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Highlights
® During MASH progression, LSECs under lipotoxic stress undergo
proinflammatory changes, termed lipotoxic endotheliopathy.

® TEM and focal adhesion are among the top enriched pathways of
differentially regulated genes (or protein-coding genes) in LSECs.

® (GSK3B is the central hub kinase revealed by kinome profiling of
the phosphoproteome of LSECs from mice with diet-induced

MASH.

® (GSK3 drives the toxic lipid-induced proinflammatory phenotype
in LSECs.

® Pharmacological inhibition of GSK3 ameliorated liver inflam-
mation, injury, and fibrosis in murine MASH.

https://doi.org/10.1016/j.jhepr.2024.101073

Impact and Implications

LSECs under lipotoxic stress in MASH develop a proin-
flammatory phenotype known as endotheliopathy, with
obscure mediators and functional outcomes. The current
study identified GSK3 as the major driver of LSEC endothe-
liopathy, examined its pathogenic role in myeloid cell-
associated liver inflammation, and defined the therapeutic
efficacy of pharmacological GSK3 inhibitors in murine
MASH. This study provides preclinical data for the future
investigation of GSK3 pharmacological inhibitors in human
MASH. The results of this study are important to hepatolo-
gists, vascular biologists, and investigators studying the
mechanisms of inflammatory liver disease and MASH, as
well as those interested in drug development.
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Background & Aims: Metabolic dysfunction-associated steatohepatitis (MASH) is characterized by excessive circulating toxic
lipids, hepatic steatosis, and liver inflammation. Monocyte adhesion to liver sinusoidal endothelial cells (LSECs) and trans-
endothelial migration (TEM) are crucial in the inflammatory process. Under lipotoxic stress, LSECs develop a proinflammatory
phenotype known as endotheliopathy. However, mediators of endotheliopathy remain unclear.

Methods: Primary mouse LSECs isolated from C57BL/6] mice fed chow or MASH-inducing diets rich in fat, fructose, and
cholesterol (FFC) were subjected to multi-omics profiling. Mice with established MASH resulting from a choline-deficient
high-fat diet (CDHFD) or FFC diet were also treated with two structurally distinct GSK3 inhibitors (LY2090314 and elraglu-
sib [9-ING-41]).

Results: Integrated pathway analysis of the mouse LSEC proteome and transcriptome indicated that leukocyte TEM and focal
adhesion were the major pathways altered in MASH. Kinome profiling of the LSEC phosphoproteome identified glycogen
synthase kinase (GSK)-3B as the major kinase hub in MASH. GSK3B-activating phosphorylation was increased in primary
human LSECs treated with the toxic lipid palmitate and in human MASH. Palmitate upregulated the expression of C-X-C motif
chemokine ligand 2, intracellular adhesion molecule 1, and phosphorylated focal adhesion kinase, via a GSK3-dependent
mechanism. Congruently, the adhesive and transendothelial migratory capacities of primary human neutrophils and THP-1
monocytes through the LSEC monolayer under lipotoxic stress were reduced by GSK3 inhibition. Treatment with the GSK3
inhibitors LY2090314 and elraglusib ameliorated liver inflammation, injury, and fibrosis in FFC- and CDHFD-fed mice,
respectively. Immunophenotyping using cytometry by mass cytometry by time of flight of intrahepatic leukocytes from
CDHFD-fed mice treated with elraglusib showed reduced infiltration of proinflammatory monocyte-derived macrophages and
monocyte-derived dendritic cells.

Conclusion: GSK3 inhibition attenuates lipotoxicity-induced LSEC endotheliopathy and could serve as a potential therapeutic
strategy for treating human MASH.

Impact and Implications: LSECs under lipotoxic stress in MASH develop a proinflammatory phenotype known as endo-
theliopathy, with obscure mediators and functional outcomes. The current study identified GSK3 as the major driver of LSEC
endotheliopathy, examined its pathogenic role in myeloid cell-associated liver inflammation, and defined the therapeutic
efficacy of pharmacological GSK3 inhibitors in murine MASH. This study provides preclinical data for the future investigation
of GSK3 pharmacological inhibitors in human MASH. The results of this study are important to hepatologists, vascular bi-
ologists, and investigators studying the mechanisms of inflammatory liver disease and MASH, as well as those interested in
drug development.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Metabolic dysfunction-associated steatohepatitis (MASH) is a
growing public health problem,' and its pathogenesis involves
both lipotoxicity (toxic lipid-induced cellular stress)’ and a
sterile inflammatory response.> Similar to other liver cell types
affected in MASH, lipotoxicity in liver sinusoidal endothelial cells
(LSECs) triggers aberrant signaling, resulting in structural and
functional alterations leading to LSEC dysfunction and a proin-
flammatory phenotype, which we refer to here as endotheliop-
athy.*"® Emerging data implicate LSEC endotheliopathy in liver
inflammation in MASH.”® Increased LSEC capillarization has
been reported in mice with diet-induced MASH, as evidenced by
reduced fenestrae and Lyve 1 expression (a marker of well-
differentiated LSECs), and increased CD34 expression (a marker
of capillarized LSECs).” In the current study, we examine the
molecular mediators and functional outcome of lipotoxic LSEC
endotheliopathy as it relates to MASH pathogenesis.

