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KEY WORDS Abstract PEGylated-L-asparaginase (PEG-ASNase) is a chemotherapeutic agent used to treat pediatric
acute lymphoblastic leukemia (ALL). Its use is avoided in adults due to its high risk of liver injury

Liver injury; including hepatic steatosis, with obesity and older age considered risk factors of the injury. Our study

Leukemia; . . . . S . .
AZ;a:arrglli?lase- aims to elucidate the mechanism of PEG-ASNase-induced liver injury. Mice received 1500 U/kg of
Lipolysis; ’ PEG-ASNase and were sacrificed 1, 3, 5, and 7 days after drug administration. Liver triglycerides were

Adverse drug reaction;

Adipose tissue;
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Amino acid response

quantified, and plasma bilirubin, ALT, AST, and non-esterified fatty acids (NEFA) were measured. The
mRNA and protein levels of genes involved in hepatic fatty acid synthesis, §-oxidation, very low-density
lipoprotein (VLDL) secretion, and white adipose tissue (WAT) lipolysis were determined. Mice devel-
oped hepatic steatosis after PEG-ASNase, which associated with increases in bilirubin, ALT, and AST.

The hepatic genes Ppara, Lcad/Mcad, Hadhb, Apob100, and Mttp were upregulated, and Srebp-1c and
Fas were downregulated after PEG-ASNase. Increased plasma NEFA, WAT loss, and adipose tissue lipol-
ysis were also observed after PEG-ASNase. Furthermore, we found that PEG-ASNase-induced liver
injury was exacerbated in obese and aged mice, consistent with clinical studies of ASNase-induced liver
injury. Our data suggest that PEG-ASNase-induced liver injury is due to drug-induced lipolysis and lipid
redistribution to the liver.
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1. Introduction

L-Asparaginase (ASNase) is one of the main antineoplastic agents
used for the treatment of pediatric acute lymphoblastic leukemia
(ALL). It is a non-human enzyme derived from bacterial
(Escherichia coli or Erwinia chrysanthemi) sources that systemi-
cally depletes plasma and cerebral spinal fluid L-asparagine and
leads to a decrease in protein synthesis and apoptosis among
leukemia cells that have low asparagine synthetase (ASNS)
expression'. ASNase derived from E. coli was approved by the
U.S. Food and Drug Administration in 1978%; however, ASNase
has been avoided in adult leukemia treatment regimens due to
observations of acute liver injury in early adult trials during the
late 1960s”. Adult ALL has relatively low survival rates compared
to childhood ALL (i.e., 40% versus over 90% survival, respec-
tively4), and while adult and childhood ALL differ in the fre-
quency of leukemias with poor genetic prognostic features, it is
likely that the safe use of ASNase in adults would improve sur-
vival. Consistent with this hypothesis, among young adults and
adolescent leukemia patients, several trials have been performed
using pediatric or adult treatment regimens, including in the US,
France, Holland, UK, and Italy’ °, and all have demonstrated that
protocols that include ASNase therapy yield superior 5-year
survival.

ASNase-induced liver injury presents as abnormalities in
plasma hepatic transaminases, such as aspartate aminotransferase
(ALT), alanine aminotransferase (AST), alkaline phosphatase
(ALP), and bilirubin®. The prevalence of transaminitis among
children or adults receiving ASNase ranges from 35% to 45% for
AST, 30%—35% for ALP, and 30%—60% for bilirubin'’~"".
Clinical studies have also indicated a higher incidence of ASNase-
induced liver injury among patients receiving PEGylated versus
non-PEGylated ASNase'’, suggesting that prolonged ASNase
drug exposure may contribute to the risk of developing liver injury
during therapy. Nevertheless, while drug exposure may play a
role, liver injury is most common after one or two doses of PEG-
ASNase'”, and similar associations were recently reported by the
CALGB 9511 clinical study, which found that grade 4 hyper-
bilirubinemia occurred in 54% of patients who received 1—4 doses
of PEG-ASNase'®. The onset of liver injury correlates with the
development of hepatic steatosis, including in a study of 31 pe-
diatric patients which detected the presence of hepatic steatosis
among 87% of patients receiving ASNase, indicating that the
agent may induce fatty liver rather than liver injury being a pre-
existing condition'’. Concordant with clinical studies demon-
strating that ASNase induces fatty liver, several preclinical in-
vestigations have also indicated that mice develop fatty liver after
ASNase'* %,

The mechanism by which asparagine depletion by ASNase
leads to hepatic steatosis and liver injury is unclear. It has
routinely been speculated to involve defects in liver mitochondrial
(-oxidation, which would lead to the development of hepatic
steatosis and consequently liver injury>*. Limited research has

investigated the mechanism of the toxicity, and no study has
investigated whether ASNase impairs §-oxidation. The current
study interrogates the mechanism of PEG-ASNase-induced liver
injury in mice and supports the hypothesis that fatty acids mobi-
lized from adipose tissue triglyceride stores lead to drug-induced
liver injury. In contrast to current prevailing beliefs, we demon-
strate that PEG-ASNase had no determinantal effect on the
expression of genes involved in hepatic (-oxidation, VLDL
secretion, and genes/proteins involved in lipid synthesis that
would suggest liver injury.

