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Abstract: Lipid dysregulation is critically involved in hepatocellular carcinoma (HCC). Further,
male predilection and Ras pathway hyperactivation are distinct characteristics of HCC. However,
mechanisms underlying their connections remain unknown. The aim of the present study was to
perform a comprehensive lipidomics analysis of a Hras12V transgenic mice (Ras-Tg) model of HCC
induced by hepatocyte-specific Ras pathway activation and characterized by male predilection and
a disrupted lipid metabolism. A total of 3437 lipids were identified in HCC (T) and peri-tumor
tissues (P) of Ras-Tg mice and liver tissues of wild-type mice (W) of both sexes._Longitudinal
comparisons of W, P, and T yielded 359 differentially expressed lipids (DELs) in male mice and 306
DELs in female mice. Generally, glycerolipid accumulation, glycerophospholipid reduction and
monounsaturated fatty acid synthesis improvement were more frequent in T compared to P. The
expression change pattern analysis revealed common and characteristic DELs positively/negatively
associated with HCC or the Ras oncogene. Further lipid metabolism pathway investigations
revealed that disordered lipid and fatty acid biosynthesis contributed to glycerolipid accumulation
and glycerophospholipid reduction in T. Comparisons between P and W suggests that different
responses to the Ras oncogene in mice of different sexes, as well as higher amounts of aberrantly
regulated lipids in males, may contribute to male-biased hepatocarcinogenesis. However, lateral
comparisons between sexes showed a converging trend during hepatocarcinogenesis, explaining
the poor efficacy for gender-specific therapies. In conclusion, the common and characteristic DELs
and lipid metabolism pathways in HCC initiated by the Ras oncogene from sexually dimorphic
hepatocytes provide novel insights into the clinical diagnosis and management of HCC.

Keywords: lipidomics; hepatocellular carcinoma; Ras oncogene; sex disparity

1. Introduction

Hepatocellular carcinoma (HCC), accounting for over 90% cases of primary liver tumors, is a
common malignant tumor. Its occurrence is a complex process with multiple etiologies and steps.
Risk factors include viral hepatitis (hepatitis B and C), alcoholic liver disease, male sex, and non-
alcoholic fatty liver disease (NAFLD) [1]. HCC with NAFLD without advanced fibrosis is more
common in men than in women and characterized by large tumor size [2]. However, few studies have
identified lipid reprogramming features of HCC genesis with gender disparity.

Energy metabolism changes are the cornerstone of hepatocellular tumor initiation and
adaptation [3]. In addition to activating glycolysis, lipid metabolism reprogramming helps hepatoma
deal with metabolic stress, as evidenced by increased fatty acid (FA) oxidation, and highly depends

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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on lipids through external uptake and de novo lipogenesis [4]. Additionally, the multiple functions of
lipids in cell signaling and membrane composition are also critical to cancer cells [5]. Lipids can
promote tumor activity [6]. Therefore, studies on the role of lipid metabolism in HCC could explain
tumor occurrence and development. Lipidomicsis a main branch of metabolomics proposed in 2003
[7]. In recent years, non-targeted lipidomic approaches have been widely used in the study of various
liver diseases to search for disease and drug mechanisms or key lipid biomarkers. However, the
research of lipid metabolism disorders in sex-biased HCC is limited.

Ras signal transduction pathway abnormalities are associated with many cellular processes,
such as cell survival and proliferation, and commonly involved in malignant transformation,
including to HCC [8]. The Ras pathway is ubiquitously activated in HCC [9] and plays a prognostic
role. Raf-1 and pMEK1 are overexpressed in patients with HCC with short survival, and Raf-1
overexpression is an independent biological marker for early tumor recurrence and poor prognosis
[10]. The relationship between the Ras pathway and lipids is intertwined and multifaceted. For
example, Ras modulates tumor invasion and metastasis by regulating the lipid metabolism; FAs help
cope with Ras oncogenic stress; lipids reversibly regulate the localization and function of Ras proteins
[11]. However, the revealed correlations require further investigation.

In the present study, lipidomics was performed on a Hras12V transgenic (Ras-Tg) mice model
of HCC induced by liver-specific activation of the Ras signal pathway with characteristics of lipid
metabolism disorder and male predilection [12,13]. The revealed systematic feature of lipid
expression profiles in Ras oncogene-induced hepatocarcinogenesis with sex disparity casts new lights
on our understanding of the underlying intracellular mechanisms in male-biased HCC.

2. Results

2.1. Workflow and validation of the quality of lipidomics data

Figure 1A shows the workflow of the present study. We selected 9-month-old male and 15-
month-old female Ras-Tg mice because their HCCs had similar development stages and sizes (Figure
1A,B) [12,14]. There was no pathological damage to liver tissue of wild type mice (Figure 1B).

Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
identified a total of 3437 lipid metabolites in both positive and negative ion modes (Table S1). The
precision of the overall analytical method was evaluated by the calculation of relative standard
deviation (RSD) of the quality control (QC) samples and the observation of their distribution (Figure
S1). Principal component analysis (PCA) score plots showed separation among different groups in
males and females, respectively (Figure 1C). All samples scattered in PCA score plots were within
the 95% confidence interval. Consistently, the unsupervised hierarchical clustering of lipidomics data
demonstrated well clustering in the same group and separation among different groups (Figure 1D).
These data indicated that the qualities of the obtained samples and corresponding UPLC-MS/MS data
were satisfactory for further lipidomics.

doi:10.20944/preprints202311.1406.v1
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Figure 1. Workflow and validation of the quality of lipidomics data. (A) The workflow and
representative liver stereogram images. The red arrows indicate hepatic alterations. (B)
Representative hematoxylin and eosin-stained images (magnifications: 100x). (C) PCA score plots
based on lipidomics data. Green circles, wild-type liver tissues; blue circles, peri-tumor tissues; red
circles, HCC tissues. (D) Unsupervised hierarchical clustering based on lipidomics data. Red and blue
show higher and lower lipid levels, respectively. F, female; M, male; Wt, wild-type mice; Ras-Tg,
Hras12V transgenic mice; W, liver tissues of Wt; P, peri-tumor tissues of Ras-Tg; T, HCC tissues of
Ras-Tg; 9M, 9-month-old; 15M, 15-month-old. n=6.

2.2. Lipid composition analysis

The categories of lipid metabolites identified, as well as the subclasses, are shown in Figure S1F.
To investigate changes in lipid levels in sex-dependent hepatocarcinogenesis induced by the Ras


https://doi.org/10.20944/preprints202311.1406.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2023 doi:10.20944/preprints202311.1406.v1

oncogene, the proportions of lipid categories and their major subclasses were analyzed (Figure S2).
Although W differed much in sexually dimorphic lipid composition, the differences narrow in peri-
tumor tissue (P) and HCC (T) of Ras-Tg mice. It indicates that the Ras oncogene expression and HCC
development significantly reprogrammed lipid metabolisms and diminished sex disparities. In
addition, the distinct lipid compositions in W, P, and T indicated the requirement of lipid
metabolisms for normal functioning of the liver, responses to the Ras oncogene, and HCC
development, respectively.

Since glycerolipids, glycerophospholipids, and sphingolipids are the main lipid categories
involved in hepatocarcinogenesis, changes in the level of their main subclasses were further analyzed

(Figure 2).
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Figure 2. Major lipid level changes during hepatocarcinogenesis. (A) Glycerolipids and its major
subclasses triacylglycerol (TG), alkyldiacylglycerol (TG-O) and diacylglycerol (DG). (B)
Glycerophospholipids and its major subclasses phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidic
acid (PA), lysobisphosphatidic acid (LBPA), lysophosphatidylcholine (LPC),
Lysophosphatidylethanolamine (LPE), Lysophosphatidylinositol (LPI) and lysophosphatidylglycerol
(LPG). (C) Sphingolipids and its major subclasses sphingomyelin (SM), phytosphingosine (phSM),
ceramide (Cer). The abbreviations as well as descriptions are the same as those in the caption for
Figure 1. The data are expressed as the mean + SD. ¥, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001.
n=6.
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Although some changes did not reach statistical significance, lipid level changes during
hepatocarcinogenesis could be summarized into eight basic models (Table 1). In addition, pairwise
comparisons between males and females indicated that the sex disparity in lipid levels narrowed in
P and T (Table S2). Generally, these findings indicated sexually dimorphic lipid composition in W,
different responses to the Ras oncogene in P, and a converging trend in T between sexes.

Table 1. Lipid level changes during hepatocarcinogenesis.
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2.3. Accumulation of saturated FA (SFA) and monounsaturated FA (MUFA) in hepatic carcinogenesis

Rearrangement of fatty acids is an important feature of cancer, so the levels of SFA, MUFA, and
polyunsaturated fatty acids (PUFA) bound to all lipids as well as those bound to the most abundant
glycerolipid subclasses (DG, TG, and TG-O) and glyceroglycerophospholipid subclasses (PC, LPC,
and PE) were analyzed (Figures 3A and S3A). Although changes in SFA and PUFA levels during
hepatic carcinogenesis differed between sexes, SFA and MUFA levels in T of both males and females
were elevated relative to P. In addition, complex and regular changes in the ratios of these fatty acids
in all lipids, as well as in the most abundant lipid subclasses, such as a decrease in PUFA/SFA in all
lipid species (with the exception of TG in males), suggest a role for altered lipid unsaturation in
carcinogenesis (Figures 3B and S3B). Particularly, sexually dimorphic lipid unsaturation was a key
factor causing sex disparity in change patterns.

Analysis of all lipid-bound FA chains showed that the species leading to significantly higher
SFA and MUFA in T than in P were palmitic (16:0) and oleic acids (18:1) (Figure 3C). Therefore,
changes in transcript levels of FA biosynthesis, desaturation, and exogenous uptake pathways were
examined by RT-qPCR. The results showed that the desaturase Scd2 was significantly elevated in T
compared with P, resulting in increased oleic acid synthesis. In addition, Lpl, Acsl4 and Acsl5 may
enhance the accumulation of these FAs in HCC through uptake and biosynthesis (Figures 3D). Data
for W were not included in Figure 3D because of the complex situations in W between sexes relative
to P and/or T.

A B

3x1012— w 4 w
P waad® P
T = T
. Ty 3 _[ T

3 = T T T

S 2x102 U

K T 1 00088

c Aonk e oEE

3 = : 2 - =

© © 2 e

o — o

= bl - e

E —k

[0}

4

1x1012 H
14
0 0
M

F M_F M _F

M F M F M F M_F
SFA MUFA PUFA UFA/SFA  MUFA/SFA PUFA/SFA PUFAIMUFA
C D Scd2 Lpl/ i
16:0 18:1 . 5 oy P mT
810714 1.5%1012 ) T g
*okok ”_ * + - *“:“ § 104 T T § " . -[
Q T T T T . © . * o 3 z T
8 6x10114 g [ _ . 2 . .
5 T 1010 ¢ °
£ g M F M F
2 4xq1M el
© © Acsl4 Acsl5
g q>) - 51 Fokdkk 4 Kk
= 4= 0.5x10124 *hk
% 210114 % & N L T § s I
s 34 s Fekkk
o o § N § 2 -
P I T o 14T -
0 T T T T T T 0 T T T T T T i1 = 1 N
MW MP MT FW FP FT MW MP MT FW FP FT M F WM F

Figure 3. Accumulation of SFA and MUFA in hepatic carcinogenesis. (A) Levels of SFA, MUFA, and
PUFA in W, P, and T of female and male mice. (B) UFA/SFA, MUFA/SFA, PUFA/SFA and
PUFA/MUFA ratios in W, P, and T tissues of female and male mice. (C) Lipid-bound palmitic (16:0)
and oleic (18:1) acids were significantly elevated in T relative to P in both sexes. (D) RT-qPCR results
of the expression levels of the related key enzymes. The abbreviations as well as descriptions are the
same as those in the caption for Figure 1. The data are expressed as the mean + SD. *, p <0.05; **,
p<0.01; ***, p<0.001; ***, p<0.0001. n = 6.
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2.4. Identification of deferentially expressed lipids (DELs)

Combining multivariate statistical analyses, such as the orthogonal projections to latent
structures discriminant analysis (OPLS-DA), with univariate statistical analyses is reliable for
screening differential metabolites [15]. In this study, 514 lipids in male mice and 482 lipids in female
mice (Table S3) were selected as DELs among the identified lipids by combining the univariate
analysis (Figure S4) and OPLS-DA (Figure S5) based on the criteria of p < 0.05, fold change > 1.5, and
variable importance of projection (VIP) > 1.

The number of DELs in paired comparisons among W, P, and T of male and female mice were
first analyzed (Figure 4A). The number of total DELs was higher in male mice than in female mice,
similar to our previous proteomics investigations [16]. Interestingly, the number of DELs in P/W was
much higher in males (266) than in females (227), particularly upregulated DELs (140 vs. 83). To
clarify changing trends in lipid levels during hepatocarcinogenesis, the main lipid subclasses DG,
TG, TG-O, PC, LPC, PE, PG, Cer and SM were further analyzed based on DELs (Figure 4B).
Consistently, the change trends of most of these DEL subclasses were similar to their overall change
trends (Figure 2). Generally, between the sexes, glycerolipids, glycerophospholipids and
sphingolipids showed similar trends in T/P, whereas their changes in P/W were complex. These data
indicated that lipid metabolism is sex-dependent, and males are more susceptible than females to
interference with Ras oncogene during hepatic carcinogenesis, reflecting the mechanism of male
preference for HCC.
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Figure 4. Number and change trends of DELs. (A) Numbers of DELs in paired comparisons. (B)
Change trends of DELs classified by main lipid subclasses during hepatocarcinogenesis. Red lines,
upregulation; blue lines, downregulation; gray lines, nonsignificant change. Table S4 shows the
detailed information of DELs. The symbol “/” means “versus.” The abbreviations and descriptions
are the same as those in the legend of Figure 1.

2.5. Common and unique DELs involved in sex-dependent hepatocarcinogenesis

Venn diagrams showed overlapping DELs between internal group comparisons in males and
females, respectively (Figure 5A; Table S4). DELs that changed significantly in at least two pairs of
comparisons were further classified into four categories to describe their variation trends in
hepatocarcinogenesis: positively (a) or negatively (c) associated with HCC; positively (b) or
negatively (d) associated with Ras oncogene (Figure 5B). Further, common and unique DELs between
sexes were identified in the four categories (Figure 5B).
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Figure 5. Common and unique DELs during sex-dependent hepatocarcinogenesis. (A) Venn analysis
of DELs in both sexes. The symbol “/” means “versus.” (B) Change pattern analysis of DELs during
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hepatocarcinogenesis in both sexes. The related detailed information is shown in Table S3. DELs
positively (a) or negatively (c) correlating with HCC represent lipids significantly elevated or reduced
in T compared to P and/or W, respectively. DELs positively (b) or negatively (d) correlating with the
Hras12V oncogene represent lipids significantly elevated or reduced in P and T compared to W,
respectively. In the schematic diagram of the expression pattern, the numbers 1, 2, and 3 represent
the graded and significant expression levels. The colored columns represent the significantly changed
levels compared to at least one group in the same pattern. The deep red boxes indicate completely
overlapping DELs between sexes in the same change pattern. The light red boxes indicate DELs with
similar change patterns. The green boxes indicate unique DELs between sexes. The abbreviations and
descriptions are the same as those in the legend of Figure 1.

This classification method has been described in detail in our previous study [16]. Briefly, in
category (a), DELs play a positive role in HCC. Most of them belong to “_” model (refer to Table 1
for a description of this and the following symbols), indicating their weak responses to the Ras
oncogene. The remaining DELs belong to “\” model, indicating they responded negatively to the
Ras oncogene and, therefore, may be suppressed by the cancer prevention system in precancerous
hepatocytes. In category (c), DELs play a negatively role in HCC. Among them, the DELs belonging
to “N” model had a weak response to Ras oncogene, and the DELs belonging to “/N” model
responded positively to the Ras oncogenes expression in hepatocytes and, thus, may be activated by
the cancer prevention system in precancerous hepatocytes. Categories (b) and (d) indicate that DELs
respond positively or negatively to Ras oncogene expression in hepatocytes and hepatoma cells,
respectively.

We screened a total of 485 DELs, including 359 in male mice and 306 in female mice. 180 DELs
were common to both sexes. 179 and 126 DELs were exclusive to male mice and female mice,
respectively. Males had significantly more unique DELs than females, which is consistent with our
previous proteomics findings [16], suggesting that dysregulation of lipid metabolism is more strongly
inhibited in female mice. Among the common DELs in both sexes, 99 were within the red regions of
(a) and (b) (49 with completely same variant trends [diagonal line]) and correlated positively with
HCC, while 73 were within the red regions of (c) and (d) (43 with completely same variant trends
[diagonal line]) and correlated negatively with HCC (Figure 5B).

2.6. Roles of glycerolipid and glycerophospholipid metabolisms in HCC in both sexes

Among the 99 common DELs in categories (a) and (b), 77 (36 TGs, 12 TG-Os, 29 DGs) were
glycerolipids. Among the 73 common DELs in classes (c) and (d), 49 (23 PCs, 10 LPCs, 4 PEs, 1 LPE,
and others) were glycerophospholipids (Figure 5B). Thus, glycerolipid and glycerophospholipid
metabolisms correlated positively and negatively with HCC in both sexes, respectively. Owing to the
complex situations in W relative to P and/or T, which showed sexually dimorphism, and consistent
change trends in T relative to P in both sexes (Figure 4B), the key enzymes related to glycerolipid and
glycerophospholipid metabolic pathways were further verified in P and T of Ras-Tg by RT-qPCR
(Figure 6), and data for W were not included. Generally, the significantly increased glycerolipids DG
and TG in T may result from the transition among them with fueling FAs by endogenous biosynthesis
and extracellular uptake by elevated key enzymes Scd2, Acsl4, Acsl5, and Lpl. Additionally, reduced
Cept1, Chptl, Pcyt2, Selenoi, and Ptdss1 expressions may result in accumulation of DG and depletions
of PC, PE, and PS in T simultaneously. Moreover, the significant rise in Pla2g2e expression may
further led to the depletion of PCin T.
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Figure 6. Roles of the glycerolipid and glycerophospholipid metabolic pathways in HCC in both
sexes. (A) Schematic diagram of the glycerolipid and glycerophospholipid metabolic pathway
changes in T relative to P of both sexes. Enzyme symbols are italicized. Red and blue lipids and
enzymes indicate upregulation and downregulation in T relative to P, respectively. (B) RT-qPCR
results of changes in the key enzymes involved in glycerolipid and glycerophospholipid metabolisms
at the mRNA level. Changes in Scd2, Lpl, Acsl4 and Acsl5 at mRNA levels are shown in Figure 3. The
abbreviations and descriptions are the same as those in the legend of Figure 1. The data are expressed
as the mean + SD. ¥, p <0.05; **, p <0.01; ***, p <0.001; ****, p <0.0001. n = 6.

2.7. Converging trend of lipid compositions during hepatocarcinogenesis between sexes

To investigate the sex disparity in lipid metabolisms in lateral comparisons, the difference in
lipid compositions between sexes in W, P, and T were analyzed. First, the unsupervised hierarchical
clustering showed that, although MW and FW were clustered far from each other, sexes showed close
clustering in P and T, indicating a converging trend between sexes in lipid compositions of P and T
(Figure 7A). Consistently, PCA showed that, although FW and MW were clearly separated, sexes
showed gradual overlap in P and T (Figure 7B). Particularly, far fewer DELs were detected in
comparisons of FP/MP and FT/MT than in that of FW/MW according to volcano plots and OPLS-DA
analysis (Figures 7C and S5; Table S5). These data implied that the Ras oncogene expression and HCC
development significantly narrowed the differences in hepatic lipid compositions between sexes.
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Figure 7. Lateral comparisons showing a converging trend during hepatocarcinogenesis between
sexes. (A) Unsupervised hierarchical clustering based on lipidomics data. Red and blue indicate
elevated and reduced lipid levels, respectively. The expression level of lipids in each group is the
average of six individual samples in the same group. (B) PCA score plots based on lipidomics data.
Green dots, male individuals; red dots, female individuals. (C) The volcano plots show DELs in lateral
comparisons between sexes. Red dots, upregulation; blue dots, downregulation; gray dots,
unchanged lipid levels; FC, foldchange. n = 6. Detailed data related to DELs are shown in Table S5.
The abbreviations and descriptions are the same as those in the legend of Figure 1.

3. Discussion

Glycerolipids are involved in cell functions and cancer progression [17]. TG, an important
compound for energy storage, is significantly elevated in both human and mouse HCC for rapid
growth of hepatoma [18,19]. DG, a signaling molecule related to tumor promotion and carcinogenesis
through activation of protein kinase C, is also elevated in HCC [19,20]. Consistently, our data showed
that the levels of TG and DG were elevated in HCC (Figures 2A, 4B and S2). This was further
supported by the fact that the upregulated key enzymes prompt adequate FA supplementation in
HCC (Figure 6). Further, glycerolipids were concentrated in zone 3 of the hepatic lobules, which
coincided with the original location of hepatic tumorigenesis (data not shown), indicating that the
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accumulation and inhomogeneous distribution of glycerolipids may be closely related to
hepatocarcinogenesis. Laboratory investigations of the underlying mechanisms are underway.

Glycerophospholipids perform biological functions, such as biofilm composition and signal
transduction, and their metabolic dysregulation affects cancer progression [21]. They are elevated in
many types of cancer [21]. However, in HCC, their metabolic alteration is complicated.
Glycerophospholipid profiles in HCC and adjacent liver tissues differ across clinical reports. In some
reports, the total glycerophospholipid concentration and/or the levels of their subclasses were
significantly or nonsignificantly lower in HCC tissues than in adjacent tissues [22-24]. However, in
other reports, PC and PE levels were elevated in HCC [25]. Because the etiological effects on clinical
HCC are complex and difficult to distinguish, animal models are powerful tools to determine the
different changes in glycerophospholipid profiles of HCC in response to different etiologies. In a
mouse model, HCC induced by activated mammalian target of rapamycin (mTOR) signal
transduction specifically resulted in reduced PC and PE levels and elevated PI and CL levels [26].
However, in HCC induced by diethylnitrosamine injections, the levels of PC, PE, PS, and PI did not
differ significantly from those of surrounding tissues [19].

In the present study, the proportion and relative level of total glycerophospholipids were lower
in T than in P in both sexes (Figures 2B and S2). PC, PE, LPC and PS levels were lower in T than in P
(the decreasing trend of PE and LPC in females did not reach the level of significance), consistent
with the overall trend (Figures 2B). These findings were further supported by the downregulated key
enzymes in glycerophospholipid synthesis (Figure 6). Consistent with these findings, a choline
deficiency diet may lead to HCC, and dietary PC supplementation can induce apoptosis to prevent
HCC [27]. Additionally, reduced PC synthesis in human HCC cells increases the nuclear localization
of SREBP-1 and lipogenesis [28]. Contrary to the decreasing trend in total glycerophospholipid levels,
PI did not change significantly or even increased slightly in T compared with P (Figure 2B). Several
phosphorylated PIs not included in the DELs in this study were obviously higher in T than in P (e.g.,
PIP2 O-39:3, p = 0.098 in males and p = 0.051 in females) (Table S3), and PIP2 is a direct substrate of
phosphoinositide 3-kinase (PI3K). Consistent with these findings, PIs are often exploited by cancer
cells to fuel pro-proliferative signaling, such as the PI3K/Akt/mTOR signaling pathway that is
involved in tumorigenesis and progression of HCC [29,30]. Thus, disorders of glycerophospholipids
may be involved in Ras oncogene-induced HCC and provide important clues for the clinical
investigation of Ras signaling-involved HCC.

MUFAs promote cancer cell survival by inducing autophagy, enhancing cell membrane
turnover, affecting intracellular signaling and gene transcription, and increasing energy production
[31]. In human HCC, the MUFA levels are increased [32]. Accordingly, the expression of stearoyl-
CoA desaturase-1 (SCD1), a key enzyme that converts SFA into MUFA, is up-regulated [33], and can
even be used as a biomarker for the progression and prognosis of HCC [4]. Additionally, suppression
of SCD1 inhibits the proliferation of human HCC cell lines by depleting MUFA [34]. Moreover, SCD1
consumes SFA and enables cancer cells to escape cell stress response and apoptosis [31,35].
Consistently, MUFA levels are elevated in mouse HCC [36]. In several studies, SCD2 undergoes
significant upregulation regardless of SCD1 changes and is involved in pro-carcinogenic processes
in mouse HCC induced by various factors, although SCD1 is the major isoform in the adult mouse
liver [37-39]. This finding was further confirmed in the present study. The level of MUFA were
elevated in HCC of Ras-Tg mice (Figure 3A,B). Accordingly, the expression of SCD2 was strongly
upregulated (Figure 3C,D). Additionally, oleic acid (C18:1) drives HCC progression [40]. Among the
MUFAs in the present study, oleic acid, as the main product of SCD, was significantly elevated
(Figure 3C). These data combined with the published evidences suggested that SCD-induced
upregulation of MUFA and oleic acid were involved in the occurrence and development of HCC.
Therefore, targeted drug therapy involving MUFA may be an effective clinical treatment of HCC.

Additionally, the optimal MUFA/PUFA ratio is necessary to maintain normal biophysical
properties of cell membranes and cell function, and its imbalance is responsible for many diseases,
including HCC [32,41]. PC is the most abundant glycerophospholipid in cell membrane. In human
and rodent HCC, PUFA-PC levels are reduced, while MUFA-PC levels are significantly elevated
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compared to peri-tumor tissues [42]. A higher MUFA/PUFA ratio may result from oxidative stress in
many tumors, while reduced binding of PUFA to membrane glycerophospholipids promotes
resistance to lipid peroxidation and iron death in HCC [32]. This study also showed a significantly
higher MUFA-PC/PUFA-PC ratio (Figure S2), supporting the involvement of the MUFA/PUFA ratio
in membrane PC in HCC.

Sex disparities in hepatocarcinogenesis have been well recognized. However, whether or not sex
disparity is present in developed HCC remains controversial. As sex hormones are involved in
normal hepatocyte function as well as hepatocarcinogenesis, HCC may be suitable for resistance
hormone therapy [43]. In one study, 17-p-estradiol and its compounds diethylstilbestrol, tamoxifen,
and genistein-induced apoptosis in human hepatoma Hep3B cells [44]. In an animal model,
cyproterone acetate inhibited the growth of androgen receptor-positive HCC transplanted in nude
male mice [45]. In some studies, tamoxifen improved survival in patients with advanced HCC.
However, in most studies, HCC was not a sex hormone-responsive tumor clinically because once the
tumor developed, the anti-estrogen or anti-androgen therapy showed no anti-tumor effect or survival
benefit [43,46]. Differences in protein expression profiles were significantly reduced in T compared
to P or W between sexes [16]. Correspondingly, the expressions of androgen receptor (Ar) and
estrogen receptor 1 (Esrl) and their corresponding genes changed significantly during
hepatocarcinogenesis and finally resulted in no differences in T between sexes [16]. Consistently, the
present study showed significantly attenuated differences in lipid profiles of T between sexes (Figure
7). These data suggested that sex characteristics in developed HCC were significantly attenuated,
which supported the clinical loss of efficacy of sex hormone-dependent therapy.

Although the aforementioned evidence showed convergence in developed HCC, sexes showed
significant differences during carcinogenesis. Because HCC is generally found late, collecting clinical
samples of early liver lesions is difficult for systematic studies on the role of lipid metabolism
disorders in the occurrence of sex-biased HCC. This was the first study to systematically describe the
differential lipid metabolism disorder between sexes in hepatocarcinogenesis. Our data showed that
in male mice, P had obviously higher glycerolipid and glycerophospholipid levels compared to W.
However, in female mice, glycerolipid levels were significantly reduced, but glycerophospholipid
levels did not change (Figure 2). In addition, male mice had a higher number of DELs than female
mice in P/W comparisons, especially up-regulated DELs (Figure 4). This male-biased dysregulation
of lipid metabolism has also been described in human HCC in that Liver X Receptor (LXR) and
Retinoid X Receptor (RXR), which regulate lipid metabolism, are activated only in men with HCC
[47]. These evidences suggest that lipid disorders in men are associated with male-biased HCC.

The male and female livers respond differently to the Ras oncogene. As aforementioned, more
severe lipid disorganization in the male liver promotes the male propensity for HCC development.
In addition, sex-dimorphic gene expression in the male and female livers [48], which translates into
sex-specific differences in lipids, drugs, steroid hormones, and the xenobiotics metabolism [49],
causes the sex bias in HCC. Our study showed different protein expression profiles between the wild-
type male and female mouse livers [16], significant differences in lipid characteristics in W of the male
and female mice, more abundant glycerolipids and fewer sphingolipids in the female livers (Figure
2, Table S2). Although the levels of some lipid species in W varied significantly between sexes, these
differences were reduced in the context of Ras oncogene expression (Figures 7 and S2; Table S5).
Except for PA, LBPA, and LPC, none of the lipid subclasses in P differed significantly between sexes
(Table S2), indicating the homogeneity of hepatic lipid levels in male and female mice harboring the
Ras oncogene. In our previous study, the Ras oncogene expression reduced the sex disparity in
hepatocytes by attenuating sex hormone-related pathways and thereby attenuating the influence of
sex hormones on hepatocarcinogenesis [16]. However, Ar and Esr1 still showed sexually dimorphic
expressions in P [16], suggesting that Ras activation may affect lipid disorders in male mice through
pathways other than the sex hormone pathway.

Lipids are the main component of organisms and cells and highly diverse in structure and
distribution. Moreover, lipid metabolism is a complex network involving multiple isozymes and
multifunctional enzymes. Understanding the biological relevance of this diversity and why cancer is
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associated with severe lipid disorders are fundamental challenges in biology. Further studies
integrating multiomics analyses, such as genomics, transcriptomics, proteomics, metabolomics, and
functionomics, are required and would provide multiple perspectives to improve our understanding
of disordered lipid metabolisms in hepatocarcinogenesis with sex disparity. In addition, owing to the
male predilection of HCC in the Ras-Tg model, 9-month-old male and 15-month-old female mice
were selected to achieve our research goals. However, age may be a factor affecting the results of the
analysis. Moreover, lipid metabolism, especially in liver tissue, is strongly influenced by fluctuations
in plasma sex hormones during the oestrus cycle for the female cohort. Therefore, oestrus cycle
should be considered in future studies.

4. Conclusions

This was the first systematic study on sexually dimorphic lipid alterations in response to Ras
oncogene-induced hepatocarcinogenesis. These data provide important information for lipid
metabolic reprogramming in male-biased hepatocarcinogenesis and clues for clinical therapy and the
underlying mechanisms.

5. Materials and Methods

5.1. Animals, sampling, and histopathological examination

Gender-dependent HCC model mice induced by hepatocyte-specific expression of Hras12V
oncogene (Ras-Tg, C57BL/6] background) and wild-type non-Tg mice (Wt, C57BL/6] background)
were housed at the Experimental Animal Center of Dalian Medical University. After euthanasia of
the mice, the livers were washed with cold PBS. A portion of tissues were fixed in 4%
paraformaldehyde fixative and examined histopathologically using the method described by Frith
and Ward [50]. The remaining tissues were cut into small pieces and immediately frozen in liquid
nitrogen. The details of methods have been described in detail in our previous studies [14,16]. All
animal handling procedures were performed according to protocols approved by the Animal Care
and Use Committee of Dalian Medical University (approval code, L2016189; approval date: Des. 18,
2016). The pathological diagnosis confirmed tissues were selected for the subsequent experimental
procedures.

5.2. Experimental design and DELs screening

Since male (M) Ras-Tg develop HCC at a relatively early stage (8-9 months of age) with a high
incidence (almost 100%) compared to females (F) (over 15 months of age and 30% incidence) [12,14], 9-
month-old (9M) Ras-Tg and Wt males, 15-month-old (15M) Ras-Tg and Wt females were selected. The
peri-tumor tissues (P) and hepatocellular carcinoma (T) of Ras-Tg and normal liver tissues of Wt (W) in
both sexes (n = 6 for each group, total of 36 tissue samples) were used for lipidomic study. Then, lipid
extracts from samples were subjected to UPLC-MS/MS to identify and quantify the lipid compositions
(Figure 1A). Further, the differentially expressed lipids (DELs) were obtained by univariate and
multivariate statistical analyses based on the criterion of p< 0.05, fold change > 1.5, VIP > 1.

5.3. Nontargeted lipidomics analysis based on UPLC-MS/MS

Approximately 90 mg of tissue samples were placed into 2 mL QSP tubes, and their weights
were accurately recorded. All samples were washed with cold PBS before proceeding, and all liquid
was aspirated after washing. Then 400 pL of 75% methanol-water solution (including internal
standard) was added to the tube, vortexed for 1 min, and the beads were added and ground at 50 Hz
for 4 min. 1 mL of MTBE was added, vortexed for 1 min, and shaken for 1 h. 250 uL of water was
added, vortexed for 1 min, left to stand for 10 min, and centrifuged at 14000 g for 15 min at 4ed to the
tube, vortexed for 1 min, and the beads were added and ground at 50 Hz for 4 min. 1 mL of MTBE
was added, vortexed for 1 min, ad with 120 uL of acetonitrile: isopropanol: water solution (65: 30: 5),
and the supernatant after centrifugation was used for positive and negative ion mode analysis. Blank
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control samples were acetonitrile: isopropanol: water solution (65: 30: 5). All samples were
lyophilized and stored in liquid nitrogen vapor prior to analysis. All experimental manipulations
were performed at low temperature or on ice.

QC samples were constructed from a portion of each of all tissue lipid metabolite extracts. All real
samples were analyzed in random order and 1 QC sample was inserted to every 6 real samples analyzed
to monitor the robustness of the experiment. The BEH C8 column (1.7 pm, 2.1x100 mm) was from
Waters, USA. The temperature of the column was 55e temper random order and 1 Q pure of the column
was 55e temper random order and 1 QC sample was inserted to every 6 real samples anal (containing
10 mM ammonium acetate), and the mobile phase B consisted of isopropanol: acetonitrile = 9:1 (v/v,
containing 10 mM ammonium acetate), and the gradient elution was performed according to the
procedure: 0-1.5 min, 32% (B); 1.5-15.5 min, 32%-85% (B); 15.6-18 min, 97% (B); 18.1-21 min, 32% (B).

Coupled mass spectrometry analysis was performed by Thermo Scientific Q Exactive using a
HESI ion source with a primary full scan and a DDA secondary sub-ion scan mode. The Spray voltage
and mass range for the positive ion mode were +3.5 kV and 300-2000 m/z, respectively, while the
negative ion mode was -3.0 kV and 150-1500 m/z. The rest of the positive and negative ion mode mass
spectrometry experimental conditions were the same, with a Capillary temperature of 300C, an Aux
gas heater temperature of 350°C, Sheath gas flow rate of 45 Arb, Aux gas flow rate of 10 Arb, S-lens
RF level of 50, Full ms resolution of 70,000, MS/MS resolution of 17500, TopN of 8, and NCE/stepped
NCE of 25%, 35%, 45%.

Peak picking and alignment were performed by MS-DIALsoftware, raw peak areas were further
normalized by the internal standard method. Based on the retention time, m/z and MS2 fragments,
MS-DIAL, LipidSearch and the internal database of Dalian Institute of Chemical Physics [51] were
used for the annotation of lipid metabolites. The nomenclature of lipids was referred to the naming
rules of LipidSearch and LIPID MAPS (https://www lipidmaps.org/).

5.4. Data Processing

The metabolite features from the data when the proportion of non-missing elements are
accounted for less than 80% among each biological group were excluded in order to decrease the risk
of reducing variable size and losing potential differential metabolites. Low reproducibility variables
in QC samples with RSD greater than 30% were removed. Variables with more than 50% missing
values were removed and missing values were replaced with the smallest value in the variable. To
eliminate the effect of sample volume variation on metabolic mass spectrometry characteristics, the
data were normalized based on total peak area and sample weight.

5.5. Real time quantitative PCR

Total RNA was isolated by Trizol (Tiangen Biotechnology, Beijing, China) following the
manufacturer’s procedures. Reverse transcriptase PCR was performed using a reverse transcription
system (Tiangen Biotechnology, Beijing, China) according to the manufacturer’s protocol. Real Master
Mix SYBR Green (Tiangen Biotechnology, Beijing, China) was used in a StepOne PlusTM Real-Time
PCR system (Applied Biosystems) to quantitate mRNA expression. The primers for detecting the
expression level of target genes are shown in Table S6. The expression levels of genes were calculated
against the Rpl35a. Expression changes were calculated using the delta-delta CT method.

5.6. Statistics

Normality tests and significance tests for lipidomic data and experimental data were done by
GraphPad Prism (version 8.0.1). The normality of the data was tested using the Shapiro-Wilk method.
Normally distributed data were tested with Student’s t-test, otherwise Mann-Whitney U-test was
used. Each experiment was performed at least in 6 individuals in each group. Error bars indicated
standard deviation (SD). p< 0.05 were considered significant.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Quality control of positive and negative ion mode experiments in this
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study; Figure S2: Percentage changes in major lipid species during hepatocarcinogenesis; Figure S3: Fatty acid
analysis of the major lipid species identified, DG, TG, TG-O, PC, LPC and PE; Figure S4: Volcano plots of
longitudinally paired comparisons; Figure S5: Orthogonal projections to latent structures discriminant analysis
(OPLS-DA) for longitudinal comparisons; Figure S6: OPLS-DA analysis for lateral comparisons between sexes;
Table S1: Detailed information for identified lipids; Table S2: P-values for pairwise comparisons of lipid levels
between males and females; Table S3: Detailed information of DELs by longitudinally paired comparisons
among W, P, and T in males and females, respectively; Table S4: Detailed information of DELs in Venn analysis;
Table S5: Detailed information of DELs by lateral paired comparisons in W, P, and T between sexes; Table Sé:
Primer sequences for RT-qPCR.
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