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SUMMARY

Hepatocyte-specific Gsk38 knockout (Gsk3847%") confers
metabolic resilience in mice fed a metabolic dysfunction-
associated steatohepatitis (MASH)-inducing diet, mainly by
improving mitochondrial bioenergetics, liver NAD™ levels, and
mitochondria-lipid droplet contact. Furthermore, Gsk334%

mice fed MASH-inducing diets exhibited reduced liver injury,
ferroptosis, release of damage-associated molecular patterns,
such as mitochondrial DNA, hepatic myeloid cell infiltration,
and fibroinflammatory response. Taken together, our data
support the potential therapeutic role of GSK38 inhibition in
human MASH.

BACKGROUND & AIMS: Metabolic dysfunction-associated
steatohepatitis (MASH) is characterized by toxic lipid-
induced cellular stress (lipotoxicity), which culminates in
lethal and sublethal hepatocyte injury and a sterile

WHAT YOU NEED TO KNOW

Background: MASH is a progressive liver disease driven
by mitochondrial dysfunction and inflammation. GSK3g is a
key regulator of metabolic and cell death pathways in he-
patocyte. Emerging evidence implicates aberrant GSK3(
signaling in MASH pathogenesis, yet its hepatocyte-specific
role remains unclear.

Impact: Hepatocyte-specific Gsk38 deletion in murine MASH
improves mitochondrial function, enhances liver NAD* levels,
and promotes mitochondria-lipid droplet contact, leading to
reduced ferroptotic liver injury and fibroinflammatory
responses.

Future directions: Future studies are needed to evaluate
the therapeutic potential of hepatocyte-targeted GSK34 in-
hibition in human MASH.
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fibroinflammatory response. We previously reported that
pharmacological inhibition of  glycogen synthase
kinase 3 (GSK3) ameliorates murine MASH. However, the
hepatocyte-specific role of GSK38 in lipotoxic injury
and the fibroinflammatory response in MASH remains unclear.

METHODS: We generated hepatocyte-specific Gsk38 knockout
(Gsk384"¢P) mice by crossing Gsk36™" mice with albumin-Cre mice.
Mice were fed either a choline-deficient high-fat diet (CDHFD) or a
high-fat, fructose, and cholesterol (FFC) diet to induce MASH.

RESULTS: Metabolic parameters and hepatic lipidomic were
similar between FFC-fed Gsk384"" and Gsk38™" mice. The
NanoString Metabolic Pathways Panel on liver tissues showed
upregulation of NAD, mitochondrial function, and oxidative
phosphorylation signaling pathways in FFC-fed Gsk36"% mice
compared with Gsk38™" mice. In vitro studies in palmitate-
treated hepatocytes showed that mitochondrial morphology,
biogenesis, contact with lipid droplets, and respiration were
improved, whereas mitochondrial DNA release and Ferroptosis
Suppressor Protein 1 (FSP1) phase separation were reduced with
pharmacological GSK3 inhibition or in hepatocytes isolated from
Gsk33“"P mice. Similarly, liver injury, lipid peroxidation, fer-
roptosis markers, and circulating mitochondrial DNA levels were
reduced in Gsk38"P mice with MASH. Furthermore, Gsk3384H
mice with MASH had reduced hepatic expression of proin-
flammatory genes, myeloid cell infiltration, NETosis, and showed
significant downregulation of fibrosis signaling pathways.

CONCLUSIONS: Gsk337 reduced liver injury, mitochondrial
DNA release, inflammation, and fibrosis in mice with MASH,
secondary to improved mitochondrial bioenergetics and reduced
ferroptosis. Therefore, GSK36 may be a potential therapeutic
target for human MASH. (Cell Mol Gastroenterol Hepatol
2026;20:101633; https://doi.org/10.1016/j.jcmgh.2025.101633)

Keywords: Ferroptosis; Glycogen Synthase Kinase 3 8 (GSK30);
Hepatocyte Injury; Inflammation; Liver Fibrosis; Metabolic
Dysfunction-associated Steatohepatitis (MASH).
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characterized by the accumulation of lipid peroxides resulting
from the iron-dependent peroxidation of polyunsaturated
fatty acids (PUFAs) in membrane phospholipids. This process
is primarily regulated by iron homeostasis and oxidative
stress response.’ The regulatory role of mitochondria in fer-
roptosis has recently been recognized, as mitochondria serve
as a major source of intracellular reactive oxygen species
(ROS) and are involved in maintaining iron homeostasis."’
Additionally, lipid droplets (LDs) function as buffers against
lipotoxic stress by sequestering excess fatty acids (FAs),
particularly PUFAs, which induce ferroptosis. The buffering
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etabolic dysfunction-associated steatohepatitis
(MASH) is a growing public health problem
worldwide that has been linked to the obesity epidemic.’
The pathogenesis of MASH involves both lipotoxicity (toxic
lipid-induced cellular stress)* and a sterile inflammatory
response paired with a dysfunctional reparative process
that culminates in liver fibrosis.” The mechanisms by which
hepatic inflammation evolves in MASH remain incompletely
understood but appear to be linked to the proinflammatory
microenvironment induced by lipotoxicity. Traditionally,
lipotoxicity-induced cell death has been mainly attributed
to apoptosis triggered by death receptors and endoplasmic
reticulum (ER) stress.” Recently, other forms of cell death
have been implicated in the pathogenesis of MASH,
including necroptosis,” pyroptosis,® and ferroptosis.”
Ferroptosis is an increasingly recognized form of non-
apoptotic programmed cell death involved in the pathogen-
esis of numerous inflammatory diseases.” Ferroptosis is
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capacity of LDs reduces the availability of PUFAs for lipid
peroxidation, thereby preventing ferroptotic cell death.'* In
addition to their classical function as lipid reservoirs, LDs
interact with other organelles, including mitochondria, to
regulate FA trafficking and metabolism. The interaction be-
tween LDs and mitochondria plays a crucial role in trans-
porting FAs from LD to mitochondria for subsequent oxidation
and energy generation. LD-associated mitochondria in the liver
exhibit higher metabolic fitness and FA oxidation capacity than
cytoplasmic mitochondria, and this capacity is compromised in
metabolic dysfunction-associated fatty liver disease (MASLD)."?
Under lipotoxic conditions, mitochondrial-LD spatial proximity
is likely to reduce the availability of cytoplasmic FAs by
increasing their trafficking to LDs,"*'* suggesting that LD-
mitochondrial contact may modulate lipotoxicity-induced fer-
roptosis in MASH. However, the cellular and molecular medi-
ators of ferroptosis in MASH remain to be elucidated.

The inflammatory response in MASH is mainly mediated
by the recruitment of proinflammatory myeloid cells.'”
Ferroptosis is involved in immune cell activation through
the release of damage-associated molecular patterns
(DAMPs), including mitochondrial DNA, cytokines, chemo-
kines, and other mediators.'® However, it remains unclear
whether hepatocyte ferroptosis contributes to the proin-
flammatory response in MASH.

Glycogen synthase kinase 38 (GSK3() is a master kinase
that acts as a major hub linking numerous signaling pathways,
including those involved in cell metabolism, adhesion, and
inflammation."” Aberrant GSK3@ activation is pathogenic in
numerous inflammatory diseases, and GSK3@ inhibitors have
been successful in curtailing exuberant inflammatory re-
sponses in several rodent models.'®*° GSK38 has been impli-
cated in the regulation of ferroptosis in cancer.?>*" In addition,
GSK3@ plays an important role in regulating mitochondrial
bioenergetics in the brain.”> We previously reported that
pharmacological inhibition of GSK3 ameliorated liver injury,
inflammation, and fibrosis, mainly by reducing the hepatic
infiltration of recruited myeloid cells in murine MASH.**
However, the role of GSK38 in hepatocyte mitochondrial
dysfunction and ferroptosis in MASH is unclear. To address
these knowledge gaps, we generated hepatocyte-specific Gsk34
knockout mice to dissect the cell-autonomous functions of
GSK38 in MASH. Herein, we report that hepatocyte-specific
Gsk3(6 knockout reduces liver injury, ferroptosis markers,
myeloid cell-associated liver inflammation, and fibrosis in
murine MASH. Furthermore, GSK3( genetic or pharmacological
inhibition in vitro restored mitochondrial bioenergetics and
increased mitochondrial LD contacts and LD-associated mito-
chondria in hepatocytes exposed to lipotoxic stress. These
findings suggest that GSK3( plays a major role in hepatocyte
ferroptosis and the proinflammatory response in MASH.

