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KEY WORDS Abstract  One of the leading therapies for acute lymphoblastic leukemia (ALL) is the chemothera-
peutic agent PEGylated E. coli-derived-L-asparaginase (PEG-ASNase). Due to the high risk of dose-

Liver injury; limiting liver injury, characterized by clinically elevated levels of hepatic transaminases, PEG-ASNase

fis;);r;g;?ase, therapy is generally avoided in adult patients. Our preclinical investigations have indicated that PEG-
Lipotoxicity; ASNase-induced liver injury is associated with the release of free fatty acids (FFAs) from white adipose
Oxidative stress; tissue (WAT), suggesting potential lipotoxic effects. However, it remains uncertain whether PEG-ASNase
ATGL; directly induces hepatotoxicity or sensitizes hepatocytes to FFA-induced toxicity. Our results show that
Cyp2el PEG-ASNase treatment results in hepatocyte apoptosis and lipid peroxidation. Ex vivo and in vitro studies

in mouse and human WAT suggest that PEG-ASNase induces the expression of adipose triglyceride lipase
(ATGL), activates the lipase, and stimulates adipose tissue lipolysis, suggesting that the FFAs from WAT
may contribute to the observed liver injury. Moreover, treatment with PEG-ASNase sensitizes hepato-
cytes to FFA-induced lipotoxicity. Mechanistically, our RNA-sequencing (RNA-seq) analyses reveal that
PEG-ASNase-induced sensitization to lipotoxicity is accompanied by the induction of Cyp2el. We
demonstrated that this sensitization effect is attenuated by both pharmacological and genetic inhibition
of Cyp2el. Our findings suggest that PEG-ASNase therapy induces WAT lipolysis and sensitizes hepa-
tocytes to hepatic lipotoxicity in a Cyp2el-dependent manner.
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1. Introduction

Acute lymphoblastic leukemia (ALL) cells are unable to synthesize
asparagine de novo, and therefore are susceptible to asparagine
depletion by PEGylated E. coli asparaginase (PEG-ASNase)'.
While PEG-ASNase is used as first-line therapy for pediatric ALL?,
it is often excluded in adult ALL treatment protocols because it is
associated with a high risk of drug-induced liver injury®. Clinical
studies assessing the safety of ASNase demonstrated that adult ALL
patients can develop elevations in serum biomarkers of liver injury,
such as alanine aminotransferase (ALT) via an unknown mecha-
nism*. Nevertheless, recent clinical data in adolescents and young
adults demonstrated a nearly 2-fold higher survival rate for ALL
patients treated with pediatric-inspired treatment regimens
including ASNase®. Therefore, strategies that reduce the risk of
liver injury induced by ASNase and ensure its safe use may posi-
tively impact patient survival rates.

While the mechanism of ASNase-induced liver injury is
unknown, our clinical studies have identified genetic risk factors
for the toxicity, such as the PNPLA3 1148M variant®. Additionally,
our preclinical research in mice demonstrated that the agent is not
directly toxic to hepatocytes, but rather is associated with the
mobilization of FFAs from the adipose tissue’. Both our genetic
and preclinical studies suggest a link between ASNase-induced
liver injury and mechanisms of hepatic steatosis, implying a
potential pathway to liver damage through the development of
fatty liver.

Based on our previous studies demonstrating increased
adipocyte adipose triglyceride lipase (ATGL) expression after
PEG-ASNase treatment’, we hypothesize that PEG-ASNase acti-
vates ATGL, leading to enhanced lipolysis in adipose tissue and
the accumulation of FFAs in the liver. Furthermore, because he-
patic FFAs are not typically toxic to hepatocytes, we posit that
PEG-ASNase sensitizes hepatocytes to lipid-induced toxicity or
lipotoxicity. Herein, we describe preclinical studies demonstrating
that ATGL is activated in adipocytes following PEG-ASNase
treatment. The PEG-ASNase-induced phenotype is consistent in
both mouse and human adipose tissue samples. Furthermore, we
demonstrate that PEG-ASNase leads to lipotoxicity in mice and
present data supporting that it sensitizes hepatocytes to lip-
otoxicity through the induction of Cyp2el.

2. Materials and methods

2.1. Mice

Eight-week-old male and female C57BL/6 mice were purchased
from Jackson Laboratories for our studies. Upon arrival, mice
were acclimated for a minimum of three days prior to all exper-
iments. Mice were fed with ad libitum standard mouse chow diet
and water. All mice were housed in a specific pathogen-free ani-
mal facility under the supervision of the Division of Laboratory
Animal Resources at the University of Pittsburgh with 12 h light
and dark cycles. All experimental protocols were reviewed and
approved by the University of Pittsburgh Institutional Animal

Care and Use Committee and in compliance with the National
Institutes of Health guide for the care and use of laboratory
animals.

2.2.  PEG-ASNase administration

Mice received a single dose of 1500 IU/kg PEG-ASNase
(Oncaspar®) or PBS vehicle control intraperitoneally (IP) and
were euthanized 3 days after administration similar to our previ-
ous study’. Blood, liver, and white adipose tissue (WAT) were
collected after 6 h of fasting. Data were generated using 10 mice
per group (5 males and 5 females).

2.3.  Measurement of plasma biomarkers of liver injury and non-
esterified fatty acid (NEFA)

Plasma liver injury biomarkers, including alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), and NEFA, were
measured using the Randox Imola clinical chemistry analyzer
(Randox, UK), following the manufacturer’s instructions.

2.4.  Quantification of hepatic triglyceride concentrations

Hepatic triglyceride concentrations were measured as previously
described®. Briefly, the liver tissue was weighed and homogenized
in a polystyrene tube containing 1 mL of 5% Nonidet-P40 (United
States Biological Corporation, 9036-19-5). The tissue homogenate
was heated to 95 °C for 5 min and cooled for 2 cycles. Then
homogenate was centrifuged for 5 min at 13,000 rpm (Sorvall
Legend Micro 17R Centrifuge, Thermofisher, MA, USA). The
supernatant was collected, and the concentration of triglycerides
was measured using the Stanbio triglyceride assay kit (Stanbio
Laboratory, 2100-225). Hepatic triglyceride concentrations are
represented as mg/dL normalized to sample tissue weight.

2.5.  Real-time quantitative PCR and Western blot analysis

Total RNA from tissues and/or cells was extracted with TRIzol
reagent (Invitrogen, 16096040). Complementary DNA was syn-
thesized, and SYBR Green-based real-time PCR was performed
with Applied Biosystems QuantStudio 7 Pro Dx Real-Time PCR
System. Raw data were normalized to the control $-actin (Actb)
by the AACt method. PCR primer sequences are listed in
Supporting Information Table S1. For Western blot protein anal-
ysis, 20 pg of protein extracts were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis gels and transferred
onto a polyvinylidene difluoride membrane. Primary antibodies
are listed in Supporting Information Table S2. Quantification of
protein bands was performed using Imagel software.

2.6.  Immunostaining and TUNEL analysis

Paraffin sections were deparaffinized, rehydrated, and stained
using an anti-4-hydroxynonenal antibody (4-HNE, Thermofisher
Scientific, BS-6313R) overnight at 4 °C. The VECTASTAIN ABC
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Kit and DAB Peroxidase Substrate Kit (Vector Laboratories, PK-
4010 and SK-4105, respectively) were used to visualize the
staining. Hematoxylin was used as a nuclear counterstain. The
positive area percentage in each tissue section was assessed
through the quantification of positive areas using ImageJ Soft-
ware. For the TUNEL analysis, the sections were stained using a
TUNEL Kit (Sigma—Aldrich, S7100) following the manufac-
turer’s instructions.

2.7.  Histological analysis

Murine liver tissues were fixed for 24 h in 10% formalin. After
paraffin embedding, 4 pm tissue sections were sectioned using a
microtome. The sections were deparaffinized and rehydrated for
histological analysis using Hematoxylin and Eosin (H&E). To
visualize lipid droplets, livers were embedded in an optimum
cutting temperature compound right after sacrifice. 8 um tissue
sections were cut in a freezing microtome and were subjected to
Oil red O (ORO) staining.

2.8.  Primary murine hepatocyte isolation

Primary murine hepatocytes were isolated as previously
described®. Briefly, 5 mice (with at least 2 males and 2 females)
were anesthetized, and the inferior vena cava was cannulated with
a 22G catheter and fixed with silk thread. Perfusion was per-
formed using Solution A (Hank’s Balanced Salt Solution (HBSS)
without Ca>*/Mg>", 0.2 mol/L EGTA, 1 mol/L HEPES buffer) at
a flow rate of 5 mL/min for 10 min, followed by Solution B
(Leibovitz’s L-15 Medium, 0.5 mol/L CaCl,, 1 mol/L HEPES
buffer, 2.5 mg/mouse Liberase™ (Sigma, 5401127001) at a
flow rate of 4 mL/min for 10 min. After perfusion, the liver was
transferred to 10 mL ice-cold William E media and minced with
forceps. The digested liver was filtered through a 100 pm cell
strainer. Cells were centrifuged and seeded on collagenase-coated
wells overnight before treatments. Media were changed to
HepatoZYME-SFM media the following day.

For studies assessing whether PEG-ASNase sensitizes hepa-
tocytes to FFA-induced toxicity, hepatocytes were treated with
PEG-ASNase (1 IU/mL), palmitic acid (0.5 mmol/L), or both for
48 h. We further verified PEG-ASNase-induced sensitization to
lipotoxicity by concomitant treatment with PEG-ASNase and
4-HNE (Cayman Chemical, 32100, 25 pmol/L'%). To investigate if
pharmacological inhibition of Cyp2el attenuates PEG-ASNase-
induced lipotoxicity sensitization, a subset of hepatocytes was
treated with PEG-ASNase and palmitic acid along with diallyl
sulfide (Cayman Chemical, 20894, 400—500 pmol/L), similar to
previous studies''"'?. All data generated using primary murine
hepatocytes are based on biological replicates and are represented
as means =+ standard deviation.