2. Material and methods

2.1. Mice

Eight-week-old-male and female BALB/c and 8- and 72-week-old
C57BL/6 male mice were purchased from Jackson Laboratories
for our studies. All mice were housed in a specific pathogen-free
animal facility under the care of the Division of Laboratory An-
imal Resources at the University of Pittsburgh with 12 h light and
dark cycles. Upon arrival, mice were acclimated for a minimum of
3 days prior to all experiments. Mice were fed with ad libitum
standard mouse chow diet and water except as detailed for obesity
and pair-fed experiments. Pair-fed control mice received the same
amount of food as that consumed by mice treated with PEG-
ASNase. All animal 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 U/kg PEG-ASNase
(Oncaspar®) or PBS vehicle control intraperitoneally and were
euthanized at 1, 3, 5, or 7 days after administration. Blood, liver,
and white adipose tissue (WAT) were collected after 6 h of fasting.

2.3.  Induction of obesity

Obesity was induced by feeding 8-week-old C57BL/6 mice with a
high fat diet (Envigo TD06414) that contains 60% kcal/g from fat.
The mice were fed a high fat diet for 15 weeks, and obesity was
confirmed by a glucose tolerance test, as described previously”.
The mice were assigned into two treatment groups based on their
glucose tolerance test results.

2.4.  Measurement of hepatic biomarkers and non-esterified fatty
acid (NEFA) concentrations in plasma

The plasma hepatic biomarkers AST, ALT, total and direct bili-
rubin, and plasma NEFA concentrations were measured using the
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Randox Imola clinical chemistry analyzer (Randox, UK) as per
the manufacturer’s instructions.

2.5.  Quantification of tissue triglyceride concentrations

Hepatic and muscle triglyceride concentrations were measured as
described previously”. Briefly, the hepatic or muscle tissue was
weighed and homogenized in a polystyrene tube containing 1 mL
of 5% Nonidet-P40 (US Biological life sciences, N3500). The
tissue homogenate was heated to 95 °C for 5 min and cooled for
two cycles, and thereafter centrifuged for 5 min at 13,000 rpm.
The supernatant was collected, and the concentration of tri-
glycerides was measured using the Stanbio triglyceride assay kit
(Stanbio laboratory, 2100-225). Tissue triglyceride levels are
represented as mg/dL. normalized by sample tissue weight.

2.6.  Quantitative PCR analysis

Total RNA was extracted from frozen tissue using Trizol® reagent
according to the manufacturer’s protocol. The extracted RNA was
tested for quality by measuring A260/280 ratio, and 1 pg of RNA
was used to synthesize cDNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Gene expression
was quantified in the liver and WAT using SYBR® green on a
QuantStudio 6 Flex Real-Time PCR system. Primer sequences
used in this study are provided in Supporting Information Table
S1. Gene expression was normalized to that of the housekeeping
gene cyclophilin A. Relative gene expression is reported as fold-
change compared to control at the same timepoint.

2.7.  Western blot analysis

The immunoblot analysis of liver and WAT was performed as
previously described®’. Briefly, protein lysates from homogenized
tissues were prepared using RIPA buffer with protease and phos-
phatase inhibitor. Protein concentrations were measured by Pierce
BCA assay and normalized. Samples were loaded on Mini-Protean
TGX 4%—15% pre-cast gels (BIO-RAD). After electrophoresis,
wet transfer was performed onto 0.22 pm PVDF membranes and
blocked with 5% non-fat milk or 5% bovine serum albumin for
phosphorylated proteins. After blocking, the membrane was probed
with primary antibodies overnight followed by incubation for 1 h at
room temperature with anti-rabbit or anti-mouse horseradish
peroxidase conjugated secondary antibodies with intermittent
washing steps in between with tris-buffered saline containing
Tween 20. Protein bands were visualized with Super Signal West
Pico Plus chemiluminescent substrate (Thermo Fisher Scientific).

2.8.  Cell culture and 3T3-L1 adipocyte differentiation protocol

HepG2 human hepatocellular carcinoma cells and undifferentiated
3T3-L1 mouse embryonic fibroblast cells were grown in a DMEM
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,. To differentiate 3T3-L1 cells into adipocytes,
cells were harvested and plated in 6 well plates for differentiation.
Once cells reached 70% confluency, they were treated with
0.5 mmol/L isobutylmethylxanthine, 1 pmol/L. dexamethasone,
and 10 pg/mL insulin®®. After 3 days, the induction media was
replaced with an insulin medium containing 10 pg/mL of insulin
for 3 additional days. Cells were then maintained in maintenance
media, consisting of DMEM medium supplemented with 10% calf

bovine serum, penicillin (100 U/mL) and streptomycin
(100 pg/mL). Differentiated adipocytes were treated with 0.1 U/
mL of PEG-ASNase or 50 pg/mL cycloheximide for 24 h*°. After
24 h of treatment, the conditioned media and cellular protein were
harvested and assayed for NEFA concentration and protein
expression, respectively.