Results

Hepatocyte Gsk33 Deletion Does Not Alter the
Metabolic Phenotypes in Diet-induced Murine
MASH

To model human MASH in mice, we employed 2 distinct
dietary models.?* In the FFC diet model, mice are fed a
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Western diet high in fat, fructose, and cholesterol (FFC) for
24 weeks. The FFC model closely phenocopies human MASH
and metabolic syndrome.”>*’ In the CDHFD model
(A06071302, Research Diet)*”*® mice are fed a choline-
deficient, L-amino acid-defined, high-fat diet (CDHFD) for 6
weeks. The CDHFD model possesses all hepatic features of
human MASH with more pronounced liver fibrosis and
inflammation than the FFC model; however, mice on CDHFD
do not develop obesity. To assess the effect of Gsk3347%” on
MASH-associated metabolic phenotypes, we fed Gsk334"?
mice either a CDHFD (Figure 14) or FFC diet (Figure 24).
The deletion of Gsk38 in hepatocytes was confirmed by
Western blotting of isolated primary mouse hepatocytes.
Western blot analysis of GSK3(6 in nonparenchymal cells
(NPCs) showed comparable expression levels between
Gsk364"%P and Gsk36™"" mice, confirming hepatocyte-specific
deletion (Figure 1B). Gsk33“"? mice on the MASH-inducing
CDHFD exhibited similar metabolic parameters (body
weight, liver/body weight ratio, and epididymal adipose
tissue weight) as Gsk36™" mice on the same diet (Figure 1C).
Similarly, FFC-fed Gsk384"¢" and Gsk38""" mice presented
similar metabolic parameters (Figure 2B). Fasting blood
glucose levels and Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) results were similar in CDHFD-fed
(Figure 1D) and FFC-fed (Figure 2C) Gsk384"%" mice
compared with those in Gsk38™" mice fed the same diet.
Histological assessment suggested smaller LD size in the
pericentral areas of Gsk33“"®” mice with the CDHFD diet-
induced MASH (Figure 1E), and to a lesser extent in the
FFC diet-induced MASH (Figure 2D). This observation was
validated by machine learning-based zonal quantification of
steatosis, which confirmed smaller LDs in the pericentral
area of CDHFD-fed Gsk384"®P mice compared with Gsk38"/
mice (Figure 1F). No significant difference was observed in
the steatosis score or steatosis percentage among the he-
patic zones in CDHFD-fed (Figure 1G) and FFC-fed
(Figure 2E) Gsk384"%? mice compared with Gsk38™"" mice.
CDHFD-fed Gsk384"®" mice demonstrated a significant
reduction in nonalcoholic fatty liver disease (NAFLD) Ac-
tivity Score (NAS), mostly secondary to reduced inflamma-
tion (Figure 1E). These findings were further supported by
hepatic triglyceride (TG) measurements, which were com-
parable between MASH-inducing diet-fed Gsk384"% and
Gsk36™" mice, indicating no significant differences in the
quantitative assessment of hepatic steatosis in CDHFD-fed
(Figure 1H) and FFC-fed mice (Figure 2F). To further
examine the role of GSK34 in lipid metabolism and the liver
composition of nonesterified free fatty acids (NEFA) and
total FAs, we performed lipidomic analysis of liver tissue and
identified a similar lipid composition between Gsk367¢ and
Gsk38™" mice (Figure 34). Furthermore, a Comprehensive
Laboratory Animal Monitoring System (CLAMS) study
revealed no alterations in the metabolic rate, physical ac-
tivity, respiratory quotient, or lean/fat mass ratio in FFC-fed
Gsk3B82"°P and Gsk38""" mice (Figure 3B).

Because GSK3B negatively regulates Wnt/g-catenin
signaling, which is a critical player in liver metabolic
zonation,?’ we assessed alterations in hepatic zonation in
Gsk364"P and Gsk36"" mice by immunostaining for the
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pericentral glutamine synthase (GS) and periportal cyto-
chrome P450 family 2 subfamily f member 2 (CYP2F2)
zonation markers. GS+ and CYP2F2+ areas were compa-
rable between Gsk3847¢ and Gsk38™" mice, with no
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observable alterations in staining patterns (Figure 4A4).
Interestingly, the periportal CYP2F2+ area was reduced by
the CDHFD in Gsk38™" mice and restored in Gsk384HeP
mice on the same diet, suggesting restoration of periportal
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metabolic capacity in Gsk38“7%" mice (Figure 4B). Taken
together, these results suggest that deletion of Gsk38 in
hepatocytes in mice with diet-induced MASH reduces LD
size in the pericentral area without altering hepatic tri-
glyceride levels, lipid species composition, or gross meta-
bolic phenotype.

Hepatocyte Gsk3g Inhibition Ameliorates
Mitochondrial Function and Morphology in
Lipotoxicity and Murine MASH

To further delineate the metabolic pathways altered in
Gsk334H%P mice, we performed a NanoString Metabolic
Pathways Panel on liver tissue samples from FFC- and
chow diet-fed Gsk384H%? and Gsk38"" mice. Metabolic
profiling of 768 genes identified 32 differentially expressed
genes between FFC-fed Gsk364"? and Gsk36"" mice based
on a P value threshold of <.05 (Figure 54). Gene expres-
sion analysis revealed the upregulation of glucose 6 phos-
phatase catalytic subunit 1 (Gé6pc), a key regulator of
glucose homeostasis, and sterol regulatory element binding
transcription factor 1 (Srebf1), a central transcription fac-
tor regulating lipid metabolism, and its downstream target
stearyl-CoA desaturase 1 (Scd1) in FFC-fed Gsk384¢P mice
compared with that in Gsk38™" mice (Figure 54, B),
whereas Braf transforming gene (Braf) and toll-like re-
ceptor 7 (TIr7) were downregulated (Figure 54, C). Braf
activation increases the accumulation of long-chain PUFAs
and formation of LDs,?° whereas TLR7 activation enhances
the expression of proinflammatory cytokines, such as tu-
mor necrosis factor « (TNF-«) and type I interferons,
exacerbating liver inflammation and steatosis.** To further
verify the NanoString analysis findings, we confirmed the
top upregulated gene expression using real-time quantita-
tive reverse transcription polymerase chain reaction (RT-
gPCR) (Figure 5D). To explore the biological functions
associated with the differentially expressed genes identi-
fied in FFC-fed Gsk38“"° mice, we performed Ingenuity
Pathway Analysis (IPA) and identified 45 canonical path-
ways that were differentially regulated in Gsk384%" mice
(z-score > +2.0 and P <.05). Importantly, among these
pathways, nicotinamide adenine dinucleotide (NAD™)
signaling pathway was enriched (Figure 5E), whereas
MASLD and nuclear factor kappa B (NF-kB) signaling
pathways were downregulated (Figure 5F). Furthermore,
Gene Ontology (GO) enrichment analysis using ShinyGO
(v0.80) identified significant enrichment of biological
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pathways related to metabolic pathways, including the
citrate cycle (TCA) and AMP-activated protein kinase
(AMPK) signaling pathways in FFC-fed Gsk38“7¢” mice
compared with Gsk38™"”" mice (Figure 5G). Measurement of
NAD™" levels in whole liver tissue identified a significant
increase in NAD" levels in FFC-fed Gsk384%¢ mice
compared with that in Gsk36™/ mice (Figure 51). To further
validate the upregulation of the NAD™ signaling pathway,
we examined the activity and expression of Nampt, the key
enzyme in the NAD" salvage pathway, in our model. Im-
munostaining identified prominent nuclear and cytosolic
expression of Nampt in the pericentral zone within the
livers of Gsk384"¢” mice fed the MASH-inducing diet
(Figures 6A and 7A). Interestingly, increased pericentral
Nampt expression coincided with reduced steatosis in the
pericentral zones of MASH diet-fed Gsk334"? mice. Mining
of publicly available spatial proteomic data across hepatic
zones revealed that Nampt expression does not follow a
zonal pattern under baseline conditions.?” Thus, Gsk38
deletion in hepatocytes seems to restore Nampt expression
in the pericentral zones in mice fed the MASH-inducing
diet, suggesting that the reduced pericentral hepatic stea-
tosis in Gsk38"%" mice with MASH is likely secondary to
improved Nampt activity, given the known link between
reduced Nampt activity and the development of hepatic
steatosis.’*** Taken together, these analyses suggest that
Gsk36“"°P mice fed a MASH-inducing diet have improved
hepatic mitochondrial bioenergetics, oxidative phosphory-
lation, and substrate utilization, with reduced proin-
flammatory signaling.