2.9.  Cell culture and 3T3-L1 adipocyte differentiation

HepG2, a human hepatocellular carcinoma cell line, was grown
in Eagle’s minimum essential medium supplemented with 10%
fetal bovine serum, penicillin (100 U/mL), and streptomycin
(100 pg/mL) at 37 °C in humidified air with 5% CO,. Cells were
treated with PEG-ASNase (1 IU/mL) and/or palmitic acid
(0.5 mmol/L) for 48 h before subsequent analyses. To induce
differentiation of 3T3-L1 mouse embryonic fibroblast cells into
adipocytes, cells were plated in a 6-well plate and treated with a
combination of 0.5 mmol/L isobutyl methylxanthine, 1 pmol/L

dexamethasone, and 10 pg/mL insulin at 70% confluency. After
three days, the induction media was changed to 1% insulin
DMEM with 10% fetal bovine serum’. Differentiated adipocytes
were treated with 1 IU/mL PEG-ASNase. After 72 h of treatment,
conditioned media and cellular protein were harvested. HepG2
cells were treated with the conditioned media of 3T3-L1 cells
and PEG-ASNase (1 IU/mL) for 48 h before subsequent analyses.

2.10.  siRNA-mediated knockdown of Cyp2el in primary murine
hepatocytes and HepG?2 cells

Primary murine hepatocytes were seeded at densities of
1.0 x 10* cells/mL in 96-well plates and 3.0 x 10° cells/mL in
6-well plates (n = 3) and incubated overnight before transfection.
Knockdown of Cyp2el expression was performed using siRNA
sequences targeting the mouse Cyp2el gene (siRNA ID: 161877,
Ambion, Austin, TX, USA). The following pairs of 21-bp oligo-
nucleotide sequences were annealed and reconstituted in RNase-
free water: Forward: 5'-GGUUUUCCCUAAGUAUCCU-3' and
Reverse: 5-AGGAUACUUAGGGAAAACC-3'. A pre-designed
negative control siRNA (Invitrogen™, AM4611) was also used
to account for off-target effects. Cells were transfected with
10 nmol/L of siRNA-Cyp2el using the TransIT-TKO Transfection
Reagent (Mirus Bio, MIR 2154) for 48 h before subsequent ana-
lyses. A similar method was performed with HepG2 cells seeded at
1.0 x 10* cells/mL in 96-well plates and 1.0 x 10° cells/mL in
6-well plates (n = 3). HepG2 cells were transfected with specific
human siRNA for CYP2EI1 (Santa Cruz Biotechnology, sc-105257)
and control siRNA (Santa Cruz Biotechnology, sc-37007) using
Lipofectamine RNAiMax (Invitrogen™, 13-778-030).

2.11.  Human adipose tissue explant study

Human adipose tissue was obtained from non-diabetic, non-
smoker patients undergoing elective plastic surgery procedures at
the University of Pittsburgh Medical Center (UPMC) Adipose
Stem Cell Center, following similar methods described previ-
ously'®. Detailed patient demographics are listed in Supporting
Information Table S3. Informed written consent was obtained,
and the experimental procedures were conducted in full compli-
ance with the relevant Code of Ethics. Institutional Review Board
approval was granted on November 1st, 2023. Approximately
0.5 mL samples were distributed into 1.9 cm? wells incubated with
DMEMY/F12 supplemented with 5% fetal bovine serum, penicillin
(100 U/mL), and streptomycin (100 pg/mL) at 37 °C in humidified
air with 5% CO,. Human adipose tissue samples were treated with
either 1 IU/mL PEG-ASNase or vehicle media. Conditioned
media and fat particles were collected at 24, 48, and 72 h and
subjected to assays for NEFA concentration, protein analysis, and
RNA expression, respectively.

2.12.  Intracellular reactive oxidative stress (ROS) detection

Intracellular ROS levels were detected using a DCFDA Cell-based
Assay Kit (Cayman, 601520). Briefly, treated primary hepatocytes
were stained with ROS staining buffer, with negative and positive
controls assigned to N-acetyl cysteine assay reagent and pyocya-
nin, respectively. Following the staining process, cells were
incubated at 37 °C for 1.5 h under light protection. Fluorescence
intensity was measured using an excitation wavelength of 485 nm
and an emission wavelength of 528 nm.
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2.13.  MTT cell viability assay

A total of 1.0 x 10*=2.0 x 10* cells per well were seeded in
96-well culture plates in triplicate (n = 3) for a 48 h exposure to
chemical treatments with 100 pL culture medium. Following this
incubation period, 10 pL of a 12 mmol/L solution of Thiazolyl
Blue Tetrazolium Bromide (Biosynth, T-3450) was added to each
well. The plates were then incubated at 37 °C for 2—4 h. Once
purple precipitation was clearly visible, 100 pL of isopropanol
with 0.3% HCI was added to dissolve the formazan. The absor-
bance was measured at 570 nm.