2.9.  Statistical analysis

All results are expressed as mean =+ standard deviation. Statistical
significance was determined using Student r-tests. GraphPad
Prism 8.4 (GraphPad Software, CA, USA) was used to perform
the analyses.

3. Results

3.1.  Mice developed hepatic steatosis, hyperbilirubinemia, and
elevated liver enzymes in plasma 3 days after receiving a single
dose of PEG-ASNase

Mice receiving PEG-ASNase developed pale-colored livers, and
consistent with their appearance, hepatic triglycerides were elevated
~5-, 4-, and 3-fold at 3, 5, and 7 days after PEG-ASNase
administration, respectively (Fig. 1A and B, P < 0.001). Howev-
er, there was no evidence of fatty liver at day 1 post-PEG-ASNase
administration. The extent and severity of fatty liver, as determined
by H&E and Oil Red O staining, were similar 3—7 days after PEG-
ASNase (Fig. 1A). Furthermore, mice experienced on average 10%
loss in body weight and >20% loss in liver weight 3—5 days after
receiving PEG-ASNase (Supporting Information Fig. STA and S1B,
P < 0.0001). Blood chemistry analysis of plasma samples indicated
that mice developed statistically elevated total bilirubin 1 day after
PEG-ASNase (Fig. 1C) and more severe hyperbilirubinemia (>10-
fold, P < 0.001) 3—7 days after the drug administration (Fig. 1C
and D). Interestingly, PEG-ASNase administration showed a
stronger effect on direct (conjugated) bilirubin levels rather than
indirect (unconjugated) bilirubin, suggesting that PEG-ASNase
may impair bilirubin transport rather than its conjugation. In
addition, we found a ~2-fold increase (P < 0.001, Fig. 1E and F)
in ALT and AST concentrations 3, 5, or 7 days after PEG-ASNase,
consistent with the onset of fatty liver. Furthermore, analyses of
plasma drug levels 1—7 days after PEG-ASNase administration
indicated that mice had drug exposures within clinical therapeutic
ranges (Fig. S1C)*°. Our results demonstrate that our murine model
of PEG-ASNase-induced liver injury is similar to the clinical
adverse drug reaction observed in adult leukemia patients receiving
this chemotherapeutic agent”'.

3.2.  PEG-ASNase treatment increased the expression of
markers of 3-oxidation and decreased the expression of markers of
fatty acid synthesis in the liver

Several case studies have suggested that ASNase-induced hep-
atotoxicity is due to a decrease in mitochondrial $-oxidation of
fatty acids®*. To thoroughly investigate the possible mechanisms
leading to the development of PEG-ASNase-induced liver injury
using our murine model, the expression of genes involved in
lipid synthesis, very-low-density lipoprotein (VLDL) secretion,
and (-oxidation was measured 1—7 days after PEG-ASNase
administration (Fig. 2A—C). Our data indicate that at all time
points, genes involved in lipid synthesis, including Srebp-Ic,
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Figure1 PEG-ASNase in mice leads to fatty liver and liver injury. (A) Oil red O (ORO) and H&E staining of liver samples collected from mice

receiving 1500 U/kg of PEG-ASNase (Days 1, 3, 5 and 7) indicate the development of hepatic steatosis relative to controls. (B) Mice receiving
PEG-ASNase had ~ 5-, 4-, and 3-fold higher triglyceride (TG) concentrations at 3, 5, and 7 days after treatment, respectively. (C—F) Plasma total/
direct bilirubin, alanine transaminase (ALT), and aspartate transaminase (AST) levels were higher in PEG-ASNase-treated mice compared to
controls. Data is the mean £+ SD with statistical significance indicated as **** for P < 0.0001, *** for P < 0.001, ** for P < 0.01, and * for

P < 0.05. Data from n > 30 mice. Scale bar in (A) indicates 50 um.

Fas, and Scd-1 were downregulated (P < 0.001, Fig. 2A), the
expression of genes involved in B-oxidation, including Ppara,
Lcad, and Mcad, were upregulated (P < 0.001, Fig. 2B), and
genes involved in hepatic VLDL secretion or lipid transport,
such as Apobl00 and Mttp, were upregulated (P < 0.001,
Fig. 2C) after PEG-ASNase treatment in mice. We confirmed
our gene expression results by measuring the protein levels of
SREBP-1c, FAS, PPARa, HADHB (a PPARa« target gene that
catalyzes the final step of G-oxidation’”), APOB100 and MTTP
(Fig. 2D). Consistent with the gene expression analysis, we
found that the levels of proteins involved in lipid synthesis were
downregulated, whereas the levels of proteins involved in (-
oxidation and VLDL secretion were upregulated after PEG-
ASNase (Fig. 2D). Furthermore, we found a similar effect of
PEG-ASNase on HepG2 cells and primary murine hepatocytes

treated with PEG-ASNase at clinically relevant concentrations
(Fig. 2E and F)**, except for PPAR«, which was downregulated
by PEG-ASNase in HepG2 cells and primary murine hepato-
cytes and contrary to our in vivo observations. Supporting our
hypothesis that the pharmacological action of PEG-ASNase on
the liver does not directly lead to hepatic steatosis, the triglyc-
eride levels in HepG2 cells and primary murine hepatocytes
were not affected after treatment with PEG-ASNase (Supporting
Information Fig. S2A and S2B), despite the decrease in proteins
involved in (-oxidation. Taken together, our data suggest that
the hepatic steatosis developed in mice receiving PEG-ASNase
is not due to altered hepatic lipid synthesis, (-oxidation,
VLDL secretion, or the direct effect of PEG-ASNase on hepa-
tocytes. Rather, we hypothesized that the hepatic steatosis and
increased expression of genes involved in -oxidation are likely
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Figure 2  The effect of PEG-ASNase on the liver of mice does not explain the drug-induced liver injury. Hepatic RNA from mice treated with

PEG-ASNase or PBS control was used to assess its effect on genes involved in lipid synthesis, $-oxidation, or very-low density lipoprotein
(VLDL) secretion. (A) PEG-ASNase led to a decrease in the expression of genes involved in lipid synthesis (Srebp-1c, Fas, and Scdl), (B) an
increase in the expression of genes involved §-oxidation (Ppara, Lcad, and Mcad ), and (C) a decrease in the expression of genes involved VLDL
secretion (Apobl100, and Mttp). (D) The hepatic protein levels of SREBP-1c and FAS proteins levels were downregulated, whereas PPAR«,
HADHB, APOB100, and MTTP were increased relative to controls. (E) In HepG2 cells and (F) murine primary hepatocytes, PEG-ASNase
(0.1 U/mL) decreased the protein levels of SREBP-1c, FAS, and PPAR«, whereas 3 mmol/L palmitic acid (PA) along with PEG-ASNase
increased PPAR« protein levels. Data is the mean + SD with statistical significance indicated as **** for P < 0.0001, *** for P < 0.001, **

for P < 0.01, and * for P < 0.05. Data in (A)—(C) from n > 30 mice.

indirect and due to the observed effect of PEG-ASNase on non-
hepatic tissues.

3.3.  PEG-ASNase leads to induction of lipolysis in adipose
tissue and adipocytes

Interestingly, we found that mice receiving PEG-ASNase experi-
enced a >40% reduction of WAT (P < 0.001, Fig. 3A), which was
associated with increased plasma NEFA concentrations
(P < 0.001, Fig. 3B) and increased muscle triglycerides
(P < 0.01, Fig. 3C). Therefore, we hypothesized that PEG-
ASNase induced WAT lipolysis, which led to a redistribution of
fatty acids and the development of hepatic steatosis. Because Azg/
and Hsl encode lipases essential for lipolysis and fatty acid
mobilization, we measured their gene expression in WAT and
found that they were both upregulated after PEG-ASNase
(Fig. 3D). Similarly, ATGL, HSL, and phosphorylated HSL pro-
tein levels were increased relative to controls (Fig. 3E, Day 3). In
agreement with our in vivo study, we also found that PEG-ASNase
upregulated ATGL and phosphorylated-HSL protein levels in vitro
using differentiated 3T3-L1 adipocytes (Fig. 3F) and resulted in
increased media free fatty acid concentrations compared to con-
trols (Fig. 4A). Taken together, our data suggest that PEG-ASNase
induces adipose tissue lipolysis, and increases fatty acid uptake by
the liver, resulting in the development of hepatic steatosis.
Because fatty acids can upregulate Ppara’ and because we
observed conflicting results regarding the effect of PEG-ASNase
on PPAR« in vivo versus in vitro (Fig. 2E and F), we next
treated HepG2 cells and murine primary hepatocytes with
3 mmol/L palmitic acid and 0.1 U/mL PEG-ASNase to better

recapitulate in vivo conditions with circulating NEFA. We found
that PEG-ASNase along with palmitic acid increases PPAR«
protein levels relative to controls (Fig. 2E and F). Therefore, the
increased PPAR« signaling detected in vivo (Fig. 2D) is likely due
to drug-induced lipolysis rather than to the direct effect of PEG-
ASNase on hepatic PPAR« and $-oxidation.

PEG-ASNase treatment in mice led to decreased food intake
compared to non-treated control mice (Supporting Information
Fig. S3A). To determine whether the decrease in food intake
could drive the effects of PEG-ASNase on the liver and adipose
tissue, we performed pair-fed studies. While pair-feeding led to a
loss in body weight that was less severe than PEG-ASNase treat-
ment (Fig. S3B), the decreased food intake did not have a corre-
sponding effect on hepatic triglyceride concentrations (Fig. S3C),
plasma bilirubin (Fig. S3D and S3E), or ALT (Fig. S3F) compared
to control mice. Furthermore, we detected no difference in hepatic
SREBP-1c or FAS protein levels in pair-fed mice relative to con-
trols (Fig. S3G and S3H). Consistent with these results, we did not
detect any significant WAT loss, changes in plasma NEFA, in-
creases in muscle triglyceride levels, or differences in ATGL, HSL,
or p-HSL protein levels (Fig. S4A—S4F). These results suggest that
the decreased food intake is not responsible for the effect of PEG-
ASNase on the liver or adipose tissue.