To functionally confirm the unbiased in vivo observa-
tion using an in vitro system of lipotoxicity and understand
the effect of GSK3(4 deletion on hepatocyte mitochondrial
respiration, we assessed changes in the oxygen consump-
tion rate (OCR) by conducting a mitochondrial stress test
using a Seahorse XF analyzer. Our data indicated that
OCR was significantly reduced in palmitate (PA)-treated
Gsk36""" primary mouse hepatocytes (PMHs) compared
with PA-treated Gsk38“"®? PMH. Specifically, PA-treated
Gsk33“"%? PMHs showed higher maximal respiration and
spare respiratory capacity than PA-treated Gsk36"/ PMH
(Figure 84), supporting our NanoString-based messenger
RNA (mRNA) profiling data that Gsk38 deletion promotes
mitochondrial function in MASH. Bioenergetic analysis of
the mouse hepatocyte cell line AML12 was performed to
mechanistically corroborate our observations in PMH. In

Figure 1. (See previous page). Hepatocyte-specific Gsk33 deletion in CDHFD-induced murine MASH does not alter the
metabolic phenotype. Hepatocyte-specific Gsk38 knockout (Gsk384/®P) mice were generated by crossing Gsk38 ™" with
Alb-Cre mice. Eight-week-old Gsk384""%° and Gsk38 ™" mice were fed either chow or CDHFD for 6 weeks to induce MASH
development. (A) Schematic representation of the mouse model and feeding studies. (B) Western blot analysis of GSK3p
protein levels to validate knockout efficiency (n= 4 per group). (C) Body weight, liver/body weight ratio, and epididymal
adipose tissue weight (n= 5-10 per group). (D) Fasting glucose (mg/dL) and HOMA-IR (n= 5-10 per group). (E) Repre-
sentative H&E-stained liver sections from chow- and CDHFD-fed Gsk334/%° and Gsk38 ™" mice. NAS score (bottom panel)
(n= 5 per group). (F) Representative images of machine learning-based steatosis quantification. Quantification of LD size
(um?) in the hepatic zones (bottom panel). (G) Machine-learning-based quantification of the steatosis score and steatosis
percentage in the hepatic zones (n= 5 per group). (H) Quantification of hepatic TG levels (n = 5-8 per group). Bar graphs
represent the mean + SD; *P < .05, *™*** P < .0001, ns, nonsignificant (one-way ANOVA with Bonferroni’s multiple comparison

and unpaired t-test). Scale bar: 20 um (E).
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Figure 2. Gsk3( hepatocyte deletion in mice with FFC-induced MASH does not alter the metabolic phenotype. Eight-
week-old Gsk384"P mice and Gsk38 ™" mice were fed either a chow or FFC diets for 24 weeks to induce MASH. (A)
Schematic representation of the mouse model and the feedlng study. (B) Body weight, liver weight, liver/body weight ratio,
and epididymal adipose tissue weight (n = 7-8 per group). (C) Fastln%glucose (mg/dL) and HOMA-IR (n = 4-7 per group). (D)
Representative H&E-stained liver sections from the FFC-fed Gsk384"°P mice and Gsk38 " mice (left panel). NAS score and
quantification of LD size (um?) in the hepatic zones (right) (n= 5 per group). (E) Machine learning-based steatosis score and
steatosis percentage in the hepatic zones (n= 5 per group). (F) Quantification of hepatic triglyceride levels (n= 7-8 per
group). Bar graphs represent mean + SD, ** P < .01, ns, non-significant (unpaired t-test). Scale bar: 20 um (D).
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Figure 3. Gsk33 hepatocyte deletion did not alter the lipidomic profile or metabolic phenotype in mice with FFC-
induced MASH. (A) Lipidomic profiling of liver samples from chow- and FFC-fed Gsk384"¢ mice vs Gsk38 ™" mice, with
lipid levels normalized to protein content (n= 3 per group). (B) Metabolic rate, physical activity, normalized respiratory
quotient assessed using the CLAMS study, and lean vs fat mass body composition measured using Echo-MRI (n= 4 per
group). Bar graphs represent the mean + SD; ns, nonsignificant (1-way ANOVA with Bonferroni’s multiple comparison).

agreement with our bioenergetic studies in mouse primary
hepatocytes, PA decreased OCR levels associated with basal
respiration, ATP production, and maximal respiration in
AML12 cells, whereas pharmacological inhibition of GSK38
enzymatic activity with LY2090314 (LY) restored maximal
respiration and spare respiratory capacity (Figure 8B). In
accordance, liver tissues of Gsk35AHe” mice showed higher
mRNA expression of mitochondrial biogenesis genes,
including mitochondrial transcription factor A (Tfam),
peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (Pgcla), optic atrophy 1 (Opal), and nuclear
factor erythroid 2-related factor 2 (Nrf2), than those of
Gsk38™"" mice (Figure 8C).

As mitochondrial morphology can be indicative of
mitochondrial respiration and function,®® we performed
electron microscopy (EM) of liver tissues from chow- and
FFC-fed mice to evaluate mitochondrial morphology.
Circularity and aspect ratio (AR) are valuable parameters in
EM-based quantification of mitochondrial morphology, as
they provide insights into the structural and functional
dynamics of mitochondria.’® EM-based quantification of
mitochondrial morphology showed lower circularity and
higher AR, indicating more elongated or tubular mito-
chondria in FFC-fed Gsk384"¢? mice than in Gsk38"" mice
(Figure 94, B). Given the improved mitochondrial bio-
energetics observed in our model, we examined LD-
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Figure 4. Gsk33 hepatocyte deletion in CDHFD-induced MASH mice did not alter zonation patterns. (A) Immunohis-
tochemical (IHC) and immunofluorescence (IF) staining for the zonation markers CYP2F2 (periportal) and GS (pericentral) in
liver sections from chow- and CDHFD-fed Gsk384/®P mice and Gsk38 ™" mice. Scale bars: 100 um (IHC) and 50 um (IF). (B)
Quantification of CYP2F2 positive area from IHC images. Positive area percentage was normalized to the number of PVs in
the visual field quantified. Bar graphs represent the mean + SD, * P < .05, *** P < .0001, ns, nonsignificant (1-way ANOVA

with Bonferroni’s multiple comparison).

mitochondria contact to explore the potential metabolic
interactions between these organelles. We stained PMHs
with MitoTracker and LipidTox dyes. Mitochondrial and LD
staining revealed distinct mitochondrial morphology and
LD contact between FFC-fed Gsk384/¢P and Gsk38"/"" PMH.
In Gsk36ﬂ/ﬂ PMHs, mitochondria appeared round, with an
increased distance between mitochondria and LDs. In
contrast, Gsk384"¢? PMH exhibited more elongated mito-
chondria with a shorter distance between the mitochondria
and LDs (Figure 9C, D). Increased LD-mitochondria contact

observed in Gsk38"%? PMHs was further supported by
increased perilipin 5 (Plin5) mRNA expression in the FFC-
fed Gsk384"P vs Gsk38""" mice (Figure 9E). Plin5 is a LD
membrane protein that facilitates LD-mitochondrial
anchoring.’” To further support our findings, we trans-
fected AML12 cells with LD- and mitochondria-targeted
split-FAST fragment (SPLICS FAST-LDh-MT-P2A) re-
porters to assess short-range LD-mitochondria contact
sites. Treatment with PA reduced the SPLICs intensity,
which was augmented by the GSK3 inhibitor (LY)
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(Figure 9F). To examine changes in LD-mitochondria in-
teractions, we acquired time-lapse images from AML12
cells treated with PA + LY (Supplementary Videos 1 and 2)
and performed distance analysis using the Image] program.
Our quantitative data confirmed the increase in the number
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of LD-mitochondria interactions and contact surface area in
hepatocytes under lipotoxic conditions treated with the
GSK3 inhibitor LY (Figure 9G). Furthermore, time-lapse
images showed that LDs dispersed among mitochondria
with LY treatment, whereas they aggregated and fused into
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Figure 6. Immunofluo-
*Zoom 2x rescence detection of
pericentral Nampt resto-
ration in Gsk334""¢P mice
with diet induced MASH.
(A) Representative immu-
nofluorescence images of
NAMPT in liver sections
from CDHFD- and FFC-fed
Gsk364"" and Gsk3p™"
mice, with associated
zoomed-in images. Ar-
rowheads indicate nuclear
staining.  Scale  bars:
100 um, 20 um.

* Zoom 2x

Figure 5. (See previous page). Liver metabolic gene expression profile in Gsk334"°" mice with FFC diet-induced
MASH. (4) Volcano plot showing differentially expressed genes (P < .05) in FFC-fed Gsk384"®° mice versus Gsk3g ™"
mice using the NanoString nCounter Metabolic Panel on liver tissue RNA. The X- and Y-axes represent the log2 fold-change
(logoFC) and log (P value) of the genes, respectively. Red and blue circles indicate the upregulated and downregulated genes,
respectively, in FFC-fed Gsk38"" mice vs Gsk38 ™" mice (n=3 per group). (B) Top upregulated genes and (C) down-
regulated genes (P < .05) in FFC-fed Gsk33"°F versus Gsk38 ™" mice in the NanoString nCounter Metabolic Panel. (D) gPCR
validation results of G6pc and Srebf1, significantly upregulated genes in the NanoString Metabolic Panel. (E) IPA analysis of
NanoString Metabolic Panel data showing top upregulated and (F) downregulated canonical pathways. (G) ShinyGO analysis
of NanoString Metabolic Panel data showing the most enriched pathways. (/) Liver NAD content in chow- and FFC-fed
Gsk384H°P and Gsk36™" mice (n = 5 per group). Bar graphs represent the mean + SD; * P < .05, ** P < .01, *** P < .001,
*** P < .0001, ns, nonsignificant (1-way ANOVA with Bonferroni’s multiple comparison and unpaired t-test).
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Figure 7.Immunohisto-
chemistry (IHC) detec-
tion of pericentral
Nampt restoration in
Gsk334H%"  mice with
diet induced MASH. (A)
Representative IHC im-
ages of NAMPT in liver
sections from CDHFD and
FFC-fed Gsk384"e" mice
and Gsk36™" mice, with
associated zoomed-in im-
ages. Arrowheads indicate
nuclear staining. Scale
bars: 100 um, 20 um.
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larger LDs with PA treatment alone (Supplementary Videos
1 and 2). Taken together, these data indicate that Gsk38
deletion in hepatocytes enhances mitochondrial bio-
energetics and hepatocyte respiratory capacity in MASH,
likely by augmenting LD-mitochondria contact. We next
explored how this biochemical alteration translates into
physiological benefits in our Gsk3847’ mouse model,
particularly focusing on the attenuation of MASH.

Hepatocyte Gsk33 Deletion Reduces Liver Injury
and Ferroptosis in Murine MASH

To assess the impact of Gsk384"¢ on liver injury in mice
with diet-induced MASH, we measured serum alanine
aminotransferase (ALT) levels and identified a significant
reduction in ALT levels in CDHFD-fed Gsk3847° mice
compared with Gsk38"/" mice (Figure 10A4). Comparable
results were observed in the FFC-fed mice (Figure 114). We
further examined the role of hepatocyte GSK3B in diet-
induced hepatocyte death using the ApopTag assay and
identified a significant decrease in cell death in CDHFD-fed
Gsk334HP mice compared with Gsk36™" mice (Figure 10B).
Similarly, FFC-fed Gsk38“"%" mice displayed significantly
reduced ApopTag staining compared with FEC-fed Gsk38""
mice (Figure 11B). To examine whether ferroptosis
reduction is the underlying mechanism of attenuated he-
patocyte injury in Gsk3847%” mice fed a MASH-inducing
diet, we assessed the expression levels of key ferroptosis
markers in the liver tissues of mice from the different

Deletion of Hepatocyte Gsk3G Attenuates Murine MASH 11

experimental groups and identified downregulation in the
mRNA levels of acyl-CoA synthetase long-chain family
member 4 (Acsl4), prostaglandin-endoperoxide synthase 2
(Ptgs2), and ferritin heavy polypeptide 1 (Fth1), whereas
the levels of ferroptosis suppressor protein 1 (Fsp1) mRNA
expression were upregulated in CDHFD-fed Gsk384%“ mice
compared with controls (Figure 10C). To determine
whether Gsk38 deletion in hepatocytes decreased MASH-
induced oxidized phospholipid (OxPL) accumulation and
ferroptosis, we evaluated the presence of OxPLs in liver
tissues using 4-hydroxy-2-nonenal (4-HNE) and oxidized 1-
palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine

(oxPAPC) staining, which showed decreased OxPLs in
CDHFD-fed Gsk334"% versus Gsk36"" mice (Figure 10B).
Likewise, the hepatic expression of transferrin receptor 1
(TFRC), a membrane protein crucial for iron uptake, was
reduced in CDHFD-fed Gsk384¢" mice (Figure 10B). These
findings were also recapitulated in FFC-fed mice
(Figure 11B). Furthermore, the measurement of liver
malondialdehyde (MDA), a biomarker for oxidative stress
and lipid peroxidation in cells and tissues, confirmed that
GSK30 deletion ameliorated ferroptotic stress in Gsk3847¢
vs Gsk36"" mice on the MASH-inducing diet (Figures 10D,
11C), with a stronger ferroptotic signature induced by the
CDHFD diet than in the FFC diet. 4-HNE is highly reactive
and binds to biomolecules including lipids, proteins, and
nucleic acids. HNE-protein adducts are the most abundant
forms of HNE and have been implicated in age-related
diseases and increased oxidative stress.*® Therefore, HNE-
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Figure 8. GSK3g inhibition enhances mitochondrial bioenergetics during lipotoxicity and MASH. (A) OCR of PMH cells
from Gsk334H°P vs Gsk38 " mice measured by the Seahorse mitochondrial respiratory assay at baseline and in response to
oligomycin, FCCP, and rotenone plus antimycin A. PMH cells were treated with 500 uM PA for 4 hours before the assay.
Basal respiration, ATP production, proton leakage, maximal respiration, and spare capacity were analyzed. (n = 6) (B) OCR of
AML12 cells measured by the Seahorse mitochondrial respiratory assay at baseline and in response to oligomycin, FCCP,
and rotenone plus antimycin A. Cells were pretreated for 2 hours with 100 nM LY, followed by 4hr treatment with 500 uM PA +
100 nM LY before the assay (n= 6). (C) mRNA expression of mitochondrial transcription factor A (Tfam), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (Pgc1a), nuclear factor erythroid 2-related factor 2 (Nrf2), and optic
atrophy 1 (OpaT) (n = 5-8 per group). Bar graphs represent the mean + SD; * P < .05, *™* P < .01, ** P < .001, *** P < .0001,
ns, nonsignificant (1-way ANOVA with Bonferroni’s multiple comparison and unpaired t-test).
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protein adducts are plausible markers and mediators of that HNE-protein adducts were lower in liver tissues of
oxidative stress and lipid peroxidation and can be detected ~CDHFD-fed Gsk334HP mice than in Gsk36™" mice, further
using a Western blot-based approach.’® Our data indicate supporting the lower levels of lipid peroxidation
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(Figure 11D). To assess whether the reduced ferroptotic
injury observed in the Gsk38“"" mice could be recapitu-
lated pharmacologically, liver samples were collected from
mice fed a CDHFD and treated with the GSK3( inhibitor
Elraglusib or 9-ING-41(ING), followed by analysis of fer-
roptosis markers. Consistent with the Gsk3847¢" mice,
CDHFD-fed mice treated with the GSK3 inhibitor ING
showed reduction in the expression of ferroptosis markers
Acsl4 and Ptgs2 (Figure 124). Additionally, immunohisto-
chemistry staining of liver tissues from FFC-fed mice
treated with the GSK3g3 inhibitor LY showed lower levels of
the ferroptosis markers 4-HNE, oxPAPC, and TFRC
(Figure 12B). Overall, pharmacological inhibition of GSK38
elicited a comparable outcome, further substantiating the
mechanistic role of GSK38 in ferroptotic injury in MASH. To
assure the human relevance of GSK38 signaling and fer-
roptosis in MASH, we previously showed increased GSK3(6
activating phosphorylation in human liver samples of pa-
tients with MASH compared with patients with steatosis
and normal liver.”? In the current study, we examined the
presence of ferroptotic damage in the liver tissues of pa-
tients with MASH and identified increased ferroptosis
markers in MASH liver samples compared with those in
simple steatosis and control samples, including increased
4-HNE and hyperoxidized peroxiredoxin 3 (PRDX3) levels*’
(Figure 12C). Taken together, these observations support
the notion that ferroptotic injury is prevalent in human and
murine MASH and that GSK3( inhibition attenuates fer-
roptotic injury in murine MASH.

GSK3g0 Inhibition Modulates Lipotoxicity-
induced Ferroptosis in Hepatocytes by
Regulating FSP1 Localization

To investigate whether PA induces ferroptosis in he-
patocytes, we assessed the viability of AML12 cells treated
with PA + Fer-1, a potent ferroptosis inhibitor. Notably,
Fer-1 rescued PA-induced reduction in hepatocyte viability,
suggesting a key role for ferroptosis in lipotoxicity-induced
cell death (Figure 134). Given that glutathione peroxidase 4
(GPX4) pathway is the main protective pathway against
ferroptosis in mammalian cells, we examined GPX4 protein
levels in AML12 cells treated with PA and observed no
significant changes (Figure 13B). Likewise, the mRNA and
protein levels of Gpx4 were not significantly different

Cellular and Molecular Gastroenterology and Hepatology Vol. 20, Iss. 1

between Gsk384%? and Gsk36""" mice fed MASH-inducing
diets (Figure 13 C-E), suggesting that GSK38 may modu-
late ferroptosis independently of GPX4.

FSP1 expression correlates with ferroptosis resistance
in cells, and its activity is modulated by regulating its
enzymatic activity and subcellular localization.**? In
addition, emerging data suggest that FSP1-mediated LD
quality control prevents neutral lipid peroxidation and
ferroptosis.”® To assess alterations in FSP1 dynamics and
subcellular localization, we transfected the human hepa-
tocyte cell line Huh7 with hFSP1-EGFP-Strep plasmid.
FSP1 was localized to the LDs monolayer under basal
conditions and became more prominent in the presence of
the GSK3 inhibitor LY (Figure 144, B). Our data are
consistent with a previous report on the subcellular local-
ization of FSP1."! Treatment with icFSP1, a potent FSP1
inhibitor, triggered FSP1 phase separation and condensate
formation in Huh7 cells. Cells treated with PA formed
condensates similar to icFSP1-treated cells, whereas LY
treatment of PA-treated cells reduced FSP1 phase separa-
tion without altering FSP1 localization to the LDs mono-
layer (Figure 14A). Although FSP1 did not localize to the
mitochondrial membrane, treatment with LY increased
mitochondrial contact with LD-localized FSP1 (Figure 14B).
Taken together, these data suggest that GSK38 inhibition
modulates lipotoxicity-induced hepatocyte ferroptosis
independently of the GPX4 axis, likely by altering FSP1
subcellular localization dynamics.

Hepatocyte Gsk3p Deletion Protects Against
Liver Inflammation in Murine MASH

Histological analysis of hematoxylin and eosin (H&E)-
stained liver sections indicated reduced lobular inflamma-
tion and hepatocyte ballooning scores in Gsk38“7¢" mice
compared with Gsk36™" mice on the CDHFD (Figure 154,
B) and FFC (Figure 164) diets. Likewise, immunostaining
for F4/80, a macrophage marker (Figure 15C), and mye-
loperoxidase (MPO), a marker of neutrophil infiltration
(Figure 15D), was significantly reduced in CDHFD-fed
Gsk364"°P mice compared with Gsk38™" mice fed the
same diet. Similarly, FFC-fed Gsk38“"® mice showed
reduced myeloid cell infiltration (Figure 16B, C). Given its
role in MASH-associated hepatic fibrosis,** we examined
the levels of neutrophil extracellular traps (NETs) and

Figure 9. (See previous page). GSK3g inhibition in hepatocytes ameliorates mitochondrial morphology and increases
LD-mitochondria contact under toxic lipid treatment and in murine MASH. (A) EM images of mitochondrial morphology.
Scale bars: 1 um (left), 600 nm (right). (B) Quantification of circularity and aspect ratio. Circularity (a measure of how close the
shape of the mitochondrion is to a perfect circle) ranges from 1 (perfect circle) to 0 (more elongated or irregular shapes). The
AR (ratio of the major to minor axis of the mitochondrion) measures mitochondrial elongation, with higher values indicating
more elongated mitochondria (n= 3 per group). (C) Primary mouse hepatocytes were stained with MitoTracker (green) to
visualize the mitochondria and LipidTox (red) to label LDs. Nuclei were counterstained with DAPI (blue) (n= 1 per group).
Scale bar: 10 um. (D) Quantification of LD-mitochondrial contacts. (E) Perilipin 5 (Plin5) mRNA expression (n = 7-8 per group).
(F) Representative images of LD- and mitochondria-targeted split-FAST fragments for short-range LD-MT contact sites
(SPLICs) in AML12 cells treated with 500 uM PA + 100 nM LY. Cells were stained with MitoTracker (DsRed) to visualize the
mitochondria (top panel). Quantification of SPLICs intensity (bottom panel). Scale bar: 10 um. (G) Quantification of the LD-
mitochondrial contact site area and number in AML12 cells treated with 500 uM PA + 20 nM LY. Cells were stained with
MitoTracker (green) to visualize the mitochondria and LipidTox (red) to label LDs (n= 3 per group). Scale bar: 10 um. Bar
graphs represent mean + SD; * P < .05, *™* P < .01, *™* P < .001, ™ P < .0001, ns, nonsignificant (unpaired t-test).
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identified reduced citrullinated histone 3 (CitH3) staining proinflammatory monocytes and chemokines, including C-C
in CDHFD-fed Gsk38“" mice compared with that in motif chemokine ligand 2 (Ccl2), C-C chemokine receptor
Gsk33™" mice (Figure 15D). Additionally, CDHFD-fed type 2 (Ccr2), and C-X-C motif chemokine ligand 2 (Cxcl2)
Gsk334H%? mice showed reduced mRNA expression of (Figure 15E). These markers also decreased in FFC-fed
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mice (Figure 16D). Thus, GSK38 deletion in hepatocytes
attenuates hepatic inflammation in murine MASH mainly by
reducing hepatic myeloid cell infiltration.

Because GSK3( plays a significant role in regulating
mitochondrial membrane potential and mitochondrial
permeability transition pore (mPTP) dynamics,?**° we
assessed whether Gsk3( deletion in hepatocytes alters the
release of mitochondrial DNA (mtDNA), a DAMP that con-
tributes to the sterile proinflammatory response in MASH
via TLR9 activation.*® CDHFD-fed Gsk3847°" mice showed a
marked decrease in serum mtDNA levels compared with
Gsk38™"" mice, indicating a protective effect against mito-
chondrial oxidative stress and damage (Figure 15F). Like-
wise, PA-induced mtDNA release in the conditioned media
from Gsk384"¢P PMHs was significantly reduced compared
with that in Gsk36"/" PMHs (Figure 15G). Taken together,
these data indicate that Gsk33 deletion in hepatocytes al-
leviates mtDNA release from hepatocytes and associated
myeloid cell infiltration and NETosis formation.

Hepatocyte Gsk3p Deletion Attenuates Liver
Fibrosis

Next, we assessed the effect of hepatocyte Gsk3(6 dele-
tion on liver fibrosis. Gsk384"*? mice showed a significant
reduction in Sirius Red staining (Figure 17A) and alpha-
smooth  muscle actin (eSMA) immunostaining
(Figure 17B) compared with Gsk38"" mice fed the CDHFD
diet. These findings were supported by the reduction in
Collal mRNA expression in Gsk3847%" mice (Figure 170).
In comparison, FFC-fed Gsk3847¢" mice displayed a signif-
icant reduction in the fibrosis signature (Figure 184-B),
further validating our findings in CDHFD-fed mice.

To further investigate the underlying mechanism of
attenuated fibrosis in Gsk3847 mice fed the MASH-
inducing diet, we applied the fibrosis gene expression
panel from NanoString on RNA isolated from the liver tis-
sue from the different experimental groups of the CDHFD
feeding study and identified 78 differentially expressed
genes (Figure 17D). Gene expression analysis revealed the
downregulation of multiple profibrogenic genes, including
thrombospondin-1 (Thbs1), lysyl oxidase (Lox), C/EBP ho-
mologous protein (Chop), and plasminogen activator
inhibitor-1 (Serpinel) (Figure 17D-E). Furthermore, IPA
identified 98 canonical pathways that were differentially
regulated in Gsk38“"¢” mice on the CDHFD diet compared
with Gsk38""" (z-score >+2.0 and P <.05), including he-
patic fibrosis and integrin cell surface interactions,

Cellular and Molecular Gastroenterology and Hepatology Vol. 20, Iss. 1

highlighting the pathogenic role of hepatocyte GSK3g in
driving liver fibrosis in MASH (Figure 17F).

Discussion

This study provides mechanistic insights into the role of
hepatocyte GSK3(6 in lipotoxicity-induced liver injury,
inflammation, and fibrosis in MASH. Herein, our data indi-
cate that: (1) in hepatocytes under lipotoxic stress, GSK36
pharmacological or genetic inhibition improves mitochon-
drial bioenergetics and morphology, increases the abun-
dance of LD-associated mitochondria, elevates NAD™ levels,
restores cytosolic pericentral and nuclear Nampt expres-
sion, and reduces ferroptosis, likely via an FSP1-dependant
mechanism; and (2) hepatocyte-specific deletion of Gsk33
in 2 different mouse models of MASH reduces liver injury,
ferroptosis markers, and circulating mitochondrial DNA
release, thereby ameliorating myeloid cell hepatic infiltra-
tion and liver inflammation and fibrosis in MASH.

The pathogenesis of MASH involves complex in-
teractions between metabolic and inflammatory pathways,
with hepatocyte cell death being a central feature. There-
fore, identifying the molecular mediators involved in the
activation of cell death pathways in MASH is crucial for
advancing our understanding of disease pathogenesis and
developing mechanism-based therapeutic strategies. Fer-
roptosis is driven by iron-dependent lipid peroxidation and
has been implicated in the pathogenesis of MASLD."” The
availability and subcellular localization of lipids, ROS, and
iron homeostasis influence ferroptosis and the cellular
response to ferroptotic stress, highlighting the complexity
of this regulated cell death mechanism. To the best of our
knowledge, this is the first study to elucidate the patho-
genic role of GSK38 in lipotoxicity-induced ferroptosis in
MASH. The observed reduction in ferroptosis markers in
Gsk36°™P mice with MASH directly correlated with our
in vitro findings of improved mitochondrial bioenergetics,
suggesting a mechanistic pathway in which GSK38 inhibi-
tion directly and indirectly mitigates ferroptosis. Notably,
pharmacological and genetic inhibition of GSK38 in hepa-
tocytes rescues mitochondrial respiration and enhances
mitochondrial bioenergetics under lipotoxic conditions.
The role of mitochondria in regulating ferroptosis sensi-
tivity is context-dependent.”® Some studies suggest that
mitochondria play a role in cysteine deprivation-induced
ferroptosis but not in GPX4 inhibition-induced ferropto-
sis.*? Conversely, mitochondria have also been identified as
inhibitors of ferroptosis via (-oxidation regulation,

Figure 10. (See previous page). Hepatocyte-specific Gsk33 deletion attenuates ferroptosis and liver injury in CDHFD-
induced murine MASH. (A) Serum levels of ALT (n= 5-8 per group). (B) Immunohistochemical staining of ApopTag
Peroxidase, oxPAPC, 4-HNE, and TFRC in liver sections from CDHFD-fed Gsk334"° and Gsk38 1 mice (left panels). The
ApopTag-positive area was quantified in 5 random 20x microscopic fields and averaged for each animal (right panel).
oxPAPC and 4-HNE-positive cells were quantified in 5 random 20x microscopic fields and averaged for each animal (right
panels). TFRC-positive area was quantified in 5 random 20x microscopic fields and averaged for each animal (right panel)
(n= 4-8 per group). (C) mRNA expression of acyl-CoA synthetase long-chain family member 4 (Acsl/4), prostaglandin-
endoperoxide synthase 2 (Ptgs2), ferritin heavy polypeptide 1 (Fth1), and ferroptosis suppressor protein 1 (Fsp7) (n= 5-8
per group). (D) Quantification of hepatic MDA levels in CDHFD-fed Gsk38 ™" and Gsk384"°P mice (n = 5-10 per group). Bar
graphs represent the mean + SD; * P < .05, ** P < .01, ** P < .001, *** P < .0001, ns, nonsignificant (1-way ANOVA with

Bonferroni’s multiple comparison). Scale bar: 20 um (B).
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detoxification of lipid peroxides, and modulation of iron
metabolism.”® The electron transport chain enhances
ferroptosis resistance by maintaining the activity of dihy-

Deletion of Hepatocyte Gsk33 Attenuates Murine MASH 17

phosphate dehydrogenase 2 (GPD2), which generate
reduced mitochondrial Coenzyme Q (CoQ).”"**
In addition to their role in energy storage, LDs function

droorotate dehydrogenase (DHODH) and glycerol-3- as hubs of cellular signaling and buffers by sequestering
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FAs under lipotoxic conditions. In accordance with recent
research,”> we demonstrate that FSP1 localizes to LDs
under lipotoxic conditions in the presence of GSK3 inhi-
bition. LD-localized FSP1 acts as a quality control pathway
that maintains the integrity of neutral lipids and prevents
lipid peroxidation. Importantly, our results indicate that
GSK33 inhibition increases LD-mitochondrial contact,
which plays a vital role in lipid trafficking, mitochondrial
protection during lipotoxicity, energy production, and
metabolic regulation based on energy demands.'?
Furthermore, we identified SrebfI upregulation in the
Gsk33“HP mice fed the MASH-inducing diet. SrebfI in-
duces the expression of SCD1 that catalyzes the synthesis
of long-chain mono-saturated fatty acids (MUFAs) which
in turn reduce the levels of oxidizable PUFAs, thereby
decreasing the sensitivity of plasma membrane lipids to
oxidation and ferroptosis.”> MUFAs produced by SCD1 are
crucial for maintaining the fluidity of the mitochondrial
membrane, which is essential for optimal mitochondrial
function, including electron transport chain efficiency and
ATP production. Conversely, SCD1 deficiency is associated
with increased membrane lipid saturation, leading to
decreased mitochondrial membrane fluidity, which may
impair mitochondrial function by affecting the dynamics
of membrane-associated processes, such as the formation
of contact sites with other organelles. Thus, deletion of
Gsk30 in hepatocytes may confer resistance to ferroptosis
by upregulating the SREBF1-SCD1 axis. Collectively, these
findings support the notion that GSK3@ inhibition in-
creases the metabolic resilience and ferroptosis resistance
of hepatocytes under lipotoxic conditions.

Ferroptosis results in the release of DAMPs, cytokines,
and chemokines, which recruit and activate myeloid
cells.”**> The release of mtDNA from injured hepatocytes
triggers a potent inflammatory response, exacerbates
hepatocellular damage, and promotes fibrosis.”® We
demonstrated that mtDNA, a vital component of
mitochondria-derived DAMPs, was reduced in the serum of
Gsk3B8“"°P mice with MASH and in the conditioned medium
of PA-treated Gsk33“"®” PMH. These findings indicate that
GSK3p regulates mtDNA release from hepatocytes, likely by
reducing mitochondrial oxidative stress and preventing the
opening of the mitochondrial permeability transition pore,
which in turn reduces liver injury, inflammation, and
fibrosis.

Cellular and Molecular Gastroenterology and Hepatology Vol. 20, Iss. 1

To contextualize our findings within the broader field,
we propose that the modulation of ferroptosis and mito-
chondrial dysfunction by GSK3@ in hepatocytes presents a
novel therapeutic target for MASH. Future studies should
explore the translational potential of GSK3g inhibitors in
clinical settings.

Methods

Materials

The primary antibodies employed in the study include
anti-a-SMA (ab124964) from Abcam, anti- glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (MAB374)
from Millipore Sigma, anti-MPO (#AF3667) from R&D
systems, anti-nicotinamide phosphoribosyl transferase
(NAMPT) (#A11776-1-AP) from Proteintech, anti-F4/80
(#70076S) from Cell Signaling Technology, anti-4-HNE
antibody (MAB3249), and human/mouse/rat GPX4 (h/
m/rGPX4) antibody (MAB5457) from R&D Systems, anti-
oxidized phospholipid (oxPAPC) antibody (MABS2278)
from Sigma-Aldrich (Merck KGaA), anti-TFRC antibody
(ab214039) from Abcam, hyperoxidized peroxiredoxin-3
polyclonal (SO,,3-PRDX3) antibody (#39806) from
Cayman Chemical, GS antibody (#G2781) from Sigma-
Aldrich, CYP2F2 (#sc-374540) antibody from Santa
Cruz Biotechnology, vinculin (7F9) antibody (#sc-73614)
from Santa Cruz, and Cit-Histone H3 (Arg2, Arg8, Argl7)
polyclonal (#630-180) antibody from ThermoFisher.
PA (P0500) was purchased from Sigma-Aldrich. LY
(S7063) was purchased from Selleck Chemicals. Elra-
glusib (9-ING-41) was kindly provided by Acuate Ther-
apeutics Inc.

Animals

All animal studies were approved and performed in
accordance with the Institutional Animal Care and Use
Committee (IACUC) at the Mayo Clinic. Male C57BI/6] mice
were purchased from the Jackson Laboratory. Hepatocyte-
specific Gsk38 knockout (Gsk38 “¥%P) mice were gener-
ated by crossing Gsk38 /" mice with albumin-Cre mice. In
albCre transgenic mice, Cre is driven by the serum albumin
(alb) gene (exclusively expressed in hepatocytes and
induced at differentiation) promoter and involves Cre-
dependent excision of loxP-flanked (floxed) sequences in
adult hepatocytes. Developmentally, recombination

Figure 11. (See previous page). Hepatocyte-specific Gsk33 deletion attenuates liver injury and oxidized phospholipid
accumulation in FFC-induced murine MASH. (A) Serum levels of ALT (n=7-8 per group). (B) Immunohistochemical
staining of ApopTag Peroxidase, oxPAPC, 4-HNE, and TFRC in liver sections from FFC-fed Gsk384"°P and Gsk38 ™" mice
(top panels). The ApopTag-positive area was quantified in 5 random 10x microscopic fields and averaged for each animal
(bottom) (n=7-8 per group). oxPAPC-positive cells were quantified in 5 random 20x microscopic fields and averaged for
each animal (bottom) (n=6 per group). 4-HNE-positive cells were quantified in 5 random 20x microscopic fields and
averaged for each animal (bottom) (n=7-8 per group). TFRC-positive area was quantified in 5 random 20x microscopic
fields and averaged for each animal (bottom) (n=5 per group). (C) Quantification of hepatic MDA levels in FFC-fed Gsk38™"
and Gsk334"%° mice (n= 7-8 per groule). (D) Representative Western blot images showing 4-HNE-modified proteins in
CDHFD-fed Gsk334F mice and Gsk38™" mice. The total protein bands of various molecular weights indicate the presence
of 4-HNE adducts (left panel). Quantification of 4-HNE protein adducts was normalized to GAPDH (right and bottom panels).
Bar graphs represent the mean + SD; * P < .05, ** P < .01, ** P < .001, *** P < .0001, ns, nonsignificant (1-way ANOVA with
Bonferroni’s multiple comparison). Scale bar: 20 um (B).
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typically begins around embryonic day 14.5 (E14.5). This
timing aligns with the developmental onset of alb gene

expression in hepatoblasts, the precursor cells of
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hepatocytes.”” Hence, unlike the global deletion of Gsk33
that results in embryonic lethality due to liver apoptosis, as
shown by Hoeflich et al,”>® Gsk38 4% are viable and
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Figure 13. Lipotoxic stress induces hepatocyte ferroptosis. (A) AML12 cells were treated with 500 uM PA + the ferroptosis
inhibitor Fer-1, and cell viability was assessed after 16 hours using a Celigo Imaging Cytometer (n =12). (B) Western blotting
for GPX4 protein in AML12 cells treated with 500 uM PA for 2 hours. (C) mRNA expression of Gpx4 in CDHFD-fed mice
(n=5-8 per group). (D) MRNA expression of Gpx4 in FFC-fed mice (n=7-8 per group). (E) Representative Western blot
images showing GPX4 proteins in CDHFD-fed Gsk364/®° mice and Gsk38™" mice (left panel) and quantification of GPX4
protein normalized to vinculin (right panel). Bar graphs represent the mean + SD; **** P < .0001, ns, nonsignificant (1-way
ANOVA with Bonferroni’s multiple comparison).

exhibit normal metabolic characteristics and insulin
signaling without evidence of liver necrosis.”” Knock-
down efficacy was assessed by Western blotting for
GSK38. Gsk38 " mice were used as the controls. FFC-fed
mice were injected with vehicle or the GSK3 inhibitor LY
intraperitoneally at 10 mg/kg body weight/dose 3 times
a week at the age of 20 weeks of diet for 4 weeks. CDHFD-
fed mice were administered Elraglusib (9-ING-41) via
intraperitoneal injection at 30 mg/kg/day during the
final 2 weeks of the diet. All the mice used had a C57Bl/6]
background. Gsk38 " and Gsk38 4"’ mice were
cohoused at the Mayo Clinic Rochester animal facility
with a 12-hour light-dark cycle. All experimental in-
terventions were performed during the light cycle. The
use of anesthetics in the experimental mice was con-
ducted according to the IACUC guidelines.

Diet-induced Murine MASH Models

Male Gsk38 /" and Gsk38 “"P mice were subjected to
experimental feeding studies at 8 weeks of age. The chow
diet was standard rodent diet (5053 PicoLab Rodent Diet
20; LabDiet) using tap water. We employed 2 mouse
models of MASH: the FFC diet and the CDHFD. The male
mice were fed an FFC diet for 24 weeks to induce MASH.
The FFC diet consisted of 40% energy as fat (12% saturated
fatty acid, 0.2% cholesterol) (AIN-76A Western Diet, Test-
Diet), fructose (23.1 g/L), and glucose (189 g/L) in
drinking water. MASH induced by an FFC diet closely
mimics the human disease phenotype and associated
metabolic syndrome and has been extensively vali-
dated.®*®! We also employed the CDHFD diet (A06071302,
Research Diet), which consists of 60% fat, 0.1% methio-
nine, and no added choline, and fed 8-week-old mice for 6

Figure 12. (See previous page). Pharmacological inhibition of GSK3 reduces liver ferroptosis in murine MASH. (A)
mRNA expression of acyl-CoA synthetase long-chain family member 4 (Acs/4) and prostaglandin-endoperoxide synthase 2
(Ptgs2) (n = 4-5 per group). (B) Immunohistochemical staining of oxPAPC, 4-HNE, and TFRC in liver sections from chow- and
FFC-fed wild type mice treated with vehicle and LY (left panels). oxPAPC and 4-HNE-positive cells were quantified in 5
random 20x microscopic fields and averaged for each animal (right panels). TFRC-positive area was quantified in 5 random
20x microscopic fields and averaged for each animal (right panel) (n = 4-5 per group). (C) Representative staining for 4-HNE
(normal, n = 4; simple steatosis, n =5; MASH, n =5) and hyperoxidized PRDX3 (normal, n = 4; simple steatosis, n =4; MASH,
n = 6) and quantification of the positively stained area in patients with MASH vs simple steatosis and healthy controls. Bar
graphs represent the mean + SD; * P < .05, ** P < .01, ** P < .001, *** P < .0001, ns, nonsignificant (2-way ANOVA with
Bonferroni’s multiple comparison). Scale bar: 20 um (B, C).

101633



2026

Figure 14. GSK3g inhibition in hepa-
tocytes under lipotoxic stress reduces
FSP1 condensation. (A) Representative
fluorescence images of hFSP1-EGFP-
Strep-transfected Huh7 cells treated
with 2.5 uM icFSP1 and 500 uM PA +
100 nM LY. Cells were stained with
LipidTox (red) to label LDs. (B) Repre-
sentative  fluorescence images of
hFSP1-EGFP-Strep-transfected Huh7
cells treated with 100 nM LY or 500 uM
PA + 100 nM LY. The cells were stained
with MitoTracker (DsRed) to label mito-
chondria. Scale bar: 5 um (A, B).

A

LipidTox

rge
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Vehicle icFSP1 PA PA+LY

Mito-Tracker

rge

weeks. CDHFD-fed male mice experienced minimal body in terms of hepatic steatosis, elevated ALT levels, hepatic
weight loss compared with those fed a traditional methio- inflammation, and fibrosis, as demonstrated in previous

nine and choline-deficient (MCD) diet. CDHFD effectively studies.

6061 Because sex is a biological variable, we justify

recapitulates the histopathological features of human MASH  the use of male mice as follows: male mice are more prone to

101633



22 Warasnhe et al Cellular and Molecular Gastroenterology and Hepatology Vol. 20, Iss. 1

high-fat diet-induced obesity®>®® and MASH.”* In contrast, Cells

female mice do not develop a comparable body weight gain AML12 cells were purchased from ATCC and cultured in
and histological features of MASH with fibrosis when fed a  Dulbecco’s modified Eagle’s medium (DMEM/F12) supple-
diet rich in FFC or other high-fat diets.®*®" mented with 10% fetal bovine serum (FBS), ITS
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Figure 16. Hepatocyte-specific Gsk33 deletion reduces liver inflammation in FFC-induced murine MASH. (A) Lobular
inflammation and hepatocyte ballooning components of NAS in FFC-fed mice were quantified in 5 random 20x microscopic
fields and averaged for each animal (n =5-8 per group). (B) Immunohistochemistry staining for F4/80 on liver sections from
Gsk384H°P mice and Gsk36™" mice (left). The F4/80-positive area was quantified in 5 random 10x microscopic fields and
averaged for each animal sright) (n=7-8 per group). (C) MPO immunofluorescent staining (red) in liver sections from
Gsk384HP mice and Gsk38™" mice, with nuclei stained using DAPI (blue) (left). MPO-positive area was quantified in 5 random
10x microscopic fields and averaged for each animal (right) (n = 7-8 per group). (D) MRNA expression of C-C moitif ligand 2
(Ccl2), C-C chemokine receptor type 2 (Ccr2), and C-X-C motif chemokine ligand 2 (Cxcl2) (n=7-8 per group). Bar graphs
represent the mean + SD; * P < .05, ** P < .01, ** P < .001, *** P < .0001, ns, nonsignificant (1-way ANOVA with Bonferroni's
multiple comparison and unpaired t-test). Scale bar: 20 um (B, C).

Figure 15. (See previous page). Hepatocyte-specific Gsk33 deletion reduces liver inflammation in CDHFD-induced
murine MASH. (A) Lobular inflammation component of NAS in CDHFD-fed mice was quantified in 5 random 20x micro-
scopic fields and averaged for each animal (n=5-8 per group). (B) Representative images and averaged quantification of
hepatocyte ballooning component of NAS in CDHFD-fed mice in 5 random 20x microscopic fields per animal (n =5-8 per
group). (C) Immunohistochemical staining for F4/80 in liver sections from Gsk384"¢° and Gsk33 il mice (left panel). F4/80-
positive area was quantified in 5 random 10x microscopic fields and averaged for each animal (right) (n = 5-8 per group). (D)
Immunofluorescence staining for MPO and CitH3 (red) in liver sections from Gsk384/® and Gsk38 ™" mice, with nuclei
stained using DAPI (blue) (left panel). MPO and CitH3-positive areas were quantified in 5 random 10x microscopic fields and
averaged for each animal (right) (n=5-8 per group). (E) MRNA expression of C-C motif chemokine ligand 2 (Ccl2), C-C
chemokine receptor type 2 (Ccr2), and C-X-C motif chemokine ligand 2 (Cxcl2) (n=5-8 per group). (F) Quantification of
relative mtDNA copy numbers per 100 uL of serum sample (n =5 per group). (G) Quantification of mtDNA release in the cell
culture medium of Gsk384"°P and Gsk38 ™" PMHs. mtDNA levels are expressed as fold changes (n = 3). Bar graphs represent
the mean + SD; *P < .05, ** P < .01, *** P < .0001, ns, nonsignificant (1-way ANOVA with Bonferroni’s multiple comparison).
Scale bar: 20 um (C, D).
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supplement (insulin, 10 ug/mL; transferrin: 5.5 ug/mL,
selenium, 5 ng/mL), dexamethasone (40 ng/mL), and 1%
primocin (InvivoGen). The human hepatocellular carci-
noma Huh7 cells were cultured in DMEM supplemented
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with 10% FBS and 1% primocin. Primary mouse hepato-
cytes were isolated using collagenase perfusion and Percoll
density gradient centrifugation as previously
described.””°® Briefly, the liver was digested with
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collagenase infused via the portal vein, and the obtained
cell suspension was filtered through a 70-um cell strainer
to remove debris. The filtered suspension was centrifuged
at 50 g for 2 minutes at 4°C. The pellet containing hepa-
tocytes was resuspended in DMEM, layered with 90%
Percoll solution, and centrifuged at 100x g for 10 minutes
to separate hepatocytes from NPCs. The PMH were cultured
in DMEM supplemented with 10% FBS, 100 ng/mL insulin,
and 1% primocin (InvivoGen). AML12 cells were seeded at
a density of 2.5 x 10° cells/well in 6-well plates. Upon
reaching 70% to 80% confluence, cells were treated with
either 500 uM PA to induce lipotoxicity + 100 nM of the
GSK3 inhibitor LY, or vehicle (isopropanol or dimethyl
sulfoxide [DMSO]).

Assessment of Metabolic Profiles in Mice

A CLAMS (Columbus Instruments) was used to measure
the metabolic parameters, including oxygen consumption,
carbon dioxide production, and respiratory exchange ratio.
Physical activity was measured using sensors in the calo-
rimetry chambers. The lean vs fat body composition was
assessed using echo-magnetic resonance imaging (MRI).
Blood glucose and plasma insulin levels were measured
using Assure 4 (Arkray) and Ultra-Sensitive Mouse Insulin
enzyme-linked immunosorbent assay (ELISA) kits (Crystal
Chem Inc), respectively. HOMA-IR was calculated using the
following formula: HOMA-IR = 26 x fasting insulin level
(ng/mL) x fasting glucose level (mg/dL)/405.””

Measurement of Liver TG and ALT Levels

Liver TG levels were measured in the liver specimens.
Fifty milligrams of liver tissue were homogenized in a 5%
NP-40 solution. Tissue homogenates were boiled twice and
centrifuged at 20,000g for 2 minutes. The extracted tri-
glycerides were diluted and quantified using an EnzyChrom
Triglyceride Kit (BioAssay System) according to the man-
ufacturer’s instructions. Photometric absorbance was
measured at 570 nm using a Synergy H1 microplate reader
(BioTek). The VetScan2 system (Abaxis Veterinary Di-
agnostics) was used to measure serum ALT levels.

Fluorometric Measurement of Liver MDA Levels
Liver MDA levels were measured using the Lipid Per-
oxidation (MDA) Assay Kit (Sigma-Aldrich, MAK085). Tis-
sue samples (10 mg) were homogenized in 2N perchloric
acid (Sigma-Aldrich, #244252) on ice, and the homogenate
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was processed following the manufacturer’s protocol. MDA
levels were quantified by measuring the absorbance of the
MDA-TBA adduct fluorescence at AEx/AEm = 530/560 nm
using a Synergy H1 microplate reader (BioTek). Concen-
trations were determined using a standard curve and
normalized to the tissue weight.

Colorimetric Measurement of Liver NAD" Levels

Liver NAD" levels were measured using NAD/NADH
Assay Kit (Colorimetric) (ab65348). Briefly, 20 mg of frozen
liver tissue was homogenized in 400 uL of NAD/NADH
Extraction Buffer on ice and centrifuged at top speed for 5
minutes at 4°C to remove insoluble material. Samples were
filtered through a 10-kDa Spin Column (ab93349) before
performing the assay. All subsequent procedures were
carried out according to the manufacturer’s instructions.
After incubation at room temperature for 2 hours, absor-
bance was measured at 450 nm using a Synergy H1
microplate reader (BioTek). Concentrations were deter-
mined using a standard curve and normalized to the tissue
weight.

Histological, Immunohistochemical, and Digital
Imaging Analyses

Deidentified human liver tissues were obtained through
liver biopsy or surgical hepatic resection from patients with
normal liver, isolated steatosis, or MASH (Institutional Re-
view Board #22-000320). H&E staining was performed on
the murine liver samples to visualize and assess histo-
pathological changes. The NAS, a semi-quantitative score
used to evaluate the severity of liver pathology in murine
models that accounts for steatosis, ballooned hepatocytes,
and lobular inflammation, was used to assess the liver
samples.®’ Sirius red staining was performed as previously
described.®® Sirius red-stained tissue was imaged using a
light microscope, and the tissue area was determined using
the Image] software. Formalin-fixed paraffin-embedded
mouse or human liver tissue sections were deparaffinized,
hydrated, and stained with antibodies against F4/80
(1:500), «-SMA (1:1,000), oxPAPC (1:1,000), 4HNE
(1:1,000), GS (1:2,000), CYP2F2 (1:100), TFRC (1:500),
NAMPT (1:200 IHC, 1:50 IF), SO,,3- PRDX3 (1:100), Cit-H3
(1:100). The bound antibody was detected using a Vectas-
tain ABC kit for goat (PK-6105 or PK-6101, Vector Labo-
ratories) and diaminobenzidine (DAB) substrate (Vector
Laboratories) according to the manufacturer’s instructions.

Figure 17. (See previous page). Hepatocyte-specific Gsk33 deletion attenuates liver fibrosis in CDHFD-induced mu-
rine MASH. (A) Representative images of Sirius Red staining (right panel). Sirius Red-positive areas were quantified in 5
random 10x microscopic fields and averaged for each animal (left panel) (n=5-8 per group). (B) Immunohistochemical
staining for «SMA in Gsk38"*P and Gsk38 - mice (right panel). «aSMA-positive areas were quantified in 5 random 10x
microscopic fields and averaged for each animal (left panel) (n=5-8 per group). (C) mRNA expression of collagen 1al
(Col1a1) (n =5-8 per group). (D) Volcano plot showing differentially expressed genes (P < .05) in CDHFD-fed Gsk36“7°" mice
vs Gsk38 ™" mice using the NanoString nCounter Fibrosis Panel on liver tissue RNA (n =3 per group). The X- and Y-axes
represent the log 2-fold change (log>FC) and -log (P value) of the genes, respectively. Red and blue circles indicate the
upregulated and downregulated genes, respectively. (E) mMRNA expression of C/EBP homologous protein (Chop) (n =5-8 per
group). (F) IPA analysis of NanoString Fibrosis Panel data showing the top downregulated canonical pathways in CDHFD-fed
Gsk384HP mice compared with Gsk38 " mice. Bar graphs represent the mean + SD; * P < .05, *** P < .001, *** P < .0001,
ns, nonsignificant (1-way ANOVA with Bonferroni’s multiple comparison). Scale bars: 20 um (A) and 50 um (B).
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Figure 18. Hepatocyte-specific Gsk3(3 deletion attenuates liver fibrosis in FFC-induced murine MASH. (A) Represen-
tative images of Sirius Red staining (top) and immunohistochemical staining for «SMA from FFC-fed Gsk33"°P and Gsk34™"
mice (bottom). Sirius Red-positive areas were quantified in 5 random 10x microscopic fields and averaged for each animal
(right) (n=7-8 per group). «SMA-positive areas were quantified in 5 random 10x microscopic fields and averaged for each
animal (right) (n = 7-8 per group). (B) MRNA expression of collagen 1a1 (Col71aT) (n =7 per group). Bar graphs represent mean
+ SD, ™ P < .01, ™ P < .001, ™ P < .0001, ns, nonsignificant (unpaired t-test). Scale bars: 20 um (top) and 50 um (bottom).

The tissue sections were counterstained with hematoxylin.
MPO staining was evaluated by immunofluorescence using
an anti-goat alexa-568 secondary antibody (#A-11057,
Thermo Fisher Scientific). Cit-H3, NAMPT, and SO/3-
PRDX3 staining were evaluated by immunofluorescence
with an anti-rabbit alexa-568 secondary antibody (A10042,
Thermo Fisher Scientific). Cell death in murine liver tissues
was assessed using the ApopTag Peroxidase In Situ Cell
Death Detection Kit (Millipore Sigma) according to the
manufacturer’s instructions.

Zonal Quantification of Steatosis

H&E-stained slides were scanned using an Aperio AT2
scanner (Leica Biosystems) at 40x magnification at the
Pathology Research Core, Mayo Clinic. Central vein (CV)
and portal vessels (PVs) were annotated using Qupath
0.4.°° A nonlinear boundary between different zones was
acquired using nonlinear regression, showing the anatom-
ical distance to the boundary annotations of both CV and
PV. A Gaussian process (GP) regression was used to predict
the target value of —1 on the CV boundary contours and +1
on the PV boundary. A topographic map was constructed
with 3 boundaries between zones determined by the level
curve with a GP output of —0.5 and +0.5, which partitions
the tissue between CV and PV into 3 zones. Whole slide
image analysis included detailed quantification of LD size

within each of the defined zones, performed using a ma-
chine learning algorithm trained on human liver biopsies,”’
providing a quantitative assessment of lipid distribution
across the different zones of the liver lobule.

NanoString-based Gene Expression Profiling
Gene expression profiles of murine bulk liver tissues
were assessed using the NanoString nCounter system
(NanoString Technologies). We employed a Metabolic
Profiling Panel of liver tissues from FFC-fed mice and a
fibrosis panel of liver tissues from CDHFD-fed mice. The
Metabolic Profiling Panel consisted of 768 genes across 34
annotated pathways, whereas the fibrosis panel included
770 genes across 51 annotated pathways. Total RNA was
isolated from murine liver tissues using the Zