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ARTICLE INFO ABSTRACT

Keywords: Incidence of hepatotoxicity following acute drug-induced proteasomal inhibition and development of chronic
Proteasome proteasome dysfunction in obesity and insulin resistance underscores the crucial importance of hepatic protein
Liver homeostasis albeit with an elusive molecular basis and therapeutic opportunities. Apart from lipotoxicity and
ASK1 . . . . .

PPAR endoplasmic reticulum (ER) stress, herein we report that hepatocytes are highly susceptible to proteasome-
N ASHy associated metabolic stress attune to altered redox homeostasis. Bortezomib-induced proteasomal inhibition

caused severe hepatocellular injury independent of ER stress via proapoptotic Apoptosis Signal-regulating Kinase
1 (ASK1)- c-Jun N-terminal kinase (JNK1)- p38 signaling concomitant with inadequate peroxisome proliferator-
activated receptor y (PPARy)- Nuclear factor erythroid 2-related factor 2 (Nrf2) -driven antioxidant response.
Although inhibition of ASK1 rescued acute hepatotoxicity, hepatic depletion of PPARy or its physiological
activator pigment epithelium-derived factor (PEDF) further aggravated liver injury even under ASK1 inhibition,
emphasizing that endogenous PPARy driven antioxidant activity serves as a prerequisite for the favorable
therapeutic outcome of ASK1 inhibition. Consequently, ASK1 inhibitor selonsertib and PPARy agonist pioglita-
zone in pharmacological synergism ameliorated bortezomib-induced hepatotoxicity and significantly prolonged
survival duration in mice. Moreover, we showed that proteasome dysfunction is associated with ASK1 activation
and insufficient PPARy/Nrf2-driven antioxidative response in a subset of human nonalcoholic steatohepatitis
(NASH) patients and the preclinical NASH model. The latter remains highly responsive to the drug combination
marked by revamped proteasomal activity and alleviated hallmarks of NASH such as steatosis, fibrosis, and
hepatocellular death. We thus uncovered a pharmacologically amenable interdependent binodal molecular cir-
cuit underlying hepatic proteasomal dysfunction and associated oxidative injury.

1. Introduction resistance, and metabolism-associated inflammation [7]. Thus hepatic
proteasomal dysfunction in the background of steatosis underscores the
importance of proteotoxicity in the pathogenesis of NAFL and NASH.

Proteasomal inhibitors such as bortezomib, ixazomib, and carfilzo-

Deregulation of protein homeostasis and proteotoxicity due to
altered autophagic flux and proteasomal dysfunction are critical path-

ogenetic links in multiple aging-associated disorders including chronic
liver diseases [1-3]. Of them, nonalcoholic fatty liver disease (NAFLD) is
characterized by ER stress, altered autophagy, hepatocellular death, and
marked accumulation of ubiquitinylated inclusion bodies [4-6]. Pro-
teasomal dysfunction has also been implicated under ER stress, insulin
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mib are established chemotherapies used in multiple myeloma and
mantle cell lymphoma patients with tolerable toxicity [8,9]. The efficacy
of proteasomal inhibition is dependent on the sensitivity to the dereg-
ulation of protein-degradation systems as in the antibody-producing
plasma cells. Similarly, being the major source of plasma proteins and
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Fig. 1. Proteasomal inhibition induces severe hepatocellular injury than ER stress. (A-C) C57BL/6 mice were injected intraperitoneally with the vehicle, bortezomib
(5 mg/kg), and tunicamycin (1 mg/kg) for 16 h (n = 3/group). (A) [left panels] Gross liver and liver sections stained for H&E, ubiquitin, cleaved caspase 3, and
TUNEL positive cells; [right panels] Ubiquitin (brown), cleaved caspase 3 (magenta), and TUNEL positive cells (green) quantified (n = 3/group, 5 fields/sample). (B)
Immunoblot for apoptosis markers (cleaved caspase 3, caspase 9, and PARP), ER stress markers (BiP, Xbp-1, and p-PERK1), and ubiquitin (Ub). (C) Serum AST and
ALT levels. (D-E) Primary hepatocytes treated with Tunicamycin (Tuc, 5 pM) and MG132 (5 pM) both in the presence and absence of Palmitate (PA, 200 pM) for 16
h. Cells were analyzed by immunoblot (D) and Live-Dead assay by confocal microscopy (E). Percent dead cells for respective treatment groups (right panel; n = 5
fields/group). Values were presented as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Scale bars, 100 pm (Histology); 20 pm (TUNEL, Live-
Dead). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Transcriptome-wide molecular pathway alterations in the liver under acute proteasomal inhibition. (A) Heatmap and partial list of differentially expressed
genes identified from the RNA-Seq of vehicle and bortezomib (5 mg/kg) treated mice livers (n = 3/group). Enriched gene sets with top 5 enriched genes identified by
KEGG pathway analysis shown with fold change and p values for enriched pathways. (B) GSEA from different pathway databases. Significantly enriched relevant
gene sets were represented in the summary plot with normalized enrichment scores. Blue bar (Padj<0.05), Red bar (P < 0.05) (C) GSEA plot showing the heatmap of
leading-edge genes for the GO_Response_to_oxidative_stress and KEGG_MAPK signaling pathway associated with proteasome inhibition. (D) Normalized Energy
Expenditure (Kcal/day/kg®”®) calculated for 12 h (light cycle) in vehicle and bortezomib treated groups (n = 3/group). (E) [Left panel] Primary hepatocytes were
treated with MG132 for 16 h and analyzed using confocal microscopy for ROS generation. Cell nucleus was counterstained with Hoechst 33,342; [Right panel]
Percent ROS™ area (Deep red) were calculated using the color threshold function (n = 5 fields/group). (F) Immunoblot assays were performed with the liver lysates of
vehicle, bortezomib, and tunicamycin treated mice for assessing ASK1 signaling cascade (pASK1, pJNK, and pP38); (n = 3/group). (G) Immunohistochemistry for 4-
HNE (Brown) and p-JNK (magenta) were performed [left panel] and quantified [right panel] (n = 3/group, 5 fields/sample). Values were presented as mean + SEM,
*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Scale bars, 100 pm (IHC) 20 pm (confocal). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

lipoproteins, hepatocytes would also be susceptible to proteasomal
inhibitor-dependent cytotoxicity. Indeed, cases of bortezomib-induced
hepatitis and fatal liver failure have already been reported in patients
with multiple myeloma [10-12].

