaill) were
observed. These findings indicate that this model mimics several fea-
tures of HCC observed in humans and that risk factors such as obesity
play a major role in liver tumorigenesis.

To our knowledge, no transcriptomic and lipidomic characterization
of the DMBA-based NAFLD-HCC model and the NAFLD model that relies
on a WD supplemented with glucose/fructose has been performed.
Therefore, we analyzed both profiles in each model using RNA-
sequencing (RNA-seq) and lipidomics. Our results revealed significant
differences in the transcriptomic profile between NAFLD mice and
NAFLD-HCC mice. Specifically, differences were found in the activation
of inflammatory pathways and alterations in pathways associated with
cholesterol homeostasis and lipid metabolism. On a cellular level, lipid
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analyses confirmed the incorporation of fatty acids (FA) from the
respective diet into the liver (phospho)lipids.

Collectively, these data indicate that DMBA acts as an oncogenic
agent that triggers the activation of inflammatory pathways. However,
its subsequent carcinogenic effects are only promoted when mice are
simultaneously fed with a high-calorie WD.

2. Materials and methods
2.1. Animals and induction of hepatic tumors

Male wild type (WT) C57BL/6J mice were housed at the Institute for
Laboratory Animal Science at the RWTH University Hospital Aachen.
Males were selected due to their higher susceptibility to developing
fibrosis [16]. Due to conflicting evidence regarding the impact of ther-
moneutral housing conditions on HFD-NAFLD mouse models, we opted
to use established in-house housing protocols [17-19]. In summary,
mice were maintained under controlled conditions of 20 °C temperature,
50 % humidity, and a 12:12 h light-dark cycle. They were treated as
previously described with slight modifications [14]. Briefly, 4 to 5-day-
old pups were either treated with 50 pL of 0.5 % DMBA (dissolved in
acetone) or acetone (vehicle) (Fig. 1). After the weaning period, the mice
were separated into different groups and assigned to either a normal diet
(ND, V1534, ssniff Spezialdiaten GmbH, Soest, Germany) containing 9
kcal% fat or a HFD (#D17010102, Research Diets, Inc., New Brunswick,
NJ, USA) containing 40 kcal% fat. The mice on the HFD had ad libitum
access to water supplemented with fructose 55 % (w/v) and glucose 45
% (w/v) (WD), which was changed every two weeks. The diet was given
for 30 w. The mice treated with acetone alone represented the NAFLD
model, while the mice treated with DMBA were used as the NAFLD-HCC
model. At the end of the 30 w, all mice were sacrificed under inhalation
anesthesia with isoflurane (Forene, Abbott, Wiesbaden, Germany). All
animals used in this study received humane care, and all protocols were
in full compliance with the guidelines for animal experimentation and
were approved by the institutional German Animal Care Committee
(LANUV, Recklinghausen, Germany, permit Az.:81-02.04.2019.A366).

2.2. Liver histology

After dissection, liver sections were fixed in 4 % paraformaldehyde
(Otto Fischar GmbH & Co KG, Saarbriicken, Germany) for 24 h. Dehy-
dration was performed using a fully automated tissue processor at the
Interdisciplinary Center for Clinical Research (IZKF) at RWTH Univer-
sity Hospital Aachen. The samples were then embedded in paraffin and
cut into slices with a thickness of 5 pm. Hematoxylin and eosin (HE) and
Sirius red staining were carried out using standard procedures, and the
slides were scanned with the NanoZoomer SQ digital slide scanner
C13140-21 (Hamamatsu Photonics, Hamamatsu, Japan). The visuali-
zation of the slides was done using the NDP.view2 viewer (ver. 2.9.25)

male mice (P4-5, n = 28)

n =V n=12
+ acetone + DMBA

n=é%30w\ =8
ND WD

NAFLD

n=7/ 30W\ =5
ND WD

NAFLD-HCC

Fig. 1. Schematic representation of the animal treatment. Four to five-day-old
pups were either treated with DMBA or acetone as the vehicle. They were then
fed either a normal diet (ND) or a Western diet (WD) for 30 weeks. Male mice
were exclusively used due to their limited diversity.
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software (#U12388-01, Hamamatsu Photonics).
2.3. RNA isolation and RT-qPCR

Total RNA was extracted using phenol-chloroform and precipitated
with isopropanol. Subsequent purification was carried out using the
PureLink® RNA Mini Kit (Invitrogen, Thermo Fisher Scientific, Darm-
stadt, Germany) according to the manufacturer's instructions. First-
strand ¢cDNA was synthesized from 1 pg RNA using SuperScript II
reverse transcriptase and random hexamers (Thermo Fisher). For
quantitative real-time PCR (RT-qPCR), the reactions were performed
using Universal SYBR Green Super Mix reagent (Bio-Rad, Hercules, CA,
USA) supplemented with 2 pM of forward and reverse primers and 5 ng
of cDNA. The thermal cycler (7300 Real-Time PCR, Applied Biosystems,
Waltham, MA, USA) was programmed as follows: 2 s at 50 °C, dena-
turation for 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °Cand 1
min at 60 °C. Values were normalized to the expression of the house-
keeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
Relative mRNA expression was calculated using the 2722CT method
[20]. The primers used in this study are listed in Table S1.

2.4. RNA sequencing library preparation and analysis

Three randomly chosen biological replicates were used for each group.
cDNA libraries were produced using 36x Colibri 3' mRNA Library Prepa-
ration kit (Invitrogen) with an input of 500 ng of total RNA and 1 % de-
natured and diluted PhiX. The library was prepared as described [21].
Quality control was performed with FastQC v0.11.9. Reads were mapped to
the mouse reference genome (mm10.GRCm38.GCA_000001635.2) using
STAR [22] (version 2.7.3a) with the following settings: —out-
FilterScoreMinOverLread 0.25 -outFilterMatchNminOverLread 0.25
—alignSoftClipAtReferenceEnds “No” to optimize short read mapping. Only
uniquely mapped reads were counted over gene features annotated from
Ensembl (Mus_musculus.GRCm38.100.) using featureCounts [23] (version
2.0.0) with parameter —primary. Differential expression analysis was per-
formed on each pairwise comparison of genotype, treatment and diet. Rlog
transformed counts (rlog) were used for principal components analysis and
average clustering of samples based on Euclidean distance using the
pheatmap function from the R pheatmap package (version 1.0.12) [24]. The
DESeq2 package (version 1.34.0) [25] in R was used to compute statistical
fold changes using the LFC shrinkage apeglm package (version 1.16.0) [26].
Differentially expressed genes (DEG) were considered statistically differ-
entially expressed with a false discovery rate (FDR)-adjusted p value < 0.05
and a log2-fold change >1. The online tool ShinyGO [27] was used to
analyze the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of
the DEG constituting the NAFLD and NALFD-HCC transcriptional signa-
tures. Enrichr RRID:SCR_001575 [28-30] was used to determine the
pathways in which the given DEG list was enriched. The database used for
the comparison corresponds to MSigDBHallmark 2020 [31,32]. This data-
base encompasses the collection of “hallmark” gene sets derived from
multiple “founder” sets that convey a specific biological state or process and
display coherent expression [32]. Filtering of the data was performed
manually by selecting pathways with a FDR < 0.05. For the transcriptional
factor enrichment analysis (TFEA) with ChEA3, filtering was performed by
selecting only data based on the literature and experiments performed in the
livers of mice. Heatmaps were plotted using SRplot [33], an online platform
for data analysis and visualization.

2.5. Lipid analysis

2.5.1. Lipid extraction

Liver samples and 100 mg of chow from the different diets were
homogenized in 500 pL of methanol using the CKMix Tissue Homoge-
nizing Kit and a Precellys tissue homogenizer (both from Bertin Tech-
nologies, Montigny-le-Bretonneux, France). Lipids from the
homogenates were extracted in glass vials by adding 1.5 mL each of
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chloroform and methanol in a 1:1 ratio [34]. The mixture was then
mixed for 30 min at 700 rpm and room temperature using a horizontal
shaker. After that, 1.5 mL of water was added, and the samples were
shaken for another 10 min. Phase separation was achieved by centri-
fugation at 3500 rpm and 20 °C for 7 min. One mL of the lower (organic)
phase was withdrawn using a glass syringe and the lipid extraction
process was repeated by adding 1 mL of chloroform, vigorously shaking,
and centrifugation. The organic phase was once again withdrawn and
combined with the first one. After evaporation to dryness, the lipids
were dissolved in 100 pL of chloroform.

2.5.2. Thin-layer chromatography

Ten pl of each liver lipid sample were automatically sprayed onto a
normal phase high-performance thin-layer chromatography (HPTLC)
silica gel 60 plate (Merck KGaA, Darmstadt, Germany) using a CAMAG®
Linomat 5 semi-automatic sample application system (CAMAG, Berlin,
Germany). Polar lipids were separated by chloroform/ethanol/water/
triethylamine (30:35:7:35, by volume), and apolar lipids were separated
by n-hexane/diethyl ether/glacial acetic acid (80:15:1, by volume) as
the mobile phases. The plates were developed to 0.2 cm from the upper
end of the plate. Then, the plates were dipped into a 50 mg/L primuline
solution (acetone/water 80:20, v/v, Sigma-Aldrich, Taufkirchen, Ger-
many). Lipids were detected as colored spots upon illumination with UV
light (366 nm) and marked with a pencil.

2.5.3. Characterization of lipid species by mass spectrometry

Liver lipids were eluted automatically using a Plate Express™ TLC
plate reader (Advion, Ithaca, NY, USA) with methanol as the solvent.
Methanolic extracts were then directly infused into an electrospray-
ionization ion trap (ESI-IT) mass spectrometer.

The dietary lipids were not separated but instead analyzed using
direct infusion ESI-IT mass spectrometry (MS).

ESI-IT MS was performed on an Amazon SL mass spectrometer
(Bruker Daltonics GmbH, Bremen, Germany) under the following con-
ditions: spray voltage of 4.5 kV, end plate offset of 500 V, nebulizer gas
at 7.2 psi, drying gas (N3) at a flow rate of 3 L/min, capillary temper-
ature of 200 °C, flow rate of 3 pL/min, and sheath gas (He) flow rate of
25 a.u.. The spectra of liver lipids were recorded in either the positive or
negative ion mode, depending on the lipid class, with enhanced reso-
lution. Spectra for dietary lipids were recorded in alternating mode.
Data were acquired using Trap Control software and analyzed using
Data Analysis version 4.1 (Bruker Daltonics GmbH, Bremen, Germany).

2.5.4. Lipid data analysis

For the analysis of quantitative data, we used relative peak in-
tensities. Relative values were expressed as ratios of the intensity of the
respective lipid to the total intensity of all compounds within the cor-
responding lipid class. We performed the relative quantitative data
analysis using Microsoft Excel 2016. Statistical analysis was conducted
using GraphPad Prism® 8.4.3 (GraphPad Software, Inc.) and the R
Statistical Software [35] (v4.3.0, R Core Team 2021). Graphical repre-
sentations were generated using GraphPad Prism® 8.4.3, Corel DRAW
2020 22.0 (Corel corporation) and the Tidyverse R (version 2.0.0) [36],
and the ggplot2 R package (version 3.4.3) [37].

3. Results

3.1. Implementation of a Western diet causes NAFLD and liver
tumorigenesis in mice

The implementation of HFD is well documented to cause weight gain
in rodent models [38,39]. In our experimental setup, WT mice were
either treated once with acetone followed a ND (control group) or a WD
(NAFLD model) feeding for 30 w. Alternatively, they were treated once
with DMBA dissolved in acetone followed by a ND (control group) or a
WD (NAFLD-HCC model) feeding for 30 w.
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In both models, we first evaluated the initial and final weights of the
animals. The results indicate that after the 30 w of diet, animals fed with
the WD showed a significant increase in body weight compared to lit-
termates fed a ND (Fig. 2A, F). The initiation of HCC by DMBA resulted
in early death of two WD-fed mice, which were therefore excluded from
the study. To evaluate the histopathological features of the liver,
paraffin sections were stained with HE and Sirius Red. The latter stains
collagen and was used to observe the level of fibrosis in the livers. An-
imals fed with a ND showed no anomalies in the liver, regardless of
whether they were treated with acetone or the carcinogen as assessed in
HE stain (Fig. 2B, G). In contrast, WD-fed mice developed classical
features of hepatic steatosis, such as fat accumulation and fibrosis
(Fig. 2D, E, I, J). Moreover, only the simultaneous treatment with the
carcinogen and WD induced the development of hepatic tumors. Sirius
Red staining further revealed that only WD-fed animals accumulated
collagen deposits.
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3.2. NALFD and NAFLD-HCC mice differ in their transcriptional
signature

To understand the transcriptional reprogramming induced by the
diet and treatments, RNA seq was performed.

First, pairwise differences in mice treated with acetone and either
subjected to ND or WD (NAFLD model) were analyzed. The pairwise
analysis revealed 532 DEG (Fig. 3A). Among these, 422 transcripts
showed increased expression in the WD group compared to the ND
group, while 110 showed decreased expression. For the upregulated
genes, functional annotation of KEGG pathways revealed an increase in
several processes related to lipid metabolism, such as cholesterol
metabolism, glycerolipid metabolism and FA processing (Fig. 3B). A
subsequent enrichment analysis showed that DEG were involved in
pathways related to inflammatory-mediated response and FA meta-
bolism (Fig. 3B). Regarding the downregulated genes, functional anno-
tation of KEGG, revealed changes in metabolism homeostasis, while
cholesterol metabolism and steroid (hormone) biosynthesis were found
to be enriched (Fig. 3C).

In the case of mice treated with DMBA (NAFLD-HCC model), a

ND WD

ND A wD

NT

Fig. 2. Implementation of a Western diet (WD) induces lipid accumulation and fibrosis development in an NAFLD and NAFLD-HCC model. (A, F) Measurements of
the initial and final body weights of mice subjected to the NAFLD (ND, n = 8; WD, n = 8) or the NAFLD-HCC model (ND, n = 7; WD, n = 5). (B-E, G-J) Representative
liver sections of mice from (A, F) were stained with HE or Sirius Red. Digital zoom of 10x was used to create the images. Data represents mean =+ SD. All data was

analyzed by two-way ANOVA using Tukey post-hoc test. **p < 0.01,

*p < 0.0001. HE, hematoxylin eosin; ND, normal diet; ns, not significant. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. RNA-seq data analyses of the NAFLD and NAFLD-HCC models. (A-C) Analysis of the NAFLD model. (A) Heatmap showing the 532 differentially expressed
genes (DEG) in acetone-treated mice fed with a normal diet (ND) and Western diet (WD). Functional annotation analysis and enrichment analysis of the (B)
upregulated and (C) downregulated DEG categorized in KEGG pathways and hallmark gene sets from the molecular signatures database (MsigDB). (D-F) Analysis of
the NAFLD-HCC model. (D) Heatmap showing the 1182 DEG in wild-type (WT) DMBA-treated mice fed with ND and WD. Functional annotation analysis and
enrichment analysis of the (E) upregulated and (F) downregulated DEG. (G) Venn diagram showing the overlapping DEG in the NAFLD and NAFLD-HCC models. (H)
Enrichment analysis and transcription factor enrichment analysis (TFEA) on the DEG exclusively found in the NAFLD model. (I) Enrichment analysis of the over-
lapping genes between the two models. (J) Enrichment analysis and TFEA of the DEG exclusively found in the NAFLD-HCC model. For all analyses a false discovery
rate (FDR)-adjusted p value of <0.05 and a log2-fold change >1 were used. n = 3 per group.
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pairwise comparison of ND and WD revealed changes in 1182 DEG, out
of which 892 were upregulated and 290 were downregulated (Fig. 3D).
Among the upregulated genes, functional annotation analysis of KEGG,
retrieved pathways associated with immune response. Additionally,
there was an enrichment of processes characteristic of malignant
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transformation, such as EMT, angiogenesis, upregulation of KRAS
signaling, and cholesterol homeostasis (Fig. 3E). On the other hand,
functional annotation of KEGG showed that the downregulated genes
were mostly involved in processes related to metabolism homeostasis.
Enrichment analysis indicated that the set of downregulated genes was
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associated with cholesterol metabolism, bile acid metabolism,
mammalian target of rapamycin complex 1 (mTORC1) signaling,
xenobiotic metabolism, immune response, and FA metabolism (Fig. 3F).

To understand how the transcriptional signature varies in each
model, a Venn diagram was used to separate DEG into three categories:
(i) DEG exclusively expressed in the NAFLD model, (ii) DEG overlapping
between the NAFLD and NAFLD-HCC model, and (iii) DEG exclusively
expressed in the NAFLD-HCC model (Fig. 3G). Enrichment analysis and
prediction of TFEA targeting the list of DEG were performed using
ChEAS3 [40] for each gene set. In the NAFLD model, only 221 DEG were
exclusive to the model. Enrichment analysis showed that the genes were
mainly related to inflammation (Fig. 3H). TFEA revealed that approxi-
mately 7 % of the genes were regulated by the early growth response
protein 1 (Egrl) and 8 % by the nuclear receptor subfamily 1 group I
member (NR112). For the overlapping gene list of the NAFLD and
NAFLD-HCC model (311 DEG), enrichment analysis revealed that most
of the genes were involved in FA metabolism. However, no predicted
TFEA was found (Fig. 3I). In the list of genes exclusively expressed in the
NAFLD-HCC group (871 DEG), characteristic signatures of carcinogen-
esis were enriched. Additionally, the basic helix-loop-helix transcription
factor T-cell acute lymphocytic leukemia 1 (erythroid differentiation
factor, Tall) was predicted to regulate >11 % of the genes in this set
(Fig. 3J).

DEG obtained from the analysis were plotted in heatmaps for their
visual representation (Fig. 4). Consistent with previous analyses, the
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majority of DEG found in the NAFLD model were upregulated as a result
of the WD (Fig. 4A). For the DEG shared between NAFLD and NAFLD-
HCC, a group of genes primarily involved in cholesterol metabolism
was identified, while it varies between the models (Fig. 4B). Finally, the
DEG expressed only in the NAFLD-HCC model could be categorized into
clusters of downregulated and upregulated genes (Fig. 4C). The down-
regulated genes identified are involved in the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) signaling pathway, while the
upregulated cluster contained genes involved in EMT and angiogenesis.

Interestingly, we found that high expressions of C-C motif chemokine
ligand 20 (Ccl20), secreted phosphoprotein 1 (Spp1), insulin like growth
factor binding protein 3 (Igfbp3), NF-kB inhibitor epsilon (Nfkbie),
myristoylated alanine-rich protein kinase C substrate (Marcks), galectin
1 (Lgals1) and procollagen-lysine-2-oxoglutarate- 5-dioxygenase 2 (Plod
2) (Fig. S1) were predicted to have an unfavorable prognosis in liver
cancer according to the Human Protein Atlas (www.proteinatlas.org,
last accessed 23 January 2024) [41]. These data suggest that mice
affected by a carcinogenic process present higher expression of
inflammation-related genes and genes associated with EMT compared to
mice that only developed NAFLD.

3.3. De novo lipogenesis, TAG and cholesterol synthesis are altered in
mice fed with a Western diet

Since we observed that several genes altered in the different diets
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were related to FA and cholesterol homeostasis, we decided to evaluate
the expression of genes implicated in de novo lipogenesis and synthesis of
cholesterol. Obtained results revealed that the expression of key genes
that support FA synthesis such as ATP citrate lyase (Acly) and FA syn-
thase (Fasn) were significantly reduced in mice fed a WD compared to
their ND littermates. However, this applies exclusively in the NAFLD-
HCC model. In the NAFLD model, a significant decrease was observed
only for Acly (Fig. 5A, B). Furthermore, we evaluated whether tri-
acylglycerols (TAG) or cholesterol biosynthesis were impaired in mice
fed with a WD. The results showed that mice challenged with the WD
coordinate TAG synthesis by downregulating the expression of diac-
ylglycerol acyltransferase-1 (Dgatl). Interestingly, this difference was
only significant in the NAFLD-HCC model (Fig. 5C, E). Moreover, when
we evaluated the expression of 3-hydroxy-3-methylglutaryl-CoA
reductase (Hmgcr) and squalene epoxidase (Sqle), we found a signifi-
cant decrease in these markers in both models, confirming the results
obtained from the RNA-seq analysis (Fig. 4D, F). These data collectively
indicate that a WD abolishes the expression of key markers regulating
lipid biosynthesis in the liver.

3.4. Lipidomics analysis

3.4.1. The lipid composition of the food displays the liver lipid profile
While the amounts of lipids in the diets differ substantially (ND 3.3

%, WD approx. 20 % fat), the mass spectra of the dietary lipid extracts

also revealed differences in the lipid composition (Fig. S2). ND mainly
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consisted of linoleic acid (C18:2) with small amounts of palmitic acid
(C16:0), linolenic acid (C18:3), and oleic acid (C18:1). On the other
hand, HFD was composed of C16:0, stearic acid (C18:0), oleic acid
(C18:1) and C18:2. Additionally, ND contained lecithin, especially
phosphatidylcholine (PC) 36:4, probably PC 18:2/18:2. Due to its high
double bond content, this PC is prone to oxidation. Thus, lyso-
phosphatidylcholines (LPC), especially LPC 18:2, and the correspond-
ing FA C18:2 were also detectable in ND. The diets also differed in the
composition of diacylglycerols (DAG) and TAG especially regarding
their degree of unsaturation. ND showed higher amounts of DAG 36:4,
TAG 52:4, TAG 54:6, TAG 54:5 and TAG 54:4, while HFD had more DAG
34:1, DAG 36:2, TAG 52:2 and TAG 54:3.

The lipid composition of the different diets is closely reflected in the
liver lipid profile of the mice. The absolute amount of lipids, especially
DAG and TAG, within the liver is significantly higher in HFD-fed animals
compared to ND-fed mice (Fig. S3). However, the relative amounts of
none of the three classes changed due to any treatment (Fig. S4).
Furthermore, the composition of the diets is reflected particularly by the
apolar lipids. While CE 18:2 is more abundant in ND livers, CE 18:1
occurs in larger amounts in HFD liver samples (Fig. 6A). This can most
likely be directly attributed to the higher content of C18:2 in the ND
chow. This is also reflected by the double bond contents (Fig. 6C).
However, there are no gross differences in the chain length (Fig. 6B).

For DAG, the differences between liver samples from ND and HFD
were most pronounced for DAG 34:2 and DAG 36:4, which were higher
in ND. On the other hand, DAG 34:1 and DAG 36:2 were more
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pronounced in HFD (Fig. 7A). This difference is also reflected in the
chain lengths of the fatty acyl residues (Fig. 7B) and the distribution of
the double bond contents (Fig. 7C).

An integration of C18:1 and C18:2 from HFD is also evident in the
phospholipid fractions. The relative amounts of PC 36:3 (likely
composed of 18:1.18:2), PC 36:2 (presumably 18:1_.18:1 and/or
18:0_18:2) and PC 38:5 (possibly 18:1_20:4 and/or 18:0_20:5 and/or
16:0_22:5) are significantly higher in HFD livers compared to ND livers
(Fig. 8A). In contrast, PC 34:2 (likely 16:0_18:2) is more abundant in ND
livers, which agrees with the higher amount of C18:2 in ND. The
increased availability of octadecyl residues is reflected in a higher ratio
of PC molecules with 36 carbon atoms in the fatty acyl chains (Fig. 8B).
Depending on the diet, there is a shift from more PC molecules with 2
double bounds in the fatty acyl residues (ND) to 3 double bounds (HFD,
Fig. 8C).

Phosphatidylinositol (PI) and phosphatidylethanolamine (PE),
which are primarily found in the inner leaflet of biological membranes,
exhibit similar patterns. In the PI molecules, there is a higher proportion
of 36 carbon atoms in ND livers, as well as an increase in PI with 38
carbon atoms (Fig. 9B). Additionally, HFD liver samples showed a
higher degree of unsaturation (>4 double bonds, Fig. 9C). Regarding PE,
PE 38:5 and PE 40:7 (likely 18:1_22:6 and/or 18:2_22:5) are more
abundant, while the contributions of PE 38:4 and PE 38:6 decreased in
HFD livers compared to ND livers (Fig. S5A). Analyzing the double
bonds, it is evident that PE is more unsaturated in HFD livers (with >5
double bonds, Fig. S5C) compared to ND livers (with more 4 double
bonds).
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For cardiolipins (CL), feeding with HFD results in a higher ratio of CL
72:6 and a lower proportion of CL 72:8 and CL 72:7 compared to ND,
regardless of the presence of a NAFLD or a NAFLD-HCC phenotype
(Fig. S6A and B).

In the case of sphingomyelin (SM), the observed dietary effects may
not be directly attributed to the different FA compositions of the chows
supplied. However, when looking at the different SM molecules, the
amount of SM d18:1/16:0 is higher in mice fed a HFD compared to those
provided with a ND (Fig. 10). Interestingly, SM species containing very
long saturated fatty acyl chains, specifically SM d18:1/22:0 and SM
d18:1/24:0 are more abundant in mice fed a ND.

Interestingly, there was no impact of DMBA on the liver lipid profile
and the development of HCC. Instead, the differences in the lipid
composition of the liver seem to be primarily influenced by the lipid
composition of the diet. This is evident as samples from the same diets
(with or without DMBA treatment) cluster closely together in principal
component analysis (PCA, Fig. 11).

4. Discussion

In this study, we examined both profiles in mouse models of NAFLD
and NAFLD-HCC. In the first model, mice were fed with a HFD enriched
with glucose/fructose water (WD), mimicking the development of
NAFLD. In the second model, mice were treated with DMBA and then fed
a WD.

Histological analyses of liver sections from the NAFLD and NAFLD-
HCC models revealed that mice fed a WD exhibited intrahepatic
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accumulation of various lipids accompanied by fibrosis (Fig. 2).
Although fibrosis staging was not performed, our results were indicative
of early stage fibrosis according to Brunt and colleagues [42]. We
speculate that the inclusion of fructose in the drinking water facilitated
the induction of fibrosis, as has been previously observed in other mu-
rine NAFLD models [43]. Interestingly, mice subjected to DMBA and a
HFD without the addition of sugar to their drinking water showed no
hepatic fibrosis [12]. These findings suggest that the simultaneous
consumption of a high fat diet and fructose/glucose leads to molecular
changes that promote fibrosis development. They are supported by
clinical data that observe an increased risk of NAFLD due to soft drinks
in human cohorts [44]. Overall, a HFD and increased sugar intake may
not be considered just concomitant risk factors but rather risk multi-
pliers for the development and progression of NAFLD.

Besides, the results from RNA-sequencing indicate that each of the
models presented a distinctive transcriptional signature. Several genes
involved in lipid homeostasis and immune response were found in the
NAFLD model, while increased expression of markers related to EMT
and inflammation were observed in the NAFLD-HCC model (Figs. 3 and
4). NAFLD progression and malignant transformation are accompanied
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and mediated by immune response and inflammation [45]. For example,
activated macrophages have been shown to be markers for progressive
steatohepatitis [46]. Reducing immune response via checkpoint in-
hibitors such as Atezolizumab improves the outcome of HCC patients,
highlighting the importance of the immune microenvironment in the
pathophysiology of HCC [47]. EMT, on the other hand, is closely related
to inflammatory processes and is crucial for tumorigenesis and metas-
tasis of HCC, especially in liver tissue undergoing fibrotic remodeling
[48,49]. Upregulated genes involved in EMT, inflammation, KRAS
signaling, and angiogenesis in our murine NAFLD-HCC model, closely
mirror genetic alterations in human HCC, consistent with previous
comparisons [50-53].

Interestingly, the genes uniquely expressed in the NAFLD model are
partly regulated by Egrl, a gene that has been previously associated with
insulin resistance and cholesterol biosynthesis [54], whereas NR112 has
been predicted to regulate xenobiotic metabolism and its expression is
activated by the consumption of fructose [55]. In contrast, Tall was
predicted to act as an upstream regulator of several genes in the NAFLD-
HCC model. Tall is a transcription factor involved in immune response
and previous studies have found that its activation deregulates the



M. Leopold et al.

BBA - Molecular and Cell Biology of Lipids 1870 (2025) 159574

Phosphatidylinositols

A iiiiii
i3
80= X% « NDn=8
= o WD;n=8
i = ND+DMBA;n=7
.é ? o WD+DMBA;n=5
— 60
E om
a x
= X °
° 40 :—u
k< i
2 * °
€ 50- i.:z 8
P PR TR t% 8 50!3 'Q‘B aoldn o} eoBB e0an soan
2 N X 5 9 o 6 X o b &
ol A S S S ;BN U SHR SN
QTR YT
B chain length C double bonds
¥ ox
100+ . = 100+ -
- % * x
& e
_ 80 g 1" 80+ } :
X . 3 §,-
a - = ° ?
S 604 T 604 i i
i © s ¥ x
S e X3
© 40 z S 404 o
o xx 2
: n c i
20+ é % 20+
=] L]
; ‘37 soa vaks 4o¥8 .
B
O“"“I‘lm T T Ii 0_..‘,'1.;_3' Ql T T
34 36 38 40 1 2 3 4 >4

Fig. 9. Phosphatidylinositol (PI) profiles of liver lipid extracts in NAFLD and NAFLD-HCC mice. The intensities of all PI species were set to 100 % and the relative
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were compared using a two-way ANOVA and Tukey's multiple comparisons test. Single values as well as the mean + SD are shown. **p < 0.01, ****/####5 - 0,0001.

amino acid and carbohydrate metabolism leading to liver cancer
development [56]. These data indicate that transcriptional reprogram-
ming of cells influences both, the development of NAFLD and the pro-
gression of NAFLD-driven HCC. It is obvious that WD acts as a critical
modulator of lipid metabolism. In the development of NAFLD, cellular
functions are highly dependent on the microenvironment and the
availability of FAs, which modulate membrane composition, molecular
signaling, and energy supply [57]. Under normal conditions, cells prefer
to use exogenous FA instead of spending energy on increasing FA syn-
thesis [58]. Although the lipid rewiring caused by carcinogenesis is
under debate, a recent study suggested that de novo lipogenesis is
dispensable for tumor development [59]. In contrast, another study
demonstrated that hepatic cancerous cells present aberrant lipid meta-
bolism by making use of both exogenous FA and de novo biosynthesis
[60].

Altered usage of FA may result from specific mutations within the
tumor. For example, it has been reported that the mutation of oncogenic
Ras leads to a preference for FA as an energy source to support growth
[61]. This finding aligns with the results seen in the NAFLD-HCC model,
where mice fed with a WD showed decreased expression of genes
involved in de novo lipogenesis, but increased levels of markers involved
in lipid uptake such as lipoprotein lipase (Lpl), cluster of differentiation
36 (Cd36) and FA-binding protein 2 (Fabp2) (Figs. 4 and 5). We
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speculate that aberrant lipid metabolism in the NAFLD-HCC model may
be partially mediated by Ras mutations induced by DMBA. Additionally,
there is evidence suggesting that lipid uptake plays a crucial role in HCC
development in microenvironments enriched with FA, particularly
through the overexpression of CD36, which ultimately leads to the
development of an EMT phenotype and promotion of aerobic glycolysis
[62,63]. On the other hand, the results obtained in the NAFLD model
showed no significant changes in markers of de novo lipogenesis, except
for Acly. We speculate that cells can either use circulating FA for their
needs or consume sugars that increase FA synthesis [64].

When comparing the common pathway altered in both models, our
results indicate that cholesterol metabolism might be significantly
affected by the diet itself. Indicative changes include the reduction in the
expression of Hmgcr and Sqle, which is consistent with reports showing
that diets high in cholesterol inhibit its de novo biosynthesis [65]. These
findings agree with the observed changes in the lipid composition of
murine livers, which were primarily driven by the diet. For example, the
fatty acyl composition of the identified apolar lipid species reflected the
fatty acyl composition of the chow. Apolar lipids in ND liver samples
were rich in C18:2, while apolar lipids in WD liver samples had higher
levels of C18:1. There is a notable correlation between lipid accumula-
tion and the progression of NAFLD. For instance, the presence of
cholesterol crystals within hepatocyte lipid droplets has been identified
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Fig. 11. Principal component analysis (PCA) of all detected lipids. The variables were scaled to have unit variance. The color-coding scheme according to group

labels is depicted in the legend on the right margin.

as a marker for fibrosing NASH, which is primarily driven by dietary
factors [66]. These findings suggest that diet plays a significant role in
the pathophysiology of NAFLD.

Accumulation of DAG within the liver is considered a key event in
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the development of NAFLD, a phenomenon known as ‘lipotoxicity’ [67].
It has been reported that this effect is largely attributable to the diet,
which is consistent with our results. For instance, hepatic DAG overload
has been shown to activate protein kinase C (PKC)-¢, impairing insulin
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receptor activation and glycogen synthesis [68]. PKC activation is also
considered an important mediator in carcinogenesis [69]. Although
overall DAG concentrations did not differ between the groups, we
observed a different composition of DAG in liver samples of mice fed a
WD. Monounsaturated DAG 34:1 and mono- or di-unsaturated 36:2
significantly increased at the expense of polyunsaturated species, which
is consistent with previous findings [70]. DAG subspecies-specific acti-
vation of PKC has been reported previously [71], suggesting that diet-
induced changes in DAG composition may play a crucial role in cancer
development. Our results also demonstrated a suppression of Dgatl
exclusively in the NAFLD-HCC model. Dgatl has been shown to be more
susceptible to monounsaturated acyl chains and more potent under
conditions with high substrate concentrations [72]. Additionally, Dgat1-
deficient murine fibroblasts were found to be susceptible to cell death
when treated with oleate, suggesting protective effects of Dgat1 against
lipotoxicity [73]. However, lipid analysis did not reveal any significant
change in the amount of DAG after DMBA treatment.

Other lipidomic changes may be more indicative of the progression
of the disease, as they are not directly linked to the lipid composition of
the diet, but rather to subsequent changes in the liver. Interestingly, the
treatment with DMBA did not appear to have any effect on the observed
lipid compositions. However, changes in the diet had a much more
significant effect on the fatty acyl compositions of all lipid classes. This
finding aligns with a study by Rao and colleagues, who discovered that
the lipid composition of the diet and the duration of the feeding
experiment, in addition to DMBA treatment, affect the lipid composition
of rat organs [74].

In this study, lipid analysis revealed an increase in the ratio of SM
d18:1/16:0 and a decrease in SM species containing very long fatty acyl
chains (C22:0 and C24:0) in mice on the WD. Changes in the sphingo-
lipid profile are often discussed as potential contributors to the devel-
opment of NAFLD [75]. Previous lipidomic analysis of human liver
biopsies has also shown significant changes in the levels of certain SM
species, which could serve as markers for the progression of NAFLD
[76]. Decreased concentrations of the very long fatty acyl chain-
containing lipids SM d40:1 and SM d42:1 have been closely associated
with the progression of NAFLD in mice liver [77], as well as with hepatic
injury and elevated inflammation levels in patients with chronic hepa-
titis B, respectively [78].

CLs are believed to be exceptionally vulnerable to oxidative stress
due to their positioning on the inner mitochondrial membrane and,
consequently, their exposure to reactive oxygen species [79]. Their
profile shows significant changes in human NAFLD- and NASH-liver
samples. In particular, an increase in monounsaturated acyl chains
and a decrease in di-unsaturated acyl chains were reported [80,81].
These results were evident in rats subjected to a HFD [82]. We also
demonstrated a marked shift in the distribution of CL in our NAFLD- and
NAFLD-HCC models, respectively. In both models, the cumulative
number of double bonds in different CL specimens significantly
decreased. Such changes are believed to reflect a “rescue attempt” in the
face of accumulating liver damage [79].

We also observed a higher content of unsaturated PC, PE and PI in
mice fed with a WD. Similar results for individual specimens of these
groups have been reported for both human cirrhotic and murine stea-
totic liver samples, respectively, in which changes in the DAG compo-
sition were exclusively discussed [70].

Due to the absence of effects of DMBA on lipid levels, we assume that
the observed changes at the genomic level are compensated by the or-
ganism to some extent in order to safeguard proper functionality as
much as possible.

5. Conclusions
In summary, the NAFLD-HCC model used in our study accurately

mimics human NAFLD-induced HCC, which has a poor prognosis. We
discovered that crucial cellular processes for carcinogenesis are greatly
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enhanced in DMBA-treated mice that are also subjected to WD. Addi-
tionally, our study shows that combining HFD with glucose/fructose
promotes the development of liver tumors. There are notable differences
in the progression of NAFLD and NAFLD-HCC, which can be seen in gene
expression changes affecting hepatic inflammatory response and FA
metabolism. Analysis of lipid profiles revealed that the diet has a sig-
nificant impact on lipid composition, emphasizing the important role of
nutrition in hepatic lipotoxicity and carcinogenesis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbalip.2024.159574.
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