3.4. PEG-ASNase-induced adipose tissue lipolysis and release
of NEFA is associated with activation of elF2« and protein kinase
A (PKA) in adipocytes

No previous study has indicated that PEG-ASNase treatment leads
to adipocyte lipolysis. We, nevertheless, hypothesized that the
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mechanism of PEG-ASNase-induced adipocyte lipolysis is due to
asparagine depletion and the induction of the amino acid response
pathway, which is dependent on the phosphorylation of the «
subunit of the eukaryotic translation initiation factor 2 (e[F2«) by
the general control nonderepressible 2 (GCN2) kinase®. To
identify whether this mechanism is involved in PEG-ASNase-
induced adipocyte lipolysis, we measured p-elF2« in vivo and
in vitro in WAT after PEG-ASNase exposure and in differentiated
3T3-L1 adipocytes, respectively. We found that PEG-ASNase
treatment is associated with increased phosphorylation of elF2«
in WAT and in 3T3-L1 adipocytes (Fig. 4B and C). Because elF2«
can also be phosphorylated via other mechanisms’, we also
treated 3T3-L1 differentiated adipocytes with cycloheximide,
which is known to induce high levels of elF2« phosphorylation by
protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK)”’. Like PEG-ASNase treatment, we found that cyclo-
heximide led to elevated p-elF2«, induction of ATGL and p-HSL,
and higher media NEFA concentrations relative to control cells
invitro (Fig. 4A and D). Our results suggest that the mechanism of
adipocyte lipolysis induced by PEG-ASNase is dependent on the
phosphorylation of elF2«.

To understand the relation between phosphorylation of elF2«
and the activation of the lipolytic proteins ATGL and HSL, we
investigated the expression of PKA in adipocytes and WAT.
Interestingly, the p-PKA protein levels were increased in WAT and
3T3-L1 adipocytes after PEG-ASNase (Fig. 4B and C). Our
observation suggests that the PEG-ASNase-induced adipose tissue
lipolysis is associated with the activation of the elF2a—PKA-
—ATGL—HSL axis in adipose tissue via a currently unknown
mechanism.

3.5. PEG-ASNase-induced hepatic steatosis is exacerbated in
obese and aged mice

Two known clinical risk factors of PEG-ASNase-induced hepa-
totoxicity are obesity and older age™***°. Based on our results and
clinical findings, we hypothesized that obesity exacerbates PEG-
ASNase liver injury due to increased adiposity, whereas older
age aggravates the toxicity due to the effect of aging on hepatic
PPAR« protein levels and thereby (-oxidation. To test our hy-
pothesis, we investigated the effect of obesity or older age on
PEG-ASNase-induced liver injury using obese” or 72-week-old*’



PEG-ASNase-induces liver injury

3785

A)
300+ *kkk
*kkk _'r_
)
)
O 2004
£
=
E 100+
1]
N
0 T T
- + CHX
C)

PEG-ASNase - +

wroL[ @]

HSL (i

p-elF2a| - -

p-PKA| Ed

PKA|== =

B-Actin| = s

Figure 4

B)

PEG-ASNase - +
ATGL

p-HSL

D)

PEG-ASNase- and cycloheximide-induced lipolysis is associated with phosphorylation of eIF2«. (A) The NEFA concentrations in the

conditioned media of differentiated 3T3-L1 cells were elevated after PEG-ASNase (0.1 U/mL) and cycloheximide (CHX, 50 pg/mL) treatment.
The protein levels of p-elF2«, p-PKA, ATGL, and p-HSL in (B) WAT and (C) differentiated 3T3-L1 adipocytes were upregulated after PEG-
ASNase. (D) Treating differentiated 3T3-L1 cells with cycloheximide leads to a similar increase in ATGL, p-HSL, p-elF2«, and p-PKA as
PEG-ASNase. Data is the mean 4+ SD with statistical significance indicated as **** for P < 0.0001. Data in (A) representative of 3 independent

experiments.

C57BL/6 male mice, where 72-week-old mice, but not younger
aged mice, develop impaired g-oxidation*'**>*3,

Obesity was induced in male mice using a high fat diet for 15
weeks, where the onset of obesity was confirmed via the develop-
ment of insulin resistance measured by an oral glucose tolerance
test and area under curve (AUC) values (Supporting Information
Fig. S5A and S5B). Obese mice thereafter received PEG-ASNase
and were sacrificed 3 days after drug administration. PEG-
ASNase treatment led to nearly a 20% loss of body weight
(Fig. 5A) and to a significant loss in WAT relative to obese control
mice (Fig. S5C). We found that the livers of obese mice receiving
PEG-ASNase appeared more pale than non-obese control mice that
were also treated with PEG-ASNase. Consistently, the hepatic tri-
glyceride concentrations of obese mice receiving PEG-ASNase
were ~4-fold higher than control obese (Fig. 5B, P < 0.001)
and PEG-ASNase treated non-obese mice (Fig. 1B). Furthermore,
the direct bilirubin concentrations were >25-fold higher in obese
PEG-ASNase treated mice compared to obese controls (Fig. 5C,
P < 0.01) and >2-fold higher than PEG-ASNase treated non-obese
mice.

Using 72-week-old C57BL/6 male mice, we first confirmed
that aging decreases PPAR« and HADHB protein levels relative
to 8-week-old control mice (Fig. 5D)*. We thereafter treated
aged mice with PEG-ASNase, and at Day 3 post-drug adminis-
tration, we found that mice lost similar body weight as non-aged

mice (Fig. 5A), whereas the hepatic triglyceride levels were
elevated 2.5-fold compared to age-matched controls (Fig. 5B,
P < 0.01) and 2-fold relative to 8-week-old mice receiving PEG-
ASNase (Fig. 1B). Furthermore, the plasma direct bilirubin
concentrations were elevated 6.5-fold compared to age-matched
controls (Fig. 5C, P < 0.01) and 2.5-fold relative to 8-week-
old mice receiving PEG-ASNase (Fig. 1D). PEG-ASNase treat-
ment induced PPAR« levels in aged mice relative to PBS con-
trols, albeit the PPAR« induction was significantly attenuated
compared to non-aged mice (Fig. 5D). Hence, our murine model
of PEG-ASNase-induced liver injury recapitulates the clinical
liver injury seen in leukemia patients, including potentiation by
risk factors. Altogether, our results support that PEG-ASNase
liver injury is due to adipocyte lipolysis and that factors
affecting the disposition or quantity of fatty acids liberated upon
lipolysis have a corresponding effect on the severity of liver
injury.

4. Discussion

PEG-ASNase is one of the main drugs used to treat pediatric ALL,
and although it is also effective against adult ALL, dose-limiting
liver injury restricts its use. However, the mechanism of this
adverse drug reaction is not well-understood. Our study aimed to
recapitulate and elucidate the mechanism of this adverse drug
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PEG-ASNase-induced liver injury is exacerbated in obese and 72-week-old mice. Obese and aged (72-week-old) mice receiving

PEG-ASNase (A) lost over 10% of their body weight, (B) had elevated hepatic triglyceride (TG) concentrations (representative pictures of livers
from different treatment groups are shown in the upper panel), and (C) higher plasma direct bilirubin concentrations compared to obese or age-
matched control mice, respectively. (D) Aged mice had lower PPARa and HADHB protein levels compared to 8-week-old mice, which were
slightly elevated after PEG-ASNase treatment. Data in (A)—(C) from n > 3 mice per group.

reaction in a murine model, where mice treated with clinically
relevant doses of PEG-ASNase achieved therapeutic plasma drug
levels (Fig. S1C)** and developed fatty livers (Fig. 1A and B) that
were associated with a 2—8-fold increase in liver function test
values (Fig. 1C—F), similar to clinical ASNase liver injury'® ',
Surprisingly, we found no evidence that PEG-ASNase-induced
liver injury was due to the direct effect of the chemotherapeutic
agent on the liver or hepatocytes (Fig. 2F and Fig. S2A). Rather,
we found evidence that PEG-ASNase liver injury is due to its
effect on adipose tissue, with mice losing >40% of WAT (Fig. 3A)
and having elevated plasma NEFA concentrations 3 days after the
drug administration (Fig. 3B). Consistent with our hypothesis, we
also demonstrate that PEG-ASNase treatment in mice is associ-
ated with markers of adipose tissue lipolysis (Fig. 3D—F) and that
the chemotherapeutic agent directly leads to the activation of
lipolysis in 3T3-L1 adipocytes (Fig. 4A). Based on the results of
our study, we posit that the PEG-ASNase-induced liver injury
observed in mice is due to NEFA mobilization from adipose tissue
and that factors that alter hepatic NEFA disposition can exacerbate
the severity of the adverse drug reaction. Our study is the first to
investigate the mechanism of PEG-ASNase-induced liver injury
and to assess the effect of the drug on adipose tissue.

Although few studies have investigated the mechanism of
PEG-ASNase-induced liver injury, several clinical case studies
have suggested that the injury is due to drug-induced inhibition of
protein synthesis leading to defective hepatic (-oxidation and
toxicity via decreased protein levels of PPARa**. We directly
investigated this hypothesis and found that PPAR« is elevated in
PEG-ASNase treated mice relative to controls (Fig. 2B and D),
albeit PPAR« protein levels were decreased in primary murine
hepatocytes after PEG-ASNase treatment (Fig. 2F). Nevertheless,
we show that the direct effect of PEG-ASNase on PPAR« is
dependent on fatty acid concentrations, where treating primary
murine hepatocytes with palmitic acid and PEG-ASNase leads to
an upregulation of PPAR«, suggesting that the increased hepatic
PPAR« levels in mice were due to fatty acid mobilization. We also
demonstrate that PEG-ASNase does not alter the expression of
genes involved in fatty acid synthesis or VLDL secretion in a
manner that would explain the observed hepatic steatosis and liver
injury (Fig. 2A and C). Rather, we show that PEG-ASNase treated
primary murine hepatocytes do not develop increased hepatocyte
triglyceride concentrations relative to vehicle control cells
(Fig. S2A). Interestingly, while we observe an increase in hepatic
triglyceride levels in our murine model, we concurrently see a loss
in liver weight (Fig. SIB). Clinical asparaginase toxicology
studies support that the weight loss may be due to depletion of

hepatic glycogen stores®’. However, the detailed mechanism of
PEG-ASNase-induced liver weight loss in our mouse model re-
mains to be defined. Collectively, the results from our study
contrast with clinical case studies suggesting that the mechanism
of ASNase-induced liver injury is due to the effect of the agent on
the liver and fatty acid oxidation.

The release of NEFA from triglycerides during lipolysis is a
multistep process. Adipose triglyceride lipase (ATGL) performs
the first step of triglyceride hydrolysis*®. Phosphorylated HSL
proceeds to hydrolyze diglycerides to monoglycerides, which are
hydrolyzed by monoglyceride lipase (MGL) to fatty acids and
glycerol. Given the rapid and substantial decrease in WAT after
PEG-ASNase treatment (Fig. 3A), we assessed adipose tissue
lipolysis signaling and found that mice receiving PEG-ASNase
had higher p-HSL and ATGL relative to controls (Fig. 3E). Sup-
porting that PEG-ASNase directly leads to lipolysis, 3T3-L1 ad-
ipocytes treated with PEG-ASNase had higher protein levels of p-
PKA, p-HSL, and ATGL (Fig. 4C), which is similar to our in vivo
WAT samples (Fig. 4B) and led to higher NEFA concentrations in
the cultured media of these cells relative to controls (Fig. 4A). Our
results are consistent with previous studies investigating the effect
of leucine, isoleucine, or valine deprivation on fat mass and lipid
metabolism*”**, Our results are also consistent with a recent
metabolomics study of pediatric plasma samples collected after
the completion of the induction phase of leukemia therapy, which
found that fatty acid concentrations were increased after induction
and that lipid metabolism was the most significantly altered
pathway in a pathway enrichment analysis*’. Interestingly, we see
a decrease in hepatic triglyceride levels and ORO staining
(Fig. 1A and B), whereas our H&E analysis suggests the persis-
tence of fatty liver (Fig. 1A, Day 7). While our clinical research
supports mobilization of lipid-based moieties, particularly the
membrane lipid phosphatidylethanolamine (PE) plasmalogen®’,
additional studies are required to elucidate the hepatic lipids
accumulating after PEG-ASNase treatment. Altogether, our re-
sults, and that of others, support that the fatty liver induced by
PEG-ASNase is most likely due to hepatic fatty acid accumulation
following drug-induced adipose tissue lipolysis. Nevertheless, the
mechanism by which PEG-ASNase leads to ATGL activation and
induction of lipolysis is not clear.

Based on our proposed mechanism of PEG-ASNase-induced
liver injury, it is likely that multiple mechanisms can exacerbate
the toxicity after drug exposure. Obesity and older age are two
known clinical risk factors of ASNase-induced liver injury in
adults>'">" and children®. Therefore, it is important to determine
whether PEG-ASNase can be safely incorporated during ALL
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general control nonderepressible 2 (GCN2) kinase-dependent activation of the amino acid response (AAR) via phosphorylation of elF2«a. We
hypothesize that the AAR leads to activation of adenylyl cyclase due to our studies indicating that PEG-ASNase or cycloheximide treatment,
which both induce phosphorylation of eIlF2«, leads to activation of PKA and HSL. Altogether, we posit that PEG-ASNase-induced liver injury is
due to ATGL activation by the chemotherapeutic agent. Figure created with BioRender.com.

treatment among patients with these risk factors. Two recent
studies have attempted to detect age-related differences in ASNase
liver injury using 35 or 16-week-old mice®>”', but no study has
been able to replicate the clinical association with age, likely due
to a lack of clarity on the mechanism of PEG-ASNase-induced
liver injury. Similar to the effects of aging on (-oxidation in
humans, 18-month-old (72-week-old) aged mice have lower pro-
tein levels of PPAR« and its target gene HADHB, which catalyzes
the final step of $-oxidation, relative to 8-week-old control mice
(Fig. 5D)**. Therefore, we hypothesized that older age is a risk
factor of PEG-ASNase-induced liver injury due to decreased (-
oxidation. Consistent with our hypothesis, we found that aged
mice receiving PEG-ASNase were sensitized to liver injury, where
aged mice developed 2-fold higher hepatic triglyceride levels
relative to younger mice (i.e., 8-week-old) receiving PEG-ASNase
(Figs. 5B and 1B). Nevertheless, because aged mice were only
available on a CS57BL/6 background, it is possible that the
magnitude of PEG-ASNase-induced liver injury may differ by
mouse strain’”>. However, our preliminary data indicate that
8-week-old C57BL/6 are equally sensitive to PEG-ASNase-
induced liver injury as their BALB/c counterparts (Supporting
Information Fig. S6).

Plasma NEFA concentrations are commonly elevated in obese
individuals due to a decrease in insulin-mediated suppression of
lipolysis™, where excessive NEFA will be re-esterified, metabo-
lized, or can lead to lipotoxicity”*. Therefore, we speculated that
obese mice are sensitized to PEG-ASNase-induced liver injury
due to higher basal fatty acid concentrations and more adipose

tissue, which can lead to more hepatic fatty acid accumulation
after PEG-ASNase relative to non-obese controls. Consistent with
our hypothesis, obese mice receiving PEG-ASNase lost nearly
20% body weight relative to control obese mice (Fig. 5A), which
was more severe relative to non-obese WT mice (Fig. SIA) and
developed severe hepatic steatosis with >4-fold higher hepatic
triglyceride levels relative to non-obese mice receiving PEG-
ASNase (Figs. 5B and 1B). Overall, our murine model of PEG-
ASNase-induced liver injury recapitulates clinical ASNase liver
injury, including exacerbation by clinical risk factors. Based on
our proposed mechanism of PEG-ASNase-induced liver injury
(Fig. 6), we anticipate that the severity of injury correlates with
adiposity and age. Similarly, we anticipate that any other factors
affecting the disposition of hepatic FFAs have a corresponding
effect on the severity of PEG-ASNase-induced liver injury. This
suggests that increasing FFA oxidation (e.g., using fenofibrate)
can attenuate the severity of PEG-ASNase-induced liver injury,
whereas patients with multiple risk factors (e.g., obesity and older
age) can have additive effects on the severity and risk of devel-
oping the adverse drug reaction.

The role of the elF2a/GCN2 kinase axis on the response or
adaptation of hepatocytes to amino acid depletion by ASNase has
been previously investigated'® 2", These studies have demon-
strated that dysregulation of genes involved in fatty acid synthesis,
oxidation, uptake, and secretion protects the liver from drug-
induced DNA damage and cell death'®?'. Consistent with GCN2
playing a protective role from PEG-ASNase-induced toxicity in
hepatocytes, we found that PEG-ASNase treatment in primary
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hepatocytes does not lead to triglyceride accumulation
(Fig. S2A). Nevertheless, our research is the first to suggest that
GCN?2 in adipose tissue plays a pathologic role during ASNase
therapy. That is, amino acid depletion in the adipose tissue leads
to ATGL activation, induction of lipolysis, and hepatic fatty acid
accumulation (Fig. 6). Our results (Figs. S3 and S4), which agree
with that of others, demonstrate that the effect of PEG-ASNase
on liver injury is not due to decreased food intake'® >'-*>%
Additional studies are required to confirm that PEG-ASNase
activates ATGL and to elucidate the mechanism by which
amino acid depletion leads to ATGL activation. Furthermore,
additional mechanistic studies are required to identify a phar-
macological target that can prevent PEG-ASNase-induced adi-
pose tissue lipolysis while retaining the protective role of GCN2
in hepatocytes.

Our studies suggest that targeting ATGL activity or its activation
can mitigate PEG-ASNase-induced liver injury by modulating ad-
ipose tissue lipolysis (Fig. 6). In contrast, inhibiting GCN2 may
prevent adipose tissue lipolysis, but induce hepatotoxicity'®.
Furthermore, the effects of pharmacological inhibition of a pro-
spective target in leukemias is essential to verify that rescuing from
the drug-induced liver injury does not compromise treatment effi-
cacy. Rather, it would be ideal if a target that prevents PEG-
ASNase-induced liver injury also possesses antileukemic efficacy.
Because PEG-ASNase-induced lipolysis also drives the exacerbated
liver injury in obese and aged mice, inhibiting ATGL or its acti-
vation would provide a safe strategy for using this agent in patients
at high risk of this adverse drug reaction. Our studies also support
that managing obesity may decrease the risk of developing PEG-
ASNase-induced liver injury in ALL patients. Furthermore, future
studies investigating the concomitant effect of PEG-ASNase and
glucocorticoids, which can induce adipose tissue lipolysis and
activate ATGL’®, will be critical for best mitigating the risk of PEG-
ASNase liver injury in ALL patients.

5. Conclusions

In summary, our research is the first to investigate the mechanism
of PEG-ASNase-induced liver injury and to suggest that the drug-
induced liver injury is due to its effect on adipose tissue and
lipolysis induction. Our methods used physiologically relevant
doses and concentrations of PEG-ASNase to best investigate the
mechanism of the drug-induced liver injury. We posit that fatty
acids liberated during adipose tissue lipolysis accumulate in the
liver, and those not re-esterified to triglyceride or metabolized for
energy production lead to liver injury. While further mechanistic
experiments are required to demonstrate GCN2-dependent ATGL
activation, our results suggest that hepatic GCN2 protects from
PEG-ASNase-induced liver injury, whereas GCN2 in the adipose
tissue plays a pathological role in the drug-induced liver injury.
These studies can extend the therapeutic benefit of ASNase by
identifying pharmacological targets that can be used to inhibit
ATGL activation during the amino acid response and protect ALL
patients from PEG-ASNase-induced liver injury.
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