Alteration of ubiquitin homeostasis with the accumulation of both
polyubiquitylated conjugates and free ubiquitin designated as ubiquitin
stress [13]. Dysregulated proteostasis due to proteasomal inhibition or
dysfunction serves as a cellular stressor leading to the activation of
various adaptive stress responses including macroautophagy, pro-
teaphagy, the formation of ubiquitylated inclusion bodies, and protea-
some biogenesis [14-16]. Insufficient or inappropriate stress response
may conversely activate the apoptosis pathway conferring the adverse
outcome of proteasomal inhibition [17-19]. Mechanistically, proteaso-
mal inhibitors such as MG132 and bortezomib have been shown to cause
apoptosis in various cell types through the generation of reactive oxygen
species (ROS) [20-24]. However, the molecular basis for ROS-induced
apoptosis and its reversal thereof in the context of acute or chronic
proteotoxicity is still elusive.

Here we have shown that acute inhibition of proteasomal activity
leads to profound hepatic injury and dysfunction, effects that are asso-
ciated with ROS accumulation that in turn promotes ASK1-JNK1
dependent hepatocellular death with concomitant failure in surmount-
ing an effective anti-oxidant response through PEDF-PPARy-Nrf
pathway. Proteasomal dysfunctions concomitant with analogous
deregulation of these pathways are also observed in human and murine
NASH. Interestingly, co-treatment with ASK1 inhibitor and PPARy
activator potently reverses hepatic proteotoxicity and extends survival
in acute proteasome inhibition, and alleviates NASH in mice.

2. Material and methods
2.1. Animal model

All experiments were approved by the Institutional Animal Ethics
Committee at the CSIR-Indian Institute of Chemical Biology, approved
by the Committee for Control and Supervision of Experiments on Ani-
mals (CPCSEA), Ministry of Environment and Forest, and Government of
India. 6-8 weeks old C57BL/6 male mice were housed in a 12 h light/
dark cycle at 22+1 °C with free access to food and water. Mice were fed a
60% high-fat diet (HFD)[Protein 20%, Fat 60%, Carbohydrate 20% and
Energy Density 5.21% Kcal/g] (D12492, Research Diets, New Bruns-
wick, USA) for 16 weeks. Mice were gavaged daily by vehicle (DMSO in
0.9% saline), Selonsertib (SelleckChem, Houston, USA; 10 mg/kg),
Pioglitazone (Sigma-Aldrich, Missouri, USA; 30 mg/kg), Selonsertib,
and Pioglitazone for the last 4 weeks with ad libitum fed HFD-diet and
water. For the survival experiment, mice were injected with Bortezomib
(2.5 mg/kg) in 0.9% saline intraperitoneally every 24 h. Animals were
randomized into four treatment groups and the drugs were administered
by gavage 4 h before Bortezomib treatment. Survival was assessed 6
hourly for 72 h.

2.2. Adenovirus and adeno-associated virus (AAV)

Adenoviruses containing short-hairpin (sh) RNA targeting PEDF (Ad-
shPEDF-*1), PPARy (Ad-sh PPARy-*1), and EGFP (Ad-shEGFP) were
generated with BLOCK-iT Adenoviral RNAi Expression System (Invi-
trogen). The shRNA sequences are following: Ad-shPEDF-*1: 5'-
GGAGCTCCTTGCCTCTGTTACGTAACAGAGGCAAGGAGCTCC-3'; Ad-sh
PPARy-#l: 5- GCCCTTTACCACAGTTGATTTAAATCAACTGTGGTAAAG
GC-3'. Adenoviruses were purified (PureVirus™ Adenovirus Purification
Kit, CELL BIOLABS INC.) and administered 2.5X 1012 pfu/mice through
tail vein injection. AAV for the overexpression of LacZ and PEDF were
generated with AAV Helper-Free System (Agilent, California, USA).

2.3. Glucose- and insulin tolerance test (OGTT, IP ITT)

OGTT and ITT were performed as previously described by Mouse
Metabolic Phenotyping Centers (MMPC). For the OGTT, Mice were
fasted for 12 h and fed with glucose 2 g/kg whereas, for ITT, 0.5 IU/kg of
body weight insulin (Actrapid, Novo Nordisk, India) was intraperito-
neally injected after 6 h fasting. Fasting Blood glucose levels were
detected from the tail-tip cut with a glucometer (Accu-Check Aviva).

2.4. Liver enzyme

Blood was collected by cardiac puncture from anesthetized mice and
serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were determined using the kinetic method by commercially
available kit (Randox Laboratories).

2.5. Histology, Picro Sirius red staining (PSR), and
immunohistochemistry (IHC)

Paraffin-embedded liver tissue sections (5 pm thick) were depar-
affinized in xylene and rehydrated and processed for hematoxylin and
eosin and PSR (1.2% w/v; Direct red-80 Sigma-Aldrich) staining. Images
were taken using an inverted light microscope (Zeiss Axiovert CFL 40
Trinocular Inverted Fluorescence Microscope). For IHC, tissue sections
were baked at 80 °C for 15 min and rehydrated. Antigen retrieval was
done by heating in the microwave with sodium citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH-6.0). Two different kits used for
immunohistochemical staining; VECTASTAIN ABC KIT (Biotinylated
Horseradish Peroxidase Anti-rabbit IgG) and ImmPRESS Duet Double
staining Polymer kit (Horseradish Peroxidase Anti-Mouse IgG/Alkaline
Phosphatase Anti-Rabbit IgG).