The inflammatory response in MASH is mainly mediated by
recruited proinflammatory myeloid cells and their homing to the
MASH liver.'>'" Two of the crucial mechanisms involved in this
process are the chemotaxis and adhesion of myeloid cells to
LSECs.!? Although a growing body of evidence implicates LSEC
dysfunction in various liver diseases, including MASH,"” few
studies have focused on targeting molecular mediators of
myeloid cell adhesion to LSECs in MASH.”'* Circulating myeloid
cells exit the vasculature to achieve residence in the MASH liver,
a process known as transendothelial migration (TEM). TEM is
often preceded by leukocyte adhesion, a crucial step in the in-
flammatory response. It occurs via the paracellular route (at the
adherence junction) or transcellular route (through transcellular
channels). Paracellular TEM, the most common route of TEM for
myeloid cells, is mediated by the disassembly of the adherence
junctions.'® Most leukocytes that adhere to the endothelial wall
at the site of inflammation re-enter the circulation. However,
once leukocytes commit to TEM, they migrate through the he-
patic parenchyma to fuel the inflammatory process.'®

Glycogen synthase kinase (GSK)-3 is a primary serine/threo-
nine kinase that integrates multiple signaling pathways,
including cell metabolism, adhesion, and inflammation."” It has
two ubiquitously expressed and highly conserved isoforms (o
and B), with both shared and distinct substrates and functional
effects. Aberrant GSK3 activation is pathogenic in numerous in-
flammatory diseases, and GSK3 inhibitors in rodent models have
been successful in curtailing exuberant inflammatory re-
sponses.'®!° Furthermore, GSK3p has been implicated in pul-
monary vascular endothelial barrier dysfunction.?® In addition,
GSK3a promotes fatty acid uptake and lipotoxic cardiomyopathy
in murine models of diet-induced obesity.>! However, the bio-
logical consequences of lipotoxicity-induced aberrant GSK3
activation in LSEC, as well as the potential therapeutic ramifi-
cations of inhibiting GSK3 enzymatic activity during MASH, are
largely unknown.

Herein, using phosphoproteomics and kinome profiling in
mouse LSECs, we report that GSK3p serves as a major hub and
the main kinase in MASH, thereby acting as a potential driver of
lipotoxic endotheliopathy. Furthermore, we show that GSK3p in
LSECs mediates key elements of TEM: (i) expression of chemo-
kines, namely C-X-C motif chemokine ligand (CXCL)-2; and (ii)
density of adhesion molecules, namely intracellular adhesion
molecule 1 (ICAM-1). Most importantly, using established diet-
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induced mouse models of MASH, we identified that pharmaco-
logical inhibition of GSK3 wusing two structurally distinct
inhibitors that have been used in human clinical trials
(NCT01287520 and NCT04218071) ameliorates liver injury,
inflammation, and fibrosis, mainly by reducing myeloid cell
infiltration into the liver.

Materials and methods
The full details of the materials and methods are provided in the
supplementary data online.

Results

GSK3p is the top hub kinase altered in MASH LSECs

To obtain a comprehensive and in-depth understanding of the
LSEC phenotype and intracellular signaling networks during
MASH, we performed phospho- and total proteomic analyses on
LSECs isolated from mice fed either a chow or a fat, fructose, and
cholesterol (FFC) diet for 24 weeks. The FFC diet is a well-
established MASH mouse model that phenocopies the meta-
bolic and histological features of the human disease (Fig. 1A).”
We performed an integrated pathway analysis of the total pro-
teomic data and our previously generated LSEC transcriptomic
data (GSE164006).” We selected genes (or protein-coding genes)
that were differentially regulated between chow-fed and FFC-fed
mice using LSEC total proteomic or RNA-sequencing (RNA-seq).
We reasoned that focusing on genes showing consistent direc-
tionality changes in both layers of ‘omics’ might provide insights
into the underlying biological aspects of the disease. Hence, we
subjected all mRNA-protein correlated genes (orange and blue
dots in Fig. 1B) to a Kyoto Encyclopedia of Genes and Genomes
(KEGG) over-representation pathway analysis (Fig. 1C). We
identified leukocyte TEM (p = 5.96E-04) and focal adhesion (p =
2.94E-04) among the top-10 canonical pathways altered in
MASH LSECs. These findings are consistent with emerging liter-
ature implicating monocyte adhesion to endothelial cells and
TEM in the sterile inflammatory process in MASH.”> Next, we
performed kinome enrichment analysis** of the LSEC phospho-
proteomic data based on the phosphorylation status of putative
substrates of kinases. Notably, GSK3p was identified as the major
hub (Fig. 1D) on the kinome map and the top-ranked kinase with
altered activity in MASH (p = 1.58E-03) (Fig. 1E and Fig. S1). To
further confirm the findings obtained from murine phospho-
proteomics and explore their relevance to human biology, we
examined whether GSK3 is activated in human LSECs under
lipotoxic stress. To this end, we used the saturated free fatty acid
(FFA) palmitate (PA) to induce lipotoxicity in vitro. PA contributes
to the majority of circulating saturated FFA in human MASH,?
and its lipotoxic impact on LSECs has been previously estab-
lished.” First, we showed in primary human LSECs that phos-
phorylation of tyrosine residues (Y279 for GSK3a and Y216 for
GSK3B), which are known to enhance the enzymatic activity of
both GSK32° and glycogen synthase (GS), a specific GSK3 sub-
strate, increased with PA treatment. Furthermore, GS phos-
phorylation in primary human LSECs was reduced by treatment
with the GSK3 pharmacological inhibitor LY2090314 (LY)
(Fig. 1F). Likewise, in a mouse LSEC cell line, known as trans-
formed mouse LSECs (TSECs), phosphorylation of GSK3o/B
(Y279/216) and GS was increased by PA treatment (Fig. 1G). We
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also confirmed the sequential phosphorylation of GSK3 and GS
using TSECs treated with the FFA toxic intracellular metabolite
lysophosphatidylcholine (LPC) (Fig. 1H).>’ Collectively, these
findings confirm that GSK3 is activated in human and mouse
LSECs under lipotoxic stress and in mice with diet-induced
MASH.

GSK3 mediates toxic lipid-induced proinflammatory
responses in LSECs

Next, we investigated whether toxic lipid-induced GSK3 activa-
tion promotes LSEC proinflammatory phenotypes. To obtain a
comprehensive human LSEC transcript data set, we treated
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primary human LSECs with (i) vehicle (Veh), (ii) PA, or (iii) PA
with LY, and subjected the isolated RNA to a NanoString-based
mRNA profiling assay, which can quantify the copy numbers of
760 fibrosis-related human genes.?® In total, 479 genes were
detected, 31 of which were abundant in cells treated with PA vs.
Veh and categorized as ‘lipotoxic stress-dependent genes’, and
154 genes were upregulated in cells treated with PA vs. PA with
LY and categorized as ‘GSK3-dependent genes’ (Fig. 2A). To
further narrow down the gene candidates that are likely essen-
tial in MASH pathogenesis across human and mouse species, we
used our LSEC RNA-seq data from FFC diet-induced MASH. Genes
upregulated in MASH vs. chow mice were categorized as ‘MASH-
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Fig. 1. Glycogen synthase kinase (GSK)-3p is a central mediator of liver sinusoidal endothelial cell (LSEC) endotheliopathy in metabolic dysfunction-
associated steatohepatitis (MASH). (A) Schematic of the in vivo multi-omics study. (B) Scatter plot showing differentially expressed genes (p <0.05) in chow
vs. fat, fructose, and cholesterol (FFC)-fed mice based on either LSEC total proteomic or RNA-sequencing (RNA-seq) analysis. The x- and y-axes represent the log 2-
converted fold change (log,FC) of the signals in FFC- vs. chow-fed mice in the proteomic and RNA-seq studies, respectively. (C) Top-10 enriched pathways
representative of the differentially regulated genes in FFC vs. chow-fed mice based on both proteomics and RNA-seq analyses. (D) Kinome map generated from
the phosphoproteomic study shown in A. (E) Top-16 ranked putative altered kinases in FFC vs. chow-fed mice. (F) Primary human LSECs were treated with the
vehicle (Veh), 500 pM palmitate (PA), or 500 uM PA + the GSK3 inhibitor LY2090314 (LY). Protein levels of phosphorylated (p)-GSK3a/B (Y279/216) and GSK38
(top) and phosphorylated glycogen synthase (p-GS) and glycogen synthase (GS) (bottom) were assessed using Western blotting. (G) A mouse LSEC line was
treated with Veh or 500 utM PA + 20 nM LY for 4 h, and the protein levels of p-GSK3a/p (Y279/216) and GSK3p were assessed (left). Mouse LSEC lines were also
treated with Veh or 500 uM PA for 2 h and p-GS and GS were assessed. (H) A mouse LSCE line was treated with Veh or lysophosphatidylcholine (LPC), and the
protein levels of p-GSK3a/B (Y279/216), GSK3p, p-GS, and GS were assessed. B-Actin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading
control. F-H were repeated for at least three times; representative results are shown with quantification.
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dependent genes’. Ten genes overlapped among the three cate-
gories defined above. Among these, we focused on ICAM1 and
CXCL2, which encode the adhesion molecule ICAM-1 and CXCL2,
respectively. Our selection was based on the potential of ICAM-1
and CXCL2 acting in concert during myeloid cell transmigration
across the sinusoidal endothelium. These findings were
confirmed by conventional quantitative (q)PCR, showing the
upregulation of ICAM1 and CXCL2 in PA-treated LSECs and the
reduction in expression of these genes by inhibition of GSK3
function with LY treatment or GSK3p small interfering (si)RNA
transfection (Fig. 2B and D). Interestingly, the increased expres-
sion of ICAM1 and CXCL2 induced by the proinflammatory
cytokine tumor necrosis factor (TNF)-a was not reduced by GSK3
inhibition (Fig. 2C), suggesting that GSK3 selectively promotes

Two-step screening for GSK3 targets in MASH pathophysiology
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the proinflammatory phenotype in LSECs downstream of the
lipotoxic signal.

To assess the zonal distribution of lipotoxic endotheliopathy
across the hepatic lobule in vivo, we used ICAM-1 as a marker of
MASH endotheliopathy and scanned whole ICAMI1-immuno-
stained slides from mice with FFC diet-induced MASH and chow
controls. The liver pathologist manually annotated the zones of
the liver lobules and used a machine learning algorithm to
analyze the zonal changes in ICAM1 expression (Fig. S2A and B),
showing no zonal difference in the expression of ICAM1 or the
percentage of steatotic area (Fig. S2C). These findings suggest
that LSEC endotheliopathy in MASH is present across all liver
zones. To confirm that the role of GSK3 in MASH pathogenesis is
conserved in human disease, we performed Western blotting on
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Fig. 2. Glycogen synthase kinase (GSK)-3 mediates toxic lipid-induced proinflammatory responses in liver sinusoidal endothelial cells (LSECs). (A) Primary
human LSECs were treated with vehicle (Veh) or 500 uM palmitate (PA) + 20 nM LY2090314 (LY) for 16 h, and gene expression profiling was performed using the
NanoString nCounter system (1). LSECs were isolated from chow- and fat, fructose, and cholesterol (FFC)-fed mice and subjected to RNA-sequencing (RNA-seq)
(2). Venn diagram (bottom) of genes classified as ‘lipotoxic stress-dependent genes’ and ‘GSK3-dependent genes’ in NanoString analysis and ‘Metabolic
dysfunction-associated steatohepatitis (MASH)-dependent genes’ in mouse LSEC RNA-seq. Primary human LSECs were treated with Veh or 500 uM of PA (B) or
10 ng/ml tumor necrosis factor (TNF)-a (C) £ 20 nM LY for 16 h, and mRNA expression of C-X-C motif chemokine ligand 2 (CXCL2) and intracellular adhesion
molecule 1 (ICAM1) was examined. (D) Primary human LSECs were transfected with siGSK3f or non-target small interfering (si)RNA for 72 h, then treated with
Veh or 500 pM PA for 24 h, and the mRNA expression of GSK3B, CXCL2, and ICAM1 was examined (n = 3 per group). (E) Phospho-GSK30/p (Y279/216) and
GSK3p protein levels were assessed in normal controls and patients with steatosis, and MASH by Western blotting with quantification. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the loading control (n = 4-8 per group). Bar graphs represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001,
***p <0.0001, ns, non-significant (one-way ANOVA with Bonferroni's multiple comparison).
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human liver samples and confirmed increased GSK3a/p (Y279/
216) phosphorylation in patients with MASH compared with
patients with steatosis and normal subjects (Fig. 2E). Collectively,
these observations support the concept that GSK3 activation
promotes a proinflammatory phenotype in LSECs under lipotoxic
stress, culminating in endotheliopathy.

GSK3 activation in LSECs under lipotoxic stress enhances
myeloid cell adhesion and TEM

TEM of myeloid cells is a key biological process in their recruit-
ment to sites of inflammation, and is associated with reduced
endothelial barrier integrity.”” Activated focal adhesion kinase
(FAK) in endothelial cells promotes the phosphorylation of
vascular endothelial cadherin (VE-cadherin). Phosphorylated VE-
cadherin dissociates from B-catenin, leading to the displacement
of B-catenin from cell adherens junctions, widening of cell-cell
junctions, and disruption of endothelial barrier integrity
(Fig. 3A).%° Given that FAK is a known substrate of GSK3, we
sought to determine the effect of activated GSK3 on FAK
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phosphorylation in LSECs under lipotoxic stress. We found that
PA treatment enhanced FAK phosphorylation in LSECs, which
was attenuated by GSK3 inhibition with LY (Fig. 3B). Enhanced
phosphorylation of FAK during lipotoxic stress in a GSK3-
dependent manner was also associated with increased VE-
cadherin phosphorylation (Fig. 3B) and intracellular expression
(Fig. 3C). Moreover, we observed reduced B-catenin intensity
around the cell-cell junction in response to PA (Fig. 3D), which is
suggestive of adherens junction disassembly essential for TEM
and hepatic infiltration of recruited myeloid cells during MASH.

Next, we examined whether toxic lipid-induced activation of
GSK3 in LSECs enhanced myeloid cell adhesion and TEM. A flow-
based adhesion assay (Fig. 3E) showed reduced adhesion of
primary human neutrophils to LSECs pretreated with PA and LY.
Next, we assessed the impact of GSK3 inhibition on the TEM of
myeloid cells through an LSEC monolayer under lipotoxic stress.
The TEM assay using a Transwell system with a porous
membrane-assembled insert has intrinsic limitations in that the
fluid media at the bottom chamber does not reproduce well the
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Fig. 3. Glycogen synthase kinase (GSK)-3 mediates liver sinusoidal endothelial cell (LSEC) lipotoxicity-induced monocyte transendothelial migration
(TEM). (A) Schematic showing that lipotoxicity-induced GSK3p activation triggers a multistep phosphorelay signal transduction mechanism (GSK3p-focal
adhesion kinase [FAK]-vascular endothelial [VE]-cadherin), leading to LSEC cytoskeletal rearrangement, adherence junction disassembly, and B-catenin disso-
ciation from VE-cadherin and internalization, resulting in endothelial barrier dysfunction. (B) Primary human LSECs were treated with vehicle (Veh) or 500 uM
palmitate (PA) + LY2090314 (LY) at the indicated concentrations for 4 h, and protein levels of phosphorylated FAK (p-FAK), total FAK, phosphorylated (p)-VE-
cadherin, and total VE-cadherin were assessed by Western blotting. 8-Actin was used as a loading control. B was repeated at least three times, and representative
results are shown, along with quantification. (C) Localization of p-VE-cadherin was assessed using immunofluorescence and quantified (right). (D) B-Catenin
localization was assessed by immunofluorescence and quantified (right). DAPI was used for the nuclear staining. (E) Schematic of the flow-based neutrophil
adhesion assay. Representative microscopic images of neutrophils adherent to primary human LSECs under the three experimental conditions. White arrows
indicate adherent neutrophils. Five random fields in a 20 x microscopic field for each condition were captured and quantified (right). (F) Schematic of the collagen
gel-based TEM assay. Representative images from confocal microscopy for the TEM assay at 1 h (left). THP-1 cells (green fluorescence) in focus on the apical
surface of the endothelial monolayer (red fluorescence) were defined as non-migrated, those in focus below the plane of the endothelial monolayer were defined
as transmigrated, and three random fields in a 63 x microscopic field from each condition were captured and quantified. Bar graphs represent mean + SEM; *p
<0.05, **p <0.01, ***p <0.001, ****p <0.0001 (one-way ANOVA with Bonferroni’s multiple comparison; n = 3-5 per group). Scale bars: 20 um (C,D,F).
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colloidal extracellular matrix of the space of Disse, and LSECs
plated on the membrane can migrate through the pore, which
complicates the analysis of the data. Hence, we utilized a pre-
viously used system with minor modifications to mimic the liver
sinusoidal milieu; Vybrant Dil-labeled LSECs were plated directly
onto a hydrated collagen gel to form a monolayer, and the
migration of the DiO-labeled monocytic cell line THP-1 was
assessed using confocal microscopy.>® Our data indicated an in-
crease in the number of THP-1 cells that migrated through the
Veh-pretreated LSEC monolayer into the collagen gel in response
to PA treatment, in contrast to LSEC pretreated with LY20930314,
where there was a significant reduction in migrated THP-1 cells,
suggesting that myeloid cell TEM in response to lipid-induced
signals in LSECs is mediated by intrinsic GSK3 enzymatic activ-
ity (Fig. 3F). Taken together, these data support a crucial role for
LSEC GSK3 during lipotoxicity in myeloid cell TEM.

GSK3 inhibition with LY2090314 ameliorates FFC diet-induced
murine MASH

Based on our in vitro findings supporting the proinflammatory
role of aberrant GSK3 activation in LSECs under lipotoxic stress,
we examined the potential beneficial effect of GSK3 inhibition in
mice with FFC diet-induced MASH. Chow- or FFC-fed mice were
treated with Veh or the GSK3 inhibitor LY three times a week for
4 weeks (Fig. 4A). We elected to use LY given its established
safety and tolerability in humans.®' First, we examined the
metabolic phenotypes of these mice. Daily caloric intake, body
weight, and homeostasis model assessment of insulin resistance
(HOMA-IR) (Fig. S3A) were increased with the FFC diet but were
similar in the Veh-treated vs. LY-treated groups. Furthermore, LY
treatment was well tolerated, and the physical activity, respira-
tory quotient, metabolic rate, and percentage of lean and fat
masses when assessed by the comprehensive laboratory animal
monitoring system and echo-magnetic resonance imaging were
also similar between the Veh and LY treatment groups on the FFC
diet (Fig. S3B and C). Furthermore, the liver-to-body weight ratio
(Fig. 4B) and hepatic triglyceride content (Fig. 4C) in the FFC mice
were reduced by LY treatment. However, steatosis was not
significantly reduced by LY treatment in MASH mice (Fig. 4D).
This observation was confirmed by automated quantification of
steatosis percentage on the whole digitized H&E-stained slides
(Fig. S4A and B), as well as by steatosis scoring (Fig. S4C) by
estimating the steatotic area percentage in five fields per mouse
and then taking the average (score 1 [6-33%], score 2 [33-66%],
score 3 [>66%]). Similarly, hepatocyte ballooning was not altered
by LY treatment (Fig. S4D). Taken together, these data suggest a
minor role for GSK3 inhibition in steatosis and other metabolic
alterations in murine MASH.

Given the key role of LSEC GSK3 in myeloid cell adhesion and
TEM (Fig. 3E and F), we examined whether GSK3 inhibition re-
duces macrophage and neutrophil hepatic infiltration. Immu-
nostaining of liver tissues indicated that LY-treated mice had a
reduced positive area for the macrophage marker F4/80 (Fig. 4E)
and the neutrophil marker myeloperoxidase (MPO) (Fig. S5A).
Interestingly, the expression of the LSEC endotheliopathy marker
ICAM-1 (Fig. 4F) was increased with FFC feeding and reduced
with LY treatment, whereas the marker of differentiated LSEC
Lyve-1 was reduced in FFC mice and restored with LY treatment
(Fig. S5B). Similarly, Cxcl2 mRNA expression increased with the
FFC diet and decreased with LY treatment (Fig. 4G). These data
support the role of GSK3 in the proinflammatory phenotypes of
LSECs in MASH and are consistent with our in vitro findings.
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Moreover, FFC-induced liver injury was attenuated by GSK3
inhibition as assessed by reduced plasma alanine aminotrans-
ferase (ALT) levels (Fig. 4H) and apoptotic hepatocytes by ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL)-positive cells (Fig. 41) in LY-treated mice.

Finally, to determine whether GSK3 inhibition can mitigate
liver fibrosis, the most important factor associated with
morbidity and mortality in MASH,?> we performed ultrasound-
based liver elastography 4 weeks after the initiation of treat-
ment with LY. Liver stiffness was assessed by the Young's
modulus (YM), which was increased in FFC-fed mice but reduced
with LY treatment (Fig. 5A). Likewise, FFC-fed LY-treated
mice showed a reduced Sirius Red-positive area compared with
Veh-treated mice on the same diet when quantified by
morphometry (Fig. 5B), indicating a therapeutic effect of LY
against MASH-associated liver fibrosis. Similarly, fiber density
(when assessed by CT-FIRE, an academic software package
available as a free download developed by the Eliceiri lab at UW
Madison) was reduced in FFC-fed mice treated with LY (p <0.01;
Fig. 5C). Overall, collagen fiber density was positively correlated
with YM (Pearson’s correlation coefficient, r = 0.70) (Fig. 5D).
Collagen fibers were narrower and longer with the FFC diet than
with the chow controls, with no change in straightness in the FFC
treatment group vs. no treatment group (Fig. S6). These findings
were further confirmed by immunostaining of the liver for
alpha-smooth muscle actin (a-SMA), a hepatic stellate cell acti-
vation marker (Fig. 5E), and mRNA expression of the genes
encoding a-SMA (Acta2) and Collagen 1al (Collal) (Fig. 5F).
Taken together, these findings suggest that pharmacological in-
hibition of GSK3 ameliorates liver inflammation, injury, and
fibrosis in diet-induced MASH.

GSK3 inhibition with elraglusib (9-ING-41) ameliorates
CDHFD-induced murine MASH

To further confirm the role of GSK3B in the recruitment of
proinflammatory myeloid cells to the liver, we used 9-ING-41, a
more selective GSK3p inhibitor that is structurally distinct from
LY [at 10 pM, 9-ING-41 was found to inhibit GSK3p by 97% and
GSK30 by 92% (GSK3B ICsg = 635 nM)]. To validate our findings in
a different MASH mouse model, we used a choline-deficient
high-fat diet (CDHFD; A06071302, Research Diet), a well-
established MASH mouse model that induces pronounced
myeloid cell-associated liver inflammation and fibrosis in 6
weeks.”*> Mice were treated with either Veh or 9-ING-41 at a
dose of 30 mg/kg per day intraperitoneally for 2 weeks during
the final 2 weeks of the feeding study (Fig. 6A). The liver-to-body
weight ratio was not altered by 9-ING-41 treatment in CDHFD-
fed mice (Fig. S7A). Steatosis, lobular inflammation, and hepa-
tocyte ballooning were assessed using the NASH Clinical
Research Network Scoring System (NAS), which was reduced in
CDHFD-fed 9-ING-41-treated mice (Fig. 6B and Fig. S7B), mainly
secondary to reduced inflammation. Immunofluorescence and
confocal microscopy showed increased neutrophil infiltration in
CDHFD-fed mice when assessed by MPO staining, which was
reduced with 9-ING-41 treatment (Fig. 6C). Likewise, immuno-
staining of liver tissues revealed that 9-ING-41-treated mice had
a reduced positive area for macrophage marker F4/80 (Fig. 6D).
Moreover, the mRNA expression of the proinflammatory mono-
cyte marker Ccr2 increased with the CDHFD diet and decreased
with 9-ING-41 treatment (Fig. 6E), suggesting that inhibition of
GSK3 reduces myeloid cell infiltration in the MASH liver paren-
chyma. Furthermore, 9-ING-41 treatment reduced liver injury, as
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assessed by ALT levels (Fig. 6F). Monocyte adhesion to LSECs
increased in the LSECs of Veh-treated MASH mice and decreased
in LSECs from 9-ING-41-treated MASH mice (Fig. 6G and
Fig. S7C). However, pharmacological GSK3 inhibition did not
significantly reduce the migration of bone marrow-derived
monocytes isolated from mice with MASH (Fig. 6H) or sub-
jected to the chemokine CCL2 (Fig. S8), suggesting a minor direct
effect of GSK3 inhibition on monocyte recruitment.

A

Wild type
C57BL6J

Metabolic phenotyping

« Fasting insulin & glucose

CLAMS

Elastography | ~#==

1 3 times/week
Vehicle

LY2090314

Vehicle

LY2090314
4 wk

ICAM-1

6 —

Plasma

-
]

-
o

o

ICAM1 positive area (%)

1’500 *% *%
21,000
2
'_ .
-
< 500
0
F o0& o
N oL
C}\o K &

ALT

Triglyceride
RT-qPCR

Histology
Immunostaining
TUNEL assay

B

Fhkk

JHEP|Reports

To further examine the contribution of the different immune
cells to the protective effect of GSK3 inhibition in MASH, we used
mass cytometry by time of flight (CyTOF) using the Fluidigm
Helios System, which allows comprehensive profiling of intra-
hepatic leukocyte (IHL) subpopulations based on multiple cell
markers. Thirty-one clusters were obtained (Fig. 7A) on isolated
[HLs from mice from the different experimental groups based on
the intensities of 32 different cell surface markers and two
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Fig. 4. Glycogen synthase kinase (GSK)-3 inhibition ameliorates liver injury and inflammation in fat, fructose, and cholesterol (FFC) diet-induced murine
metabolic dysfunction-associated steatohepatitis (MASH). Wild-type (WT) C57BL/6] mice were fed either a chow or FFC diet for 24 weeks and treated with
either vehicle (Veh) or the GSK3 inhibitor LY2090314 (LY) intraperitoneally 10 mg/kg three times per week for 4 weeks. (A) Schematic of the feeding experiment.
(B) Liver-to-body weight ratio. (C) Liver triglyceride content. (D) Representative images of H&E staining of the liver sections. (E) Representative images of F4/80
immunostaining of the liver sections (left). F4/80-positive areas were quantified in five random 10 x microscopic fields and averaged for each animal (right). (F)
Representative images of intracellular adhesion molecule 1 (ICAM-1) immunostaining in liver sections (left). ICAM-1-positive area is quantified (right). (G)
Hepatic mRNA expression of C-X-C motif chemokine ligand 2 (Cxcl2). (H) Plasma alanine aminotransferase (ALT) level. (I) Representative images of terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining of the liver sections (left). Quantification of TUNEL-positive cells (right). The marked boxes
in the top images indicate the magnified images at the bottom. Bar graphs represent the mean + SEM; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns, non-
significant (one-way ANOVA with Bonferroni’s multiple comparison; n = 4-7). Scale bars: 10 um (I, insets), 20 pm (I), 50 pm (E,F), 100 pm (D).
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Fig. 5. Glycogen synthase kinase (GSK)-3 inhibition by LY2090314 (LY)-ameliorated liver fibrosis in diet-induced murine metabolic dysfunction-associated
steatohepatitis (MASH). (A) Ultrasound images of the liver using shear wave elastography segmentation overlay. Median Young's modulus (kPa) of the vehicle
(Veh) and LY-treated mice fed chow or a fat, fructose, and cholesterol (FFC) diet. (B) Representative images of Sirius Red staining of liver sections (left). Sirius Red-
positive areas were quantified in five random 10 x microscopic fields and averaged for each animal (right). (C) Ex vivo validation of collagen fiber density after the
final time point using CT-FIRE (left). (D) Correlation between in vivo ultrasound and ex vivo CT-FIRE measurements of liver fibrosis pooled across all groups.
Pearson’s r correlation = 0.7 (right). (E) Representative images of alpha-smooth muscle actin (¢-SMA) immunostaining (left) and quantification (right) of liver
sections. (F) a-SMA and Collagen1a1 mRNA expression levels. Bar graphs represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns, non-significant
(one-way ANOVA with Bonferroni’s multiple comparison; n = 4-7). Scale bars: 50 um (B,E).

cytosolic markers (S100A8 and MPO) (Fig. 7A and B; Tables S1
and S2, and Fig. S9), which allowed comprehensive profiling of
the phenotype, differentiation, and function of the intrahepatic
subpopulations of innate and adaptive immune cells. t-Distrib-
uted stochastic neighbor embedding (tSNE) plots of each
experimental group were analyzed, with red indicating high-
frequency categorization of cells to a cluster and blue indi-
cating low frequency (Fig. 7C). Our data indicate that the cell
percentages of clusters 31 and 6, representing monocyte-derived
dendritic cells (MoDCs) (Fig. 7D and E), and cluster 9, comprising
proinflammatory monocyte-derived macrophages (MoMFs)
(Fig. 7F), increased with the CDHFD diet and decreased with 9-
ING-41 treatment. However, 9-ING-41 treatment in CDHFD-fed
mice did not significantly alter the percentage of other intra-
hepatic immune cell subpopulations in the remaining clusters
(Fig. S10), further confirming that GSK3 inhibition reduces
circulating myeloid cell infiltration and proinflammatory differ-
entiation in the MASH liver.

To further study the effects of GSK3 inhibitor on liver fibrosis
in MASH, we performed Sirius Red staining, which showed a
reduction in Sirius Red-positive area in the CDHFD-fed 9-ING-41-
treated mice compared with Veh-treated mice on the same diet
(Fig. 8A). Likewise, these findings were replicated with immu-
nostaining for o-SMA (Fig. 8B), and measurement of Collal
mRNA expression (Fig. 8C), indicating a protective effect of 9-
ING-41 against MASH-associated liver fibrosis. Taken together,
these findings suggest that pharmacological inhibition of GSK3
by 9-ING-41 in CDHFD-induced murine MASH ameliorates liver
inflammation, injury, and fibrosis.

Discussion

The current study provides insight into the role of GSK3 in
lipotoxicity-induced LSEC endotheliopathy in MASH. Herein, we
demonstrate that: (i) in LSECs isolated from mice with diet-
induced MASH, leukocyte TEM and focal adhesion are among
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Fig. 6. Glycogen synthase kinase (GSK)-3 inhibition with elraglusib improves liver injury and inflammation in choline-deficient high-fat diet (CDHFD)-
induced murine metabolic dysfunction-associated steatohepatitis (MASH). Eight-week-old wild-type (WT) C57BL/6] mice were fed either a chow diet or
CDHFD for 6 weeks and treated with either vehicle (Veh) or the GSK3 inhibitor 9-ING-41 (intraperitoneally 30 mg/kg daily for 2 weeks). (A) Schematic of the
feeding experiment. (B) Representative images of H&E staining of the liver sections. (C) Myeloperoxidase (MPO) immunofluorescence staining (red) Nuclei were
stained with DAPI (blue). Images are shown at a 63 x magnification. (D) F4/80 immunostaining of liver sections (left). F4/80-positive areas were quantified in five
random 10 x microscopic fields and averaged for each animal (right). (E) Hepatic mRNA expression levels of Ccr2. (F) Plasma alanine aminotransferase (ALT) levels
(n = 5-10). Quantification of (G) monocytes adherent to liver sinusoidal endothelial cells (LSECs) (n = 5), (H) and migrating monocytes (n = 3) in the different
experimental groups. Bar graphs represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001, ns, non-significant (one-way ANOVA with Bonferroni’s

multiple comparison). Scale bars: 10 pm (C), 50 pm (B,D).

the major altered pathways in differentially expressed prote-
omics and transcriptomics; (ii) based on kinome profiling, GSK3
is the central hub kinase associated with MASH pathogenesis in
LSECs; (iii) GSK3 drives the toxic lipid-induced proinflammatory
phenotype in LSECs; and (iv) pharmacological inhibition of GSK3,
using two distinct pharmacological inhibitors and two different
mouse models of MASH, ameliorates liver inflammation, injury,
and fibrosis mainly by reducing myeloid cell infiltration and
proinflammatory differentiation in the MASH liver.

Given that protein phosphorylation is central to dynamic
biological processes, including metabolic and immune responses,
multiple liver phosphoproteomic studies have shed light on the
key mediators of metabolic liver diseases. For example, pathway
analysis of the liver phosphoproteome of patients with MASH
and simple steatosis identified carbohydrate metabolism as a
significant biological process relevant to MASH progression.>* In

another liver phosphoproteomics study using a murine model of
alcohol-associated liver disease, the apoptosis signal-regulating
kinase 1 (ASK1)-p38 axis was identified as a downstream
target of the pro-necroptotic protein receptor-interaction protein
kinase 3 (RIP3).>° These whole-liver phosphoproteomic studies
likely reflect signaling alterations in hepatocytes. To the best of
our knowledge, the current study is the first to examine the
phosphoproteome of LSECs, the most abundant and highly
immunogenic cell population among non-parenchymal liver
cells. Notably, none of the previous liver phosphoproteomic
studies detected GSK3 as a signaling hub, which implies that an
LSEC-specific kinase-driven signaling network exists in the
context of metabolic perturbations in the liver. Moreover, a
previous study reported that the phosphorylation levels of GSK3
in adipose tissue are one of the predictors of advanced liver
fibrosis in patients with metabolic dysfunction-associated
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steatotic liver disease (MASLD).>® Taken together, these studies
suggest that altered GSK3 activation is a common driver in the
pathophysiology of metabolic syndrome (MS) across multiple

organs.

Our study identified ICAM1 and CXCL2 as downstream targets
of GSK3 in LSECs; interestingly, both ICAM-1 and CXCL2 are
prerequisites for circulating leukocyte TEM and recruitment to
inflamed tissue.>’*® Moreover, pathway analysis of the multi-
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omics data sets on LSECs from murine MASH identified focal
adhesion and leukocyte TEM as significant biological processes
in MASH progression, further implicating ICAM1 and CXCL2 in
MASH pathogenesis. Likewise, we identified a GSK3-dependent
increase in VE-cadherin phosphorylation in LSECs under
lipotoxic stress, promoting immune cell TEM. However, VE-
cadherin phosphorylation and internalization can also modu-
late endothelial growth factor receptor function, cell survival
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Fig. 7. Glycogen synthase kinase (GSK)-3 inhibition with elraglusib attenuates the recruitment of proinflammatory myeloid cells in the liver of choline-deficient
high-fat diet (CDHFD)-fed mice. Cytometry by time of flight (CyTOF) was performed on intrahepatic leukocytes (IHLs) of chow-fed mice and CDHFD-fed mice treated
with the GSK3 inhibitor elraglusib (9-ING-41). (A) Thirty-one unique clusters were defined by a panel of 32 cell-surface markers, including CD45 and two intracellular
markers (myeloperoxidase [MPO] and S100A8) using the Rphenograph clustering algorithm and visualized on a tSNE plot. (B) Heatmap demonstrating the distri-
bution and relative intensity of the markers used in clustering analysis. (C) Representative tSNE plots of each experimental group. Red indicates high-frequency
categorization of cells into a cluster, and blue indicates low frequency. Clusters 31 (D) and 6 (E) are consistent with monocyte-derived dendritic cells (MoDCs),

whereas cluster 9 (F) is consistent with proinflammatory monocyte-derived macrophages (MoMFs). Bar graphs represent the mean + SEM; *p <0.05, **p <0.01, **

s

p

<0.001, ****p <0.0001 (one-way ANOVA with Bonferroni's multiple comparison; n = 4). tSNE, t-distributed stochastic neighbor embedding.
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Fig. 8. Elraglusib (9-ING-41) treatment in choline-deficient high-fat diet (CDHFD)-fed mice attenuates liver fibrosis. (A) Representative images of Sirius Red
staining of liver sections (left). Sirius Red-positive areas were quantified (right). (B) Representative images of «-SMA immunostaining of the liver sections (left). a-
SMA-positive areas were quantified (right). (C) Hepatic mRNA expression levels of collagen 101 were assessed. Bar graphs represent the mean + SEM; *p <0.05, **p
<0.01, ****p <0.0001 (one-way ANOVA with Bonferroni’s multiple comparison) (n = 5 or 6). Scale bars: 50 um (A,B).

through the PI3K/AKT signaling pathway, cell proliferation via
the ERK/MAPK pathway, and cell migration via the GTPase RhoA
pathway.>® Hence, these pathways are potentially implicated in
lipotoxic endotheliopathy.

ICAM-1 is an adhesion molecule of the Ig superfamily and is
predominantly expressed in endothelial cells. It has been shown
previously that toxic lipids induce aberrant expression of the
other Ig superfamily member, vascular cell adhesion molecule 1
(VCAM1), in LSECs, and that endothelial cell-specific genetic
deletion or pharmacological inhibition of VCAM1 ameliorates
murine MASH.” In addition, CXCL2, along with other CXCL che-
mokines, has been implicated in leukocyte chemotaxis via its
cognate binding interaction with CXC motif chemokine receptor
2 (CXCR2), a typical G-protein-coupled receptor.* Increased
levels of CXCL2 have been observed in the serum of individuals
with obesity.*! CXCL2 shares 90% amino acid sequence similarity
with the related chemokine CXCL1, the biological function of
which has been studied extensively.*®*? It is intriguing that, in
our NanoString-based gene expression analysis, CXCL2, but not
CXCL1, was among the ‘lipotoxic stress-dependent’ and ‘GSK3-
dependent’ genes, suggesting the different transcriptional regu-
lation mechanisms between these two molecules. Furthermore,
the expression of CXCL2 was reduced by the GSK3 inhibitor LY in
murine MASH, suggesting that LSEC GSK3 signaling in MASH is
also implicated in chemotaxis.

Although the two isoforms of GSK3 (o and B) share 85%
amino acid sequence homology,** whole-body GSK3p-knockout
mice are embryonically lethal, whereas GSK3a-knockout mice
are viable, indicating that these two isoforms have non-
redundant functions.***> Recently, pharmacological inhibition
of GSK3 or endothelial cell-specific deletion of GSK3B was re-
ported to reduce atherosclerotic calcification in Apoe™~ Western
diet-fed mice.*® In another murine atherosclerosis model,

deletion of endothelial GSK3o, but not GSK3B, attenuated
atherosclerosis, which was associated with reduced endothelial
adhesion molecule expression and monocyte recruitment to the
vascular wall.*” Despite several similarities, one of the differ-
ences between this and the current study is that GSK3a-deleted
endothelial cells had decreased expression of VCAM1 in vivo,
whereas, in the current study, GSK3 inhibition reduced the
expression of ICAM-1 in vitro and in vivo. This discrepancy
might be secondary to the differences between vascular endo-
thelial cells and LSECs, which are specialized fenestrated
endothelial cells. Furthermore, GSK3 inhibitors suppress the
kinase activity of both GSK3a and GSK3pB because of the
extremely high amino acid homology in the kinase domain of
these two isoforms.*® Taken together, these studies suggest that
GSK3 inhibition would have a beneficial effect on extrahepatic
vascular manifestations of MS, further supporting the involve-
ment of GSK3 in endothelial inflammation. Ongoing experi-
ments are exploring the distinct role of GSK3B vs. GSK3a in
LSECs vs. hepatocytes in murine MASH, and their role in disease
development and progression, which are beyond the scope of
the current manuscript.

Nevertheless, our in vivo studies demonstrated that GSK3
inhibitors are well tolerated and elicit robust improvements in
liver inflammation, injury, and fibrosis in diet-induced murine
MASH, which, from a clinical perspective, might be as informa-
tive as findings obtained from genetically engineered mouse
models. In addition, GSK3 inhibitors have been safely and
effectively used for decades in mood disorders*® and, therefore,
could be repurposed for MASH therapy.

Collectively, our study implicates GSK3 in the proin-
flammatory phenotype of LSECs in MASH and provides preclin-
ical data to support targeting GSK3 as a novel anti-inflammatory
and antifibrotic therapeutic approach in human MASH.
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apoptosis signal-regulating kinase 1; CDHFD, choline-deficient high fat
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Assessment for Insulin Resistance; ICAM-1, intracellular adhesion mole-
cule 1; IHL, intrahepatic leukocyte; KEGG, Kyoto Encyclopedia of Genes
and Genomes; LPC, lysophosphatidylcholine; LSEC, liver sinusoidal
endothelial cell; LY, LY2090314; MASH, metabolic dysfunction associated
steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver
disease; MoDC, monocyte-derived dendritic cells; MoMF, monocyte-
derived macrophage; MPO, myeloperoxidase; MS, metabolic syndrome;
NAS, NASH Clinical Research Network Scoring System; p-GS, phosphor-
ylated glycogen synthase; PA, palmitate; qPCR, quantitative PCR; RIP3,
receptor-interacting protein kinase 3; RNA-seq, RNA-sequencing; siRNA,
small interfering RNA; TEM, transendothelial migration; TNF-o, tumor
necrosis factor-o; TSEC, transformed mouse liver sinusoidal endothelial
cell; tSNE, t-distributed stochastic neighbor embedding; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling; VCAM1, vascular
cell adhesion molecule 1; VE-cadherin, vascular endothelial cadherin;
Veh, vehicle; WT, wild-type; YM, Young’s modulus.
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