2.14.  RNA-sequencing data analysis

Treated primary murine hepatocytes were washed with cold-PBS
twice before total RNA isolation using TRIzol reagent (Invitrogen,
16096040) and subsequently purified with the RNA Clean &
Concentrator Kit (Zymo Research, R1017), resulting in a yield of
up to 100 pg of total RNA. RNA-sequencing and data analysis
were performed by Novogene Corporation Inc. Briefly, the
sequence libraries were generated using the NEBNext® Ultra™
RNA Library Prep kit (Illumina®, NEB, USA), and cDNA puri-
fication was carried out using the AMPure Xp system (Beckman
Coulter, Brea, CA, USA). The quality of the cDNA library was
assessed with an Agilent Bioanalyzer 2100 system. Clean paired-
end reads were aligned to the mouse (Mus musculus) reference
genome (GRCm38/mm10) using HISAT2 software'®. Gene
expression levels were estimated based on transcript abundance
mapped to the genome or exon. Log, fold changes of differentially
expressed genes were determined using DESeq2 package'®, with
genes exhibiting P < 0.05 considered significantly expressed.
Gene ontology enrichment analysis, including the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway, was conducted
using the ClusterProfiler R package.

2.15.  Statistical analysis

The results are presented as mean =+ standard deviation (SD).
Statistical significance was assessed through Student’s z-tests,
estimated using GraphPad Prism 10.1 (GraphPad Software, CA,
USA). *P < 0.05; **P < 0.01; ***P < 0.001; 4P < | x 10 .
A significance level of P < 0.05 was considered indicative of
statistical significance.

3. Results

3.1.  Mice receiving PEG-ASNase develop lipotoxicity

Our previous study investigating the mechanism of PEG-
asparaginase-induced liver injury demonstrated that the antileu-
kemic agent leads to the development of fatty liver. The liver
injury observed was associated with the mobilization of FFAs
from adipose tissue and the upregulation of ATGL, which
is involved in triglyceride hydrolysis’. Based on our previous
observations, we hypothesized that the liver injury in mice
resulted from increased sensitivity to lipid-mediated toxicity, or
lipotoxicity. To assess our hypothesis, C57BL/6] mice were
administered a single IP dose of 1500 IU/kg PEG-ASNase. Mice
exhibited a loss in body and liver weight, elevated ALT and AST
levels, and developed hepatic steatosis, along with a loss of WAT
mass and increased NEFA plasma levels, similar to findings from

our previous study (Supporting Information Fig. S1A—S1H,
P < 0.01)’. Given the potential toxicity of FFA to hepatocytes, we
next investigated whether PEG-ASNase treatment induced hepatic
lipid peroxidation in our mouse model. Lipid peroxidation, or
oxidative degradation of lipids, can lead to cell membrane disrup-
tion and lipid-mediated hepatocyte apoptosis'®. To assess whether
the mobilization of FFAs associated with PEG-ASNase treatment
leads to hepatic lipid peroxidation in mice, we measured the hepatic
levels of 4-HNE and determined hepatocyte apoptosis using the
TUNEL assay. Our results show that PEG-ASNase increased
4-HNE and TUNEL staining relative to the vehicle control mice
(Fig. 1A, P < 0.05), indicating that PEG-ASNase may lead to
hepatic lipotoxicity and suggesting that the antileukemic agent may
sensitize hepatocytes to lipid-mediated apoptosis.

3.2.  PEG-ASNase increases p-ATGL in WAT and induces FFA
mobilization in both mouse and human samples

Our previous studies have shown that PEG-ASNase induces
ATGL’, which is consistent with our current observations showing
that PEG-ASNase leads to a loss of WAT mass and an increase in
plasma FFA levels. Based on our results, we posited that PEG-
ASNase activates lipolytic lipases, including ATGL and hor-
mone sensitive lipase (HSL) via a mechanism that has yet to be
determined. Given that both ATGL and HSL are activated through
phosphorylation!”!'®, we evaluated their activation following
PEG-ASNase treatment by Western blot. Consistent with our
current and previous studies, our results show increased levels of
p-ATGL, ATGL, p-HSL, and HSL in PEG-ASNase-treated
mice, compared to mice treated with PBS (Fig. 1B, P < 0.05),
supporting the activation and induction of ATGL by PEG-ASNase
(p-ATGL/ATGL ratio = 1.15; P = 0.07). A similar induction and
phosphorylation of ATGL was demonstrated in differentiated 3T3-
L1 adipocytes treated with PEG-ASNase (Fig. 1C, p-ATGL/ATGL
ratio = 1.37; P < 0.05). Supporting that the activation of ATGL
induces adipocyte FFA mobilization or lipolysis, we show that
PEG-ASNase treatment leads to elevated FFA levels in the
conditioned media from both differentiated 3T3-L1 adipocytes
and ex vivo WAT explants from mice (Fig. 1D and E, P < 0.05).
To investigate whether PEG-ASNase treatment can induce ATGL
and HSL and promote adipocyte lipolysis in humans, we treated
adipose tissue fat pads from non-diabetic human donors with
clinically relevant concentrations of PEG-ASNase (1 IU/mL) or
vehicle'” ', We show that PEG-ASNase increases FFAs in the
conditioned media of human adipose tissue samples (Fig. 1F
P < 0.01) and upregulates the expression of protein kinase A
(PKA), ATGL, and HSL (Fig. 1G, P < 0.05). These findings
support that PEG-ASNase activates lipolytic lipases through a
similar mechanism in both mice and humans.

3.3.  PEG-ASNase sensitizes hepatocytes to fatty acid-induced
toxicity

Based on our in vivo and in vitro studies suggesting that PEG-
ASNase activates ATGL in WAT, induces adipocyte lipolysis,
and leads to hepatic steatosis and hepatocyte apoptosis,
we hypothesized that PEG-ASNase sensitizes hepatocytes to FFA-
induced toxicity. To test this hypothesis, we treated primary
hepatocytes and HepG2 cells with PEG-ASNase (1 IU/mL) and/or
palmitic acid (PA, 0.5 mmol/L), which served as a physiologically
relevant source of FFA to stimulate lipotoxicity®?, for 48 h and
assessed cell viability. We showed that PEG-ASNase or PA has
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Figure 1

PEG-ASNase treatment led to hepatic lipotoxicity, increased phosphorylated ATGL in white adipose tissue (WAT), and induced FFA

mobilization in both murine and human samples. (A) PEG-ASNase treatment led to a significant increase in hepatic TUNEL and 4-HNE staining
relative to PBS controls. (B) The protein levels of phosphorylated-ATGL (p-ATGL), ATGL, phosphorylated-HSL (p-HSL), and HSL in WAT were
elevated in mice treated with PEG-ASNase compared to PBS. (C) Similar results were shown in differentiated 3T3-L1 adipocytes treated for 72 h
with 1 IU/mL of PEG-ASNase. (D) Conditioned media (Con. M) from differentiated 3T3-L1 adipocytes treated with PEG-ASNase showed higher
FFA concentrations relative to controls. (E) PEG-ASNase treatment of ex vivo mouse WAT explants increased the FFA concentration in the
conditioned media compared to control media at 24 h. (F) Human WAT explants treated with 1 ITU/mL PEG-ASNase demonstrated a similar
release of FFA compared to vehicle control. (G) In human WAT, the protein levels of PKA, ATGL, and HSL were elevated after PEG-ASNase
treatment compared to the vehicle. *, **, *** indicate P < 0.05, 0.01, and 0.001, respectively.

little to no effect on cell viability, whereas the combination
treatment of PEG-ASNase and PA leads to a decrease in cell
viability relative to single-agent treatment (Fig. 2A and B,
P < 1 x 107%. To investigate whether FFA released from adi-
pocytes following PEG-ASNase-induced lipolysis can sensitize
hepatocytes to lipotoxicity, we induced lipolysis in 3T3-L1 adi-
pocytes using isoproterenol. Subsequently, we collected condi-
tioned media containing mobilized FFAs and treated HepG2 cells
with this media, both with and without PEG-ASNase. Similar to
our studies using PA, PEG-ASNase had no effect on HepG2 cell
viability (P = 0.9839). In contrast, treating HepG2 cells with
PEG-ASNase in combination with the conditioned media of
lipolysis-stimulated adipocytes led to a sharp drop in cell viability
relative to controls (Fig. 2C, P < 1 X 10~%). Given that the
mechanism of lipotoxicity involves ROS-mediated cell damage®,
we next assessed whether PEG-ASNase exacerbates toxicity
directly mediated by 4-HNE, a highly reactive aldehyde generated
as a byproduct of lipid peroxidation. Similar to the effects of PA or
conditioned media from stimulated 3T3-L1 adipocytes, PEG-
ASNase significantly sensitized primary hepatocytes to 4-HNE-
mediated toxicity compared to the single-agent treatment controls
(Fig. 2D, P < 1 x 107*. Altogether, our findings support that

PEG-ASNase sensitizes hepatocytes to lipotoxicity by potenti-
ating the effects of lipid peroxidation byproducts on hepatocytes.

3.4.  Upregulation of Cyp2el is associated with PEG-ASNase-
induced lipotoxicity sensitization

To elucidate the mechanisms underlying the PEG-ASNase-
induced sensitization to lipotoxicity, we performed RNA-seq
analysis on primary mouse hepatocytes treated with PA alone and
in combination with PEG-ASNase. In our analysis, we identified
1183 dysregulated genes (P values < 0.05, 707 upregulated and
476 downregulated, Fig. 3A, Supporting Information Table S4).
These genes were significantly enriched in key biological path-
ways including glutathione metabolism, drug metabolism medi-
ated by cytochrome P450 (CYP), and the metabolism of
xenobiotics by CYP (Fig. 3B, P < 0.05). Based on these results,
we focused more closely on analyzing the differential expression
of CYP enzymes between the treatment groups. We found that in
hepatocytes treated with both PEG-ASNase and PA, 10 CYP
enzymes were significantly dysregulated compared to those
treated with PA alone (Fig. 3C,Table S4). Among these, Cyp2el
expression was induced by PEG-ASNase treatment alone and
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Figure 2 PEG-ASNase sensitizes hepatocytes to fatty acid-induced toxicity. (A) PEG-ASNase (1 IU/mL) sensitized HepG2 cells to palmitic acid
(0.5 mmol/L)-induced lipotoxicity. (B) Primary murine hepatocytes treated with PEG-ASNase and palmitic acid (0.5 mmol/L) were also sensitized to
lipotoxicity. (C) PEG-ASNase sensitized HepG2 cells to FFAs from the cultured conditioned media of isoproterenol-stimulated 3T3-L1
adipocytes (ISO Con. M). (D) Primary murine hepatocytes treated with PEG-ASNase are sensitized to 4-HNE-mediated toxicity (25 pmol/L) relative
to single-agent treatments. ***, **%* jpdicate P < 0.001 and 1 x 1074,

Figure 3  Upregulation of Cyp2el is associated with PEG-ASNase-induced lipotoxicity sensitization. (A) The volcano plot shows differential
gene expression induced by the combination treatment of PEG-ASNase and palmitic acid compared to the palmitic acid alone group, with P
values < 0.05. (B) Pathway analysis of differentially expressed genes showed that the top four significantly enriched KEGG pathways involve
drug metabolism pathway. (C) The heatmap shows the expression changes in CYP enzyme genes following treatment with palmitic acid, PEG-
ASNase, or the combination relative to vehicle control.

further elevated in combination with PA, with only modest
effects observed from PA treatment alone (Fig. 3C). Cyp2el is
expressed mainly in the hepatocytes of the liver?*, where it plays
a crucial role in ethanol-induced oxidative stress™. It uses mo-
lecular oxygen to metabolize its substrates, leading to the pro-
duction of ROS and lipid peroxidation®®. Cyp2el metabolizes a
variety of substrates, such as ethanol, acetaminophen, and satu-
rated and polyunsaturated fatty acids?’. The RNA-seq results
suggest that the dysregulation of CYP enzymes by PEG-ASNase
is associated with hepatocyte sensitization to FFA-induced

toxicity and indicates the possible involvement of Cyp2el in
the sensitization.

3.5.  The induction of Cyp2el is associated with elevated ROS
levels, while pharmacological and genetic inhibition of Cyp2el
attenuates PEG-ASNase-induced lipotoxicity sensitization

To validate our RNA-seq findings, we assessed the gene and protein
expression of Cyp2el in primary mouse hepatocytes treated with
PA alone and in combination with PEG-ASNase. We found that
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Cyp2el mRNA and protein levels are upregulated by PEG-ASNase
treatment, irrespective of PA treatment (Fig. 4A and B, P < 0.05).
Consistent with the results of our in vitro experiments, we observed
a similar increase in Cyp2el mRNA and protein expressions in the
liver of mice treated with PEG-ASNase compared to PBS control
(Fig. 4C and D, P < 0.05). Given the induction of Cyp2el by PEG-
ASNase and its involvement in ROS generation, we hypothesized
that PEG-ASNase treatment would exacerbate PA-induced ROS
production in hepatocytes. Consistent with our hypothesis, our
results indicated that PEG-ASNase potentiates the generation of
ROS by PA (Fig. 4E, P < 1 x 107%). To further substantiate the
role of PEG-ASNase-induced Cyp2el in sensitizing hepatocytes to
PA-induced lipotoxicity, we used a Cyp2el inhibitor, diallyl sulfide
(DAS)?®, to determine whether inhibiting the enzyme activity of
Cyp2el protected against PEG-ASNase-induced lipotoxicity
sensitization. Our results show that DAS (400 and 500 pmol/L)
treatment attenuates hepatocyte sensitization to lipotoxicity in a
concentration-dependent manner (Fig. 4F, P < 0.01). To show that
the effect of DAS was due to Cyp2el inhibition, we silenced

Figure 4

Cyp2el expression in primary mouse hepatocytes and HepG2 cells
using siRNA (Fig. 4G and H). Our results demonstrated that the
siRNA effectively moderated the induction of Cyp2el by PEG-
ASNase treatment in both primary mouse hepatocytes (~ 3-fold,
Fig. 4G) and HepG2 cells (~50%, Fig. 4H). Corresponding to the
attenuated induction of Cyp2el, we also demonstrated that the
genetic inhibition of Cyp2el using siRNA significantly protected
primary hepatocytes and HepG2 cells from PEG-ASNase-induced
sensitization to lipotoxicity (Fig. 41 and J, P < 0.01), consistent
with our data using DAS. Taken together, our data suggest the
hypothesis that PEG-ASNase may sensitize hepatocytes to
lipotoxicity by upregulating Cyp2el, increasing ROS levels, and
leading to cell death.

4. Discussion
PEG-ASNase is a critical antileukemic agent in the treatment of

pediatric ALL. Despite evidence supporting its efficacy for adult
ALL, the chemotherapeutic agent is not widely used in adult ALL

Pharmacological and genetic inhibition of Cyp2el mitigates hepatocyte sensitization to lipotoxicity by PEG-ASNase. (A, B) PEG-

ASNase induces Cyp2el mRNA and protein expression levels in primary murine hepatocytes. (C, D) Hepatic Cyp2e/ mRNA and protein
expression were upregulated in mice receiving PEG-ASNase. (E) Palmitic acid treatment increases ROS levels in primary murine hepatocytes, and
this effect was further exacerbated by concurrent PEG-ASNase treatment. (F) The Cyp2el inhibitor, diallyl sulfide (DAS, 400—500 pmol/L)
protects against PEG-ASNase-mediated lipotoxicity sensitization in a concentration-dependent manner. (G) Primary murine hepatocytes and (H)
HepG?2 cells treated with siRNA targeting Cyp2el exhibited decreased Cyp2el protein and mRNA levels, respectively, and (I, J) were protected
against PEG-ASNase-induced lipotoxicity sensitization compared to siRNA control (siCtrl) groups. *, *¥, #¥#¥* indicate P < 0.05, 0.01, and

1 x 107*, respectively.
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clinical practice due to dose-limiting liver injury. The current study
builds upon our prior research suggesting an association between
adipocyte lipolysis induced by PEG-ASNase and its risk of liver
injury’. Specifically, our study not only shows that PEG-ASNase-
induced liver injury is reproducible in C57BL/6 mice (Supporting
Information Fig. SIA—S1I), but more importantly, demonstrates
that PEG-ASNase increases p-ATGL levels (Fig. 1B and C). We
further demonstrated that PEG-ASNase leads to lipotoxicity in mice
(Fig. 1A) and sensitizes hepatocytes to lipid-mediated toxicity
(Fig. 2A—C), representing a significant novel discovery. Our RNA-
seq analysis identified the upregulation of Cyp2el by PEG-ASNase
as a potential mediator in the mechanism of sensitization to lip-
otoxicity (Fig. 3A—C), a novel finding further supported by our
pharmacological and genetic Cyp2el inhibition studies (Fig. 4F—J),
making this the first study to establish a connection between Cyp2el
and PEG-ASNase-induced toxicities. Additionally, we performed
translational studies using human samples to corroborate the effect
of PEG-ASNase on adipocyte lipolysis and the corresponding
signaling cascade in both mice and humans. While several previous
clinical studies have identified an association between ASNase and
the development of hypertriglyceridemia®® !, no association has
been found between ASNase-induced hypertriglyceridemia and
liver injury®'. This indicates that ASNase can affect triglyceride
disposition through different mechanisms and emphasizes the sig-
nificance of our research in elucidating the mechanisms of ASNase-
induced liver injury. Taken together, our comprehensive study,
including in vitro, ex vivo, and translational mouse and human
models, supports our hypothesis that PEG-ASNase-induced FFA
mobilization from adipose tissue increases hepatic FFA accumula-
tion and sensitizes hepatocytes to lipotoxicity.

Our RNA-seq analysis identified drug metabolism mediated by
CYP450 enzymes as a dysregulated pathway involved in the
mechanism of PEG-ASNase-induced sensitization to hepatocyte
lipotoxicity (Fig. 3B). While Cyp2a5 showed the most significant
upregulation (Fig. 3A and C), Cyp2el was unique in being
induced by PEG-ASNase, and further exacerbated when combined
with palmitic acid, as opposed to being strongly induced by pal-
mitic acid treatment (Fig. 3C). Cyp2el is mainly expressed in
hepatocytes>*, and it metabolizes a variety of substrates including
saturated and polyunsaturated fatty acids®’. The enzyme uses
molecular oxygen to metabolize fatty acids, leading to the pro-
duction of ROS and lipid peroxidation®®. After validating that
PEG-ASNase upregulates Cyp2el expression in both mice and
primary hepatocytes (Fig. 4A—D), subsequent experiments with
primary hepatocytes showed that the Cyp2el upregulation is
associated with increased ROS levels (Fig. 4E). Furthermore, we
demonstrated that pharmacological and genetic inhibition of
Cyp2el mitigated the sensitization to lipotoxicity induced by
PEG-ASNase. The experimental design used to reach these con-
clusions was based on clinically relevant and feasible conditions.
We assessed differential gene expression between PA treatment
alone and in combination with PEG-ASNase to identify genes
involved in PEG-ASNase-induced sensitization to lipotoxicity.
Nevertheless, there was an approximate 50% loss in cell viability,
indicating potential survivor bias despite our careful experimental
design, validation experiments, and complementary measure-
ments. Therefore, we cannot exclude the possibility that other
mechanisms may sensitize hepatocytes to lipotoxicity following
PEG-ASNase treatment. Considering all factors, our results sup-
port the hypothesis that PEG-ASNase mobilizes FFAs from adi-
pocytes and sensitizes hepatocytes to their toxicity by inducing
Cyp2el and increasing ROS levels.

Multiple clinical studies have indicated that ASNase is asso-
ciated with alterations in lipid metabolism*** and the develop-
ment of hepatic steatosis®>. Both our prior preclinical research’
and this study demonstrate that PEG-ASNase treatment results
in increased plasma FFA levels and the development of fatty liver
(Fig. SIF—S1I), consistent with clinical observations. Based on
our previous studies with HepG2 cells and primary hepatocytes’,
and corroborated by the results presented here (Fig. 2A—D), we
have consistently found that PEG-ASNase is non-toxic to hepa-
tocytes at therapeutic drug levels (1 IU/mL)'®. Therefore, we
propose that the hepatotoxic effects associated with PEG-ASNase
are indirectly due to the mobilization of FFA from adipose tissue.
Our hypothesis that PEG-ASNase aggravates ROS-mediated
hepatotoxicity is supported by our in vitro studies demonstrating
that PEG-ASNase exacerbates PA-induced ROS levels (Fig. 4E)
and sensitizes primary hepatocytes to 4-HNE-induced cytotoxicity
(Fig. 2D). Nevertheless, additional research is needed to demon-
strate the effect of ASNase on human hepatocytes and to deter-
mine the effect of concomitant antileukemic agents on the risk of
clinical liver injury in patients receiving asparaginase.

Altogether, we hypothesize that the mechanism of PEG-
ASNase-induced liver injury involves multi-organ crosstalk
between the adipose tissue and the liver. In the adipose
tissue, PEG-ASNase activates ATGL, resulting in FFA mobiliza-
tion and leading to hepatic steatosis. In the liver, PEG-ASNase
induces the expression of Cyp2el and sensitizes hepatocytes to
lipotoxicity, though the underlying mechanisms remain to be
elucidated. However, our study has several limitations. While our
experiments using DAS and Cyp2el siRNA in primary mouse
hepatocytes and HepG2 cells indicate that inhibiting Cyp2el at-
tenuates PEG-ASNase sensitization to lipotoxicity, in vivo genetic
and pharmacological Cyp2el inhibition studies are needed to
conclusively demonstrate the role of Cyp2el in hepatic ROS
levels and cell death induced by PEG-ASNase. Additionally,
although we observed significant protection against PEG-ASNase-
induced lipotoxicity corresponding to the degree of Cyp2el
inhibition by siRNA, our results did not show complete protection.
Thus, we cannot exclude the involvement of other factors in PEG-
ASNase sensitization to lipotoxicity. Studies using hepatocyte-
specific Cyp2el-deficient mice would provide clearer insights
into the role of Cyp2el in PEG-ASNase-induced lipotoxicity
sensitization and identify other genes involved in this process.
Furthermore, while we demonstrate that PEG-ASNase induces
lipolysis and increases phosphorylated ATGL, additional studies are
needed to thoroughly investigate the role of adipocyte ATGL in
PEG-ASNase-induced liver injury and to elucidate the mechanism
by which PEG-ASNase leads to increased phosphorylation of
ATGL. While our murine model of ASNase-induced liver injury
recapitulates many elements of clinical toxicity, it demonstrates a
modest degree of liver injury, characterized by a ~2-fold increase
in various plasma biomarkers of liver injury, hepatic steatosis, and
hepatocyte apoptosis. We anticipate that elucidating the mechanism
of PEG-ASNase-induced liver injury will provide a basis for
understanding how leukemia and concomitant medications used
during therapy interact to lead to severe hepatotoxicity.

5. Conclusions
In summary, our findings support that PEG-ASNase activates

adipocyte ATGL, induces adipose tissue lipolysis, and leads to
hepatic lipotoxicity. We demonstrate that in the liver, PEG-
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ASNase induces the expression of Cyp2el and sensitizes hepa-
tocytes to lipotoxicity. While further mechanistic experiments are
necessary to fully establish the roles of ATGL and Cyp2el on
PEG-ASNase-induced liver injury, our results support that inhib-
iting either enzyme may protect against drug-induced liver injury.
Future investigations will mechanistically explore the roles of
ATGL and Cyp2el in PEG-ASNase-induced liver injury,
including how the antileukemic agent induces their expression.
Additionally, subsequent research will evaluate the effects of
PEG-ASNase, along with other concurrent antileukemic agents or
leukemia. These future studies aim to identify pharmacological
targets that can ensure the safe use of this agent in patients without
compromising its antileukemic effectiveness.
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