2.6. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

Tunel assay was performed using Click-iT® TUNEL Alexa Fluor®
Imaging Assay (Invitrogen) with Fluoromount Aqueous mounting Me-
dium (Sigma) and Hoescht for counterstaining. Images were captured
with the confocal microscope FluoView (FV10i; Olympus, Tokyo,
Japan).
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Fig. 3. Proteasome dysfunction is associated with ASK1 activation and anti-oxidative response in human NASH and preclinical NASH model. (A) PCA analysis of the
liver transcriptome of healthy (n = 14) and NASH patients (n = 16) from a published dataset. (B) GSEA analysis was performed with both the NASH1 (n = 9) and
NASH2 (n = 7) group independently for the targeted pathways associated with the hepatic proteasomal stress. Significantly enriched and depleted pathways were
represented in the summary plot with their normalized enrichment score. (C) Circos plot illustrates the correlation between proteasomal genes and targeted list of
NASH hallmark genes (FXR signaling, apoptosis, inflammation, insulin signaling, lipid metabolism, monocyte recruitment, and stellate cell activation) for healthy,
NASHI1, and NASH2 groups based on the correlation coefficients among gene expressions; green chords (r > 0.5), red chords (r < —0.5). (D) Mice were fed with a
chow diet and HFD for 16 weeks (n = 4). H&E along with the immunohistochemistry for Ubiquitin and 4-HNE was performed and positive areas (%) were quantified
(bottom panel; n = 4/group, 5 fields/sample). (E) Chymotrypsin-like proteasomal activity (%) was quantified from chow and HFD-fed mice liver lysates (n = 4). (F)
Immunoblot assays for ASK1 activity markers (p-ASK1, p-JNK, p-p38) and ubiquitin (Ub). Values were presented as mean + SEM, **P < 0.01; Scale bars, 100 pm
(Histology); 20 pm (Immunohistochemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

2.7. Metabolic cage

Mice were housed in metabolic cages (LE 405 Gas Analyzer; Panlab,
Harvard Apparatus) and allowed to acclimatize 24 h before the experi-
ment, and VO2, VCO2, energy expenditure, and respiratory quotient
data collected over 12 h.

2.8. Immunoblotting

Proteins extracted from cells or tissue by lysis buffer (50 mM Tris-HCl
(pH 7.4), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid (EGTA), and 1% Triton X-100 along with protease- and phosphatase
inhibitor cocktail (Roche) were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to poly-
vinylidene fluoride (PVDF) membrane (Immobilon-P, Merck Life Sci-
ences), incubated overnight with primary antibody followed by
incubation with peroxidase-conjugated secondary antibodies and bands
were visualized with a ChemiDoc MP Imaging System (Bio-Rad, Her-
cules, CA, USA).

2.9. Live dead and caspase 3/7 activity assay

Cells were stained using LIVE/DEAD®Viability/Cytotoxicity Kit for
mammalian cells (Invitrogen). Caspase 3/7 activity was assessed using 4
pM CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen).
Cells were imaged using the confocal microscope FluoView (FV10i;
Olympus, Tokyo, Japan).

2.10. Oxidative stress measurement

Cells were incubated with the 5 pM CellRox Deep Red Reagent
(Invitrogen) at 37 °C for 30 min and Hoescht for 20 min, washed and
imaged using a confocal microscope at excitation/emission maxima for
the reagent 644/665 nm.

2.11. RNA interference (RNAi)

shRNA plasmids, including a non-target control (#TR30013) and
several shRNA targeting ASK1 (FI37885, #FI37886, #FI37887,
#FI37888; Origene) were transfected using Lipofectamine 2000 (Invi-
trogen). ASK1 knockdown was confirmed by Western blotting.

2.12. Hepatocyte culture

Primary hepatocytes were isolated from mice weeks according to the
protocol previously described [25] and maintained in Hepatozyme
(gibco® Life technologies™, Paisley, UK) supplemented with r-gluta-
mine, 1% penicillin-streptomycin). Hepatocytes were then infected for
48 or 72 h with adenoviruses at MOI of 40. Human hepatoma cell line
HepG2 was cultured in Minimum Essential Medium (HIMEDIA, Maha-
rashtra, India) supplemented with 10% FBS and 1%
Penicillin-Streptomycin.

2.13. Subcellular fractionation

Trypsinized primary hepatocytes were harvested in ice-cold PBS and
centrifuged at 100g at 4 °C for 10 min to pellet the cells. The pellet was
resuspended in Buffer 1 (150 mM NaCl, 50 mM HEPES, 25 pg/ml digi-
tonin (Calbiochem), pH-7.4, protease and phosphatase inhibitor (Roche)
and incubated in ice for 10 min following which it was centrifuged at
2000 g at 4 °C for 10 min to obtain the cytosolic and membrane protein
in the supernatant. The pellet was then washed with ice-cold PBS at
100g at 4 °C for 10 min, resuspended by vortexing in Buffer 2 (150 mM
NaCl, 50 mM HEPES, 1% NP-40, pH-7.4, protease, and phosphatase
inhibitor), incubated in ice for 30 min, and centrifuged at 7000g at 4 °C
for 10 min to obtain the mitochondrial fraction in the supernatant and
pellet down the nuclei and cellular debris. The pellet was resuspended in
Buffer 3 (150 mM NaCl, 50 mM HEPES, 0.1% SDS, pH-7.4, protease, and
phosphatase inhibitor) and vortexed periodically for 30 min. Following
this, the suspension was incubated in ice for 1 h and then centrifuged at
7000g at 4 °C for 10 min to obtain the nuclear protein in the
supernatant.

2.14. Proteasome activity assay

Proteasome activity was assayed in homogenized freshly isolated
liver tissue following three cycles of freezing and thawing in
chymotrypsin-like activity in assay buffer containing 100 mmol/L Tris-
HCI (pH 8.0), 2 mmol/L ATP, and fluorogenic peptide substrate (0.1
mmol/L) according to a procedure previously described [7].

2.15. Isobologram analysis

HepG2 cells seeded in a 96-well plate were pre-treated with multiple
doses of TCASK10 (Tocris) or Rosiglitazone (Sigma) or their combina-
tion following which MG132 (10 pM) was administered. After 16h, cell
death was detected by LIVE/DEAD®Viability/Cytotoxicity Kit (Invi-
trogen) and fluorescence was measured with BioTek Synergy H1 Hybrid
Reader (Vermont, USA). Multiple drug-effect analysis of Chou-Talalay
based on the median-effect principle was used [26] and the combina-
tion index for synergism or antagonism or additive effect was calculated
as described by Chou [27].

2.16. Antibodies

Antibodies against ASK1(#8662), phospho-ASK1 (#3765), p38 MAP
kinase (#8690), phospho- p38 MAP kinase (#4511), JNK (#9252),
phospho-JNK (#4668), Poly (ADP-ribose) polymerase (PARP) (#9542),
Cleaved Caspase-3 (CC3) (#9661), Caspase 9 (C9) (#9508), NRF2
(#12721), PPARy (#2435), phospho- PERK (#3179), X-box binding
protein 1(XBP1) (#83418), Binding immunoglobulin protein (BIP)
(#3183), Ubiquitin (#3933), Histone H3 (#4499) and MYC-TAG
(#2278) were purchased from Cell Signaling Technology (Beverly,
USA). Anti-PEDF was from Millipore (Massachusetts, USA) and 4-
Hydroxynoneal (4-HNE) was from R&D Systems (MAB3249, Minneap-
olis, USA). B-actin (#A2228) and a-tubulin (#T6199) antibodies were
purchased from Sigma-Aldrich (St. Louis, Missouri, United States)
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Fig. 4. ASK1 activation promotes ROS-driven proteotoxic liver injury. (A) Primary hepatocytes treated with palmitate (200 uM) both in the presence and absence of
MG132 (10 pM) for 12 h and probed for ASK1 activation. (B) HepG2 cells were treated with MG132 (10 pM) both in ASK1 knockdown (sh-ASK1) (left panels) and
ASK1 overexpressed (myc-ASK1) (right panels) cells for 12 h. Immunoblot assays were performed for ASK1 activation and cleaved caspase 3. Total ASK1, JNK, P38,
and Actin were taken as the loading control. (C-D) Primary hepatocytes treated with MG132 (10 pM) for 12h in the presence and absence of TCASK10 (ASKi, 30 uM).
ASK1 activation (p-ASK1, p-JNK, and p-p38) and apoptosis (cleaved caspase 3 and PARP) were determined by immunoblots (C). Apoptosis (Live-Dead assay) and
ROS generation (CellROX) were assessed using confocal microscopy [left panel] and quantified [right panel] for Dead cells and ROS™ area (%); n = 5 fields/group
(D). (E-F) Mice were intraperitoneally injected with bortezomib (5 mg/kg) for 12 h in the presence and absence of Selonsertib (ASKi, 10 mg/kg), injected intra-
peritoneally 4 h before the bortezomib treatment and in every 4 hours interval (n = 5/group). ASK1 activity and apoptosis were accessed by immunoblot (E) and
Immunohistochemistry (F). Percent of p-JNK' cells (magenta) cleaved caspase 3" area (magenta) and TUNEL™ cells (green) were quantified [right panel] (n = 5/
group, 5 fields/sample). (G) Serum AST and ALT levels were measured for three groups. Values were presented as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001;
ns, not significant. Scale bars, 100 pm (Histology); 20 pm (TUNEL, Live-Dead, and CellROX). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

2.17. Human and mice transcriptomics analysis

Mouse livers in triplicate (C1, C3, and C4 control, B1, B2, and B3 are
bortezomib) were used for transcriptomic analysis. A modified NEBNext
RNA Ultra II directional protocol is used to prepare the libraries for total
RNA. Libraries were sequenced on Illumina HiSeqXTen to generate 50
M, 2x150bp reads/sample. The fastq samples were mapped to Mus
musculus GRCm38 genome using STAR (v2.27.2b) to create bam files
[28] and further processed using Rsamtools, Rsubread, and Genomi-
cAlignments R packages to create the abundance table [29]. The count
table was then normalized and differentially abundant genes were
identified using the DESeq2 R package [30]. Genes with a change
greater than two folds with p-value< 0.05 and adjusted p-value< 0.05
were considered significant. Gene set enrichment analysis (GSEA) was
performed using the fgsea R package and the mouse version of MSigDB
[31]. Also, for all heatmaps of transcripts, counts per million normali-
zations were performed from raw counts using the edgeR package and
visualization was performed using pheatmap function [32]. For rean-
alysis of a previously sequenced human dataset [33] samples were
processed similar to as mentioned previously using the Homo sapien
GRCm38 genome for alignment and MSigDB gene-sets for GSEA [34].

2.18. Statistics

Data were represented as mean + SEM and Graphpad Prism 8 soft-
ware was used for statistical analysis. T-test and ANOVA were used as
appropriate followed by Bonferroni post-hoc test. P < 0.05 was
considered statistically significant. Two-tailed Fisher’s Exact Test was
performed for contingency table analysis to compute the exact P-value.

3. Results
3.1. Proteasomal inhibition but not ER stress induces hepatocellular injury

To determine whether proteasomal inhibition and ER stress could
independently cause hepatic injury, we observed, tunicamycin treat-
ment led to marked lipid accumulation with a modest increase in TUNEL
and CC3 positive cells while bortezomib caused striking sinusoidal
dilatation, pericentral ubiquitin accumulation, and a significant increase
in the number of TUNEL and CC3 positive cells (Fig. 1A). Conspicuous
liver injury following bortezomib and not tunicamycin injection was
also shown by immunoblot for CC3, Cleaved Caspase 9 (CC9), and
cleavage of PARP. Conversely, tunicamycin treatment increased ER
stress markers such as Bip, XBP-1, and phospho-PERK1 which were
remained unaltered by bortezomib (Fig. 1B). Serum ALT and AST levels,
two established markers of liver injury also followed a similar pattern
following bortezomib administration (Fig. 1C). Immunoblotting and
live-dead assays revealed that MG132 treatment resulted in significant
hepatocyte apoptosis when compared to palmitate and tunicamycin
(Fig. 1D-E), suggesting cell-autonomous effects of proteasomal inhibi-
tion. Thus, we confer that proteasomal inhibition causes significant
hepatotoxicity independent of the ER stress pathway.

3.2. Proteasomal inhibition registers a transcriptional program for
oxidative stress response and MAPK signaling in liver

Transcriptomics analysis from control and bortezomib treated mice
livers (Supplementary Fig. 1A) revealed a total of 4663 differentially
expressed genes (DEGs) with about 54% (n = 2499) and 46% (n = 2164)
were respectively up-and down-regulated. Pathway analysis (KEGG) of
DEGs revealed bortezomib-induced proteasomal inhibition resulted in
the significant (FDR <0.05) upregulation of proteasomal genes,
mitogen-activated protein kinase (MAPK) signaling pathway, and
apoptosis suggesting proteotoxic hepatocellular injury, whereas signif-
icant (FDR <0.05) downregulation of peroxisome and oxidative phos-
phorylation genes suggesting mitochondrial damage and inadequate
anti-oxidative response (Fig. 2A, Supplementary Fig. 1B) accompanied
by overall suppression of metabolic pathway genes. GSEA further
confirmed significant depletion (Padj<0.05) of several metabolic path-
ways including oxidative phosphorylation, peroxisomal oxidation, and
xenobiotic-metabolism with the concomitant enrichment (Padj<0.05)
of the genes associated with MAPK signaling cascade, unfolded protein
response, p53 pathway, apoptosis, hypoxia, and ROS-mediated response
(Fig. 2 B, C and Supplementary Fig. 2).

Bortezomib treatment in mice caused a significant drop in energy
expenditure, oxygen consumption, and carbon dioxide release without
an altered respiratory quotient (Fig. 2D and Supplementary Fig. 3 A-C)
indicating overall metabolic suppression as evident by metabolic cage
analysis. MG132 treatment further revealed a dose-dependent ROS
production that resulted in hepatocellular death (Fig. 2E and Supple-
mentary Fig. 3D), supporting pan-transcriptomic oxidative-stress
response. Autophosphorylation and activation of ASK1 are regulated by
the ROS-mediated uncoupling with reversible oxidation of redox-
regulated partner thioredoxin [35]. Following activation, ASK1 selec-
tively phosphorylates its downstream kinases JNK1 and p38 which lead
to hepatocyte apoptosis [36,37]. Even, ASK1 inhibitor, selonsertib, has
been implicated in clinical trials for NASH therapy [38,39]. We thereby
examined whether proteasomal blockade could activate ASK1 and pro-
mote liver injury. As shown in Fig. 2F and Supplementary Fig. 3E,
bortezomib and not tunicamycin specifically induce ASK1 phosphory-
lation and its downstream targets JNK1 and p38. IHC of bortezomib and
not tunicamycin treated liver also revealed enhanced JNK1 phosphor-
ylation and accumulation of 4-HNE, a lipid peroxidation product and a
marker of oxidative stress (Fig. 2G and Supplementary Fig. 3F).

3.3. Proteasomal dysfunctions in human and murine NASH are
associated with ASK1 activation and oxidative stress response

To examine the contributions of hepatic proteasomal dysfunction in
metabolic syndrome, we analyzed the transcriptome of healthy (n = 15)
and NASH (n = 16) livers [33]. Principal Component Analysis (PCA)
revealed two independent sample clusters within the NASH group which
were empirically labeled as NASH1 and NASH2 (Fig. 3A). GSEA analysis
revealed a significant enrichment of proteasome (P adj<0.05) and
apoptosis pathway in concordant with depletion of NRF2 target genes
(P < 0.05) (Fig. 3B). Association study showed a gradual increase in the
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Fig. 5. PEDF dampens proteotoxic hepatocellular death by inhibiting ASK1. (A-C) PEDF was knockdown and overexpressed in primary hepatocytes by transducing
with AAV2-PEDF (A) and Ad-shPEDF (B) and cells were treated with MG132 (10 pM) for 16 h and analyzed for ASK1 activation and apoptosis using immunoblots and
Live-Dead assay using confocal microscopy (C). Ad-shGFP and AAV2-LacZ were used as mock. Percent of Dead cells (orange) were further quantified using [bottom
panel] (n = 5 fields/sample). (D-E) Mice were intravenously injected with Ad-shPEDF; after 7days, mice were intraperitoneally administered with bortezomib (5 mg/
kg) for 16h (n = 5/group). Ad-shGFP was used as a mock and DMSO was treated as a vehicle. PEDF knockdown efficiency, ASK1 activation, and apoptosis were
assessed by immunohistochemistry (D) and immunoblot assays (E). Percent of p-JNK* cells (magenta) cleaved caspase 3" area (magenta) and TUNEL" cells (green)
were quantified [D; right panel] (n = 5/group, 5 fields/sample). Values were presented as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 100 pm
(Histology); 20 pm (TUNEL and Live-Dead). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. PPARy governs the anti-oxidative property of PEDF in proteotoxic liver damage. (A) Primary hepatocytes were transduced with Ad-shPEDF, treated with
MG132 (10 pM) for 12h, and analyzed for PEDF, PPARy, and Nrf2 expressions. (B) C57BL/6 mice were injected with Ad-shPEDF and administered with bortezomib
(5 mg/kg) after 7 d (n = 5/group). Immunoblot blot assay was performed to assess the expression of PPARy and Nrf2. (C) Primary hepatocytes were transduced with
AAV2-PEDF followed by the treatment with MG132 (10 pM) for 8h, nuclear and cytosolic fractions were collected and expressions of PEDF, Nrf2 were assayed by
immunoblot; Histone H3 and a-tubulin were used as nuclear and cytosolic markers respectively. (D) PPARy was knocked down and PEDF was concomitantly
overexpressed in primary hepatocytes by transducing with Ad-shPPARy and AAV2-PEDF. MG132 (10 pM) were treated for 12h and expressions of PPARy, Nrf2,
Cleaved caspase 3, and PARP were determined. (E-G) PPARy was knocked down in mice liver by injecting Ad-shPPARy. After 7d of adenoviral infection, mice were
administered with a single dose of bortezomib (5 mg/kg) in the presence and absence of Selonsertib (ASKi, 10 mg/kg) given once 4 h before the and twice after the
bortezomib treatment; (n = 5/group). (D) Expression of PPARy, Nrf2, Cleaved caspase 3, PARP, p-JNK, and JNK was assayed by immunoblot. (E) Serum AST and ALT
levels. (F) [left panel] ROS generation and cellular death were assessed using immunohistochemistry of 4-HNE and TUNEL assay. [right panel] Quantification of
percent 4-HNE positive area (brown) and TUNEL positive cells (green) (n = 5/group, 5 fields/sample). Values were presented as mean + SEM, *P < 0.05; **P < 0.01;
***pP < 0.001; ns, not significant. Scale bars, 100 pm (Histology); 20 pm (TUNEL). (For interpretation of the references to color in this figure legend, the reader is
1;eferred to the Web version of this article.)

number of correlations (—0.5 > p > 0.5) between the subset of genes selonsertib, a clinically approved ASK1 inhibitor robustly blocked
related to the proteasome, JNK activation, and ARENRF2 pathway bortezomib-induced activation of ASK1-JNK1 pathway as well as
among healthy, NASH1, and NASH2 groups (Supplementary Fig. 4A). apoptosis in mice liver (Fig. 4E and F and Supplementary Fig. 6C).
Precisely, in the NASH2 group, we observed a significant gain in nega- Expectedly, serum AST and ALT levels were also significantly reduced by
tive correlations (NASH1/NASH2; 56/104) between the genes associ- ASK1i (Fig. 4G). Taken together, ASK1 serves as a critical signaling node
ated with the activation of JNK and ARENRF2 pathway (p < 0.0001). in hepatic injury under proteasomal stress.

Conversely, proteasomal genes predominantly gained positive correla-
tions (p < 0.0001) with the geneset of both JNK activation (NASH1/-
NASH2; 154/234) and ARENRF2 pathway (NASH1/NASH2; 72/130)
(Supplementary Fig. 4B). We next asked if expressions of proteasomal
genes are associated with the NASH signature genes including a subset of
the DEGs such as FXR signaling, apoptosis, insulin signaling, lipid
metabolism, inflammation, monocyte recruitment, and hepatic stellate
cell activation [33]. In NASH patients, proteasomal genes showed a
significant increase in the number of correlations (—0.5 > p > 0.5) with
the NASH signature genes. Moreover, the NASH2 group exhibits the
highest number of correlations (positive/negative, 399/619) between
the proteasomal genes and NASH specific genes, followed by NASH1

3.5. PEDF protects from proteotoxic hepatic injury by inhibiting ASK1

PEDF has emerged as a potent hepatoprotective secretory glyco-
protein with strong anti-oxidant properties [40,41]. Since dispropor-
tionate ROS production has been a major contributor to proteotoxic liver
injury, we next sought to examine the impact of PEDF in this context.
AAV2 mediated overexpression of PEDF remarkably suppressed MG132
dependent hepatocyte apoptosis, activation of ASK1, and ROS produc-
tion (Fig. 5A, C and Supplementary Fig. 7A). Conversely, knockdown of
PEDF using adenovirus carrying shRNA targeting PEDF, augmented
proteotoxic apoptosis and enhanced ASK1 activation (Fig. 5B and C).
(positive/negative, 297/193) and healthy group (positive/negative, Ectopic expression of PEDF also rendered ASK1 inhibitor dispensable for
58/99) (Fig. 3C). Thus, similar to drug-induced proteasomal inhibition MG132 dependent apoptosis while ASK1 inhibitor could not reverse cell

our analysis reveals that overt proteasomal dysfunction in human NASH death in PEDF depleted condition (Supplementary Figs. 7B and C). To
is not only associated with JNK activation and NRF2 mediated anti-

oxidative response but correlated with alterations of NASH hallmark
genes.

Taking cues from the human transcriptomics data we next sought to
validate these findings in the preclinical NASH model. Mice fed with
HFD for sixteen weeks showed hepatomegaly with expanded adipose
mass and developed hallmarks of NASH including steatosis, fibrosis
showed by Sirius red staining, HSC activation revealed by immunohis-
tochemistry of alpha-smooth muscle actin, and elevated serum AST and
ALT levels (Supplementary Figs. 5A-C). Interestingly, we find a marked
presence of ubiquitylated proteins, as well as 4-HNE in HFD-fed mice
liver sections (Fig. 3D), and a significant drop in proteasomal activity
(Fig. 3E). Moreover, immunoblots of the liver also revealed the accu-
mulation of polyubiquitylated proteins and the activation of ASKI,
JNK1, p38 pathways (Fig. 3F). Thus HFD induced NASH mimics pro-
teasomal dysfunction in terms of accumulation of polyubiquitylated
proteins and oxidative stress.

further determine the impact of PEDF expression on proteotoxic liver
injury in vivo, hepatic PEDF was depleted by adenovirus (Fig. 5D and E
and Supplementary Fig. 7D). Knockdown of PEDF enhanced
bortezomib-induced ASK1 activation and apoptosis without affecting
ubiquitylated protein accumulation (Fig. 5D and E).

3.6. PPARy mediates protective effects of PEDF through the antioxidant
program

In the search for a downstream mediator of hepatoprotective effects
of PEDF in the context of oxidative stress, we examined the role PPARYy, a
transcription factor was shown to be positively regulated by PEDF in
various cells and tissues [42,43]. Moreover, PPARy in a positive feed-
back loop with nuclear factor Nrf2 [44] constitutes a transcriptional
program that plays a pivotal protective role in oxidative and xenobiotic
stresses [45-48]. Knockdown of PEDF in primary hepatocytes leads to
downregulation of both PPARy and Nrf2 independent of MG132 treat-
ment (Fig. 6A). Consistently, adenovirus-mediated depletion of PEDF in

3.4. ASK1 mediates proteotoxic liver injury mice liver caused decreased PPARy expression even under bortezomib
treatment (Fig. 6B). Ectopic expression of PEDF in hepatocytes

We next examined whether ASK1 activation is necessary for pro- conversely leads to increased PPARy and Nrf2 expressions. Moreover,
teotoxicity in a hepatocyte autonomous manner. Similar to in-vivo re- AAV2 mediated overexpression of PEDF in primary hepatocytes resulted
sults, primary hepatocytes treated with palmitate and MG132 activate in nuclear translocation of Nrf2 under proteotoxic stress indicating PEDF

the ASK1-JNK1-p38 pathway (Fig. 4A). Knockdown of ASK1 by shRNA mediated Nrf2-driven antioxidant response under proteasomal inhibi-
in HepG2 cells suppressed while overexpression of myc-tagged ASK1 tion (Fig. 6C). However, the anti-apoptotic effects of PEDF were
augments JNK1 and p38 phosphorylation with corroborating levels of rendered ineffective when PPARy was concomitantly knocked down
CC3, suggesting the crucial role of ASK1 activation in proteotoxic (Fig. 6D). Moreover, this remarkable suppression of Nrf2 expression
cellular death (Fig. 4B and Supplementary Fig. 6A). Primary hepatocytes following adenovirus-mediated knockdown of PPARy (Fig. 6D and
treated with selective ASK1 inhibitor TCASK10 potently attenuated Supplementary Fig. 8A) is suggestive of a functional PEDF-PPARy-Nrf2
MG132 induced apoptosis, however without affecting cellular ROS antioxidant signaling axis in the liver. Consistently, a specific PPARy
levels (Fig. 4C and D and Supplementary Fig. 6B). Oral gavage with agonist rosiglitazone (Rosi) protects hepatocytes from apoptosis and
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Fig. 7. ASK1 inhibition with concordant PPARy activation synergistically protects hepatocellular death. (A) Cleaved caspase 3, PARP, and p-JNK protein expressions
in HepG2 cells treated with MG132 (10 uM) in the presence and absence of Rosiglitazone (10 pM), TCASK10 (10 pM), and the combination (Rosi + TCASK10) for 8
and 24h. (B-C) HepG2 cells in triplicate pretreated with different doses of Rosiglitazone, TCASK10, and the combination (1:1; molar ratio) for 4h and with MG132
(10 pM) for the next 12 h and Live dead assay was performed. Logarithmic combination index plot (B) and Isobologram (C) for Fa 0.90 (green), 0.75 (red) and 0.50
(blue) were plotted. (D-E) Primary hepatocytes were treated with MG132 (10 pM) in the presence and absence of Rosiglitazone (10 pM), TCASK10 (10 pM), and the
combination (Rosi + TCASK10) for 18h. Cleaved caspase 3, p-JNK, and JNK protein expression have been checked using immunoblot assay (D). Dual detection for
ROS production (CellROX) and Apoptosis (Caspase 3/7 substrate assay) was performed using confocal microscopy. Percent of ROS*®ED) Caspase 3/77(CREEN) and

Dual* (YELLOW)

cells were calculated (E, bottom panel) (n = 5/group, 5 fields/sample). (F) Mice (n = 9/group) were intraperitoneally administered with bortezomib

(2.5 mg/kg) every 24 h for survival analysis. 4 h before each bortezomib treatment animals were given vehicle [blue], selonsertib (10 mg/kg) [red], pioglitazone (30
mg/kg) [green], and dual (selonsertib + pioglitazone) [violet] therapy. Values were presented as mean + SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not
significant. Scale bars, 20 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

suppresses ROS production (Supplementary Fig. 8B). Taken together,
PPARy is required for PEDF mediated antiapoptotic effects under pro-
teotoxic stress, an effect mediated via antioxidative defense mechanism.

3.7. PPARy sufficiency therapeutically weighs the outcome of ASK1
inhibition under hepatic proteasomal stress

We next asked whether functional PPARy is also required for the
therapeutic outcome of ASK1 inhibitors in proteasomal inhibition [49].
To this end, PPARy in the liver was depleted by adenovirus, and mice
were treated with selonsertib and bortezomib to monitor proteotoxicity
(Supplementary Fig. 8C). Knockdown of PPARy further enhanced
bortezomib-induced sinusoidal dilatation, oxidative stress, hepatocel-
lular death, and serum ALT and AST levels. Seloncertib however failed
to rescue these markers of liver injury when PPARy was knocked down
(Fig. 6E-G). These results collectively suggest that PPARy-dependent
antioxidative defense system is a prerequisite for the therapeutic
outcome of ASK1 inhibitors in proteotoxic stress.

3.8. Combinatorial use of ASK1 inhibitor and PPARy activator has
superior anti-apoptotic and survival response

We next tested the hypothesis that combinations of ASK1 inhibitor
and PPARy agonist would have better outcomes upon proteasomal in-
hibition. Co-treatment of HepG2 cells with rosiglitazone and TC ASK10
(ASK1i) exceedingly suppresses apoptosis when treated alone in a time-
dependent manner (Fig. 7A). To determine the drug interactions be-
tween ASKi and Rosi for preventing MG132 induced hepatocellular
death, log[CI] values were used to construct a logarithmic Combination
Index plot (Fig. 7B) to elucidate whether the combinations are antago-
nistic (log[CI]>0), synergistic (log[CI]<0), or additive (log[CI] = 0).
The drug combination at 1:1 M ratio shows synergistic interaction for all
the doses except the lowest total dose (1 pM). ASKi and Rosi indepen-
dently had median effective dose (ED50) of 8.21 pM and 14.25 pM,
respectively, whereas the combination exhibited an ED50 of 2.74 pM as
depicted by Dose-Reduction Index (DRI) data. Moreover, the Isobolo-
gram study (Fig. 7C) further demonstrated synergy between ASKi and
Rosi at ED50, ED75, and ED90 (Data file S1). Consistently, when we
challenged primary hepatocytes with MG132 in presence of Rosi and
ASK1i, dual treatment remarkably suppressed both ROS generation and
caspase3/7 activation (Fig. 7D and E). Moreover, pretreatment of
selonsertib and pioglitazone combination prolonged median survival by
two-fold (30 h-60 h) in the bortezomib treated mice while monotherapy
did not have a significant impact on survival (Fig. 7F).

3.9. ASK1 inhibition and concomitant PPARy activation potently block
proteotoxicity and hallmarks of NASH

Both ASK1 and PPARy have been shown to be potential targets in
NASH therapy; we thereby examined the outcome of selonsertib and
pioglitazone dual therapy in a mouse model of NAFLD. We gavaged
selonsertib, pioglitazone, or their combination for the last four weeks of
HFD feeding (Fig. 8A). The bodyweight of HFD fed and selonsertib
treated mice progressively increased over sixteen weeks while
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pioglitazone and combination therapy significantly slowed the rate of
weight gain (Supplementary Figs. 9A and B). Fasting blood glucose
levels were significantly reduced following treatments with pioglitazone
or combination therapy whereas selonsertib treatment alone had no
impact on fasting blood glucose (Supplementary Fig. 9B). Consistently,
liver and epididymal fat pad weight were significantly low (Supple-
mentary Figs. 9A , C, D). Insulin tolerance test (ITT) and oral glucose
tolerance test (OGTT) also revealed strong insulin-sensitizing action of
pioglitazone but selonsertib did not affect insulin resistance and glucose
intolerance (Fig. 8B and C). In contrast, both pioglitazone and selon-
certib significantly reduced serum AST and ALT levels while the com-
bination therapy had further diminished serum markers of liver injury
(Fig. 8D). Interestingly, proteasomal activity in the liver was signifi-
cantly enhanced by pioglitazone and combination therapy (Fig. 8E) with
a marked reduction in polyubiquitylated proteins (Fig. 8F). Combination
therapy also led to a striking reduction in CC3 and PARP, two apoptosis
markers (Fig. 8F). While treatment with pioglitazone significantly
decreased steatosis, fibrosis, oxidative stress, and ubiquitin accumula-
tion without an appreciable decrease in apoptosis, selonsertib in
contrast remarkably diminished the number of TUNEL positive cells.
Combination therapy, however, revealed significantly better resolution
of NASH pathogenesis in restoring both proteastasis and hepatocellular
death (Fig. 8G).

4. Discussion

Our study unraveled hepatocellular proteasomal dysfunction as one
key pathological feature in diet-induced murine models and human
NASH patients. While our preclinical mouse model showed a relatively
homogenous decline in proteasomal activity, correlations of proteaso-
mal genes with NASH signature genes suggest that histologically
confirmed NASH is a spectrum of diseases where a subset of patients
have severe proteasomal dysfunction. Moreover, acute drug-induced
proteasomal inhibition and NASH share overlapping pharmacologi-
cally targetable ROS-driven molecular repertoires that induce signifi-
cant liver injury.

Hepatocytes are highly sensitive to oxidative stress, an unfavorable
condition where ROS generation supersedes antioxidant defense mech-
anisms [50]. We showed that bortezomib-induced liver injury is driven
by ROS production and the activation of apoptosis. ROS-mediated cell
death involves numerous pathways including p53 mediated apoptosis,
mitochondrial apoptosis pathway, ER stress, autophagy, necroptosis,
and anoikis often through random oxidation of cellular proteins and
lipids [51]. From the transcriptomic analysis of bortezomib-treated
livers, we have implicated two ROS-sensitive pathways, viz activation
of pro-apoptotic ASK1-JNK-p38 pathway and downregulation of
anti-oxidant Nrf2-PPARy pathway. The redox-regulated cellular
outcome is often mediated via the reversible oxidation of
thiol-containing negative regulators including thioredoxin (TRX) for
ASK1 and Kelch-like ECH-associated protein 1 (KEAP1) for Nrf2 [52,
53].

Although inhibition of ASK1 is critical in blocking bortezomib-
mediated hepatocyte death, it, however, has no impact on cellular
ROS levels. Thus simultaneous activation of antioxidant response would
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Fig. 8. Combination therapy restores proteasomal activity and improves the hallmarks of NASH. (A-C) Mice were fed with HFD for 16 weeks, randomly distributed
and administered with vehicle [blue], selonsertib (10 mg/kg) [red], pioglitazone (30 mg/kg) [green], and combination (selonsertib + pioglitazone) [violet] therapy
once daily for the last 4 weeks. Experimental flowchart and timeline for the experiment (A). ITT (B) and OGTT (C) were performed for the 4 treatment groups. Area
Under Curve (AUC) for respective ITT and OGTT experiments were calculated (B, C; right panel). (D) Serum AST and ALT values. (E) Chymotrypsin-like proteasomal
activity was measured from the liver lysates. (F) Immunoblot assays for the expression apoptosis markers (Cleaved caspase 3, PARP), ASK1 activity markers (p-ASK1,
p-JNK), Ubiquitin, and PPARy. (G) H&E, Sirius red, TUNEL assay and immunohistochemistry for 4-HNE, Ubiquitin performed. Sirius red, 4-HNE, Ubiquitin positive
area (%), and percent TUNEL™ cells were quantified (Right panels; n = 8/group, 5 fields/sample). Values were presented as mean + SEM, *P < 0.05; **P < 0.01;

P < 0.001; ns, not significant. Scale bars, 100 pm (Histology); 20 pm (TUNEL). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

further accentuate response to ASK1 inhibition. Our results indicate that
PPARy provides the basal antioxidative defense machinery where ASK1i
can efficiently work. Moreover, PEDF an endogenous activator of PPARy
also showed hepatoprotective effects under proteasomal inhibition
suggesting a functional hepatic PEDF-PPARy pathway as an attractive
therapeutic target. Besides, ASKi did not restore proteasomal activity
and inhibit the accumulation of ubiquitylated proteins in HFD fed mice
suggesting ASK1 functions downstream of proteasome inhibition and
ROS production. Thus, a combination of ASK1i and PPARy agonist
conspicuously impedes bortezomib-induced liver injury and prolongs
survival. This drug combination turns out to be clinically attractive as
they show pharmacological synergism.

Failure of several monotherapy trials calls for developing effective
combination therapy in NASH underscoring its complex multifaceted
pathophysiology of insulin resistance, cellular death, inflammation, and
fibrosis. Insulin-sensitizing PPARy agonism showed several untoward
side effects such as adipogenesis and weight gain, while PPARy agonists
have been reported to improve liver injury and fibrosis in NASH patients
[54,55]. Our study not only emphasizes the prime importance of hepatic
PPARy in restoring the innate redox homeostasis under
proteasome-associated metabolic stress but also proposes that the
combination therapy of selonsertib and pioglitazone holds promising
translational potential in mitigating NASH by tuning the balance be-
tween two overlapping molecular repertoires associated with liver
injury and redox driven metabolic homeostasis.

Bortezomib has been frequently used for treating multiple myeloma
patients as standard chemotherapeutic regimen. Besides the most
frequent general side effects such as gastrointestinal discomfort, neu-
ropathy, and thrombocytopenia, several cases of fatal liver failure,
cholestasis, and recurrent acute hepatitis have also been reported in
recent times [10,11,56]. Our preclinical data thereby suggests the use of
this combination therapy as a novel therapeutic opportunity for treating
bortezomib-induced acute hepatotoxicity in multiple myeloma patients.

5. Conclusions

Collectively, our results show that both human and murine NASH
and acute drug-induced proteasomal inhibition share overlapping
pharmacologically targetable molecular repertoires that induce signifi-
cant liver injury. Precisely, activation of ASK1 with a concomitant
insufficient PPARy driven antioxidant response underlies proteotoxic
liver injury and a combination therapy targeting ASK1 and PPARy
confers robust protection against drug-induced liver injury and ame-
liorates NASH in a preclinical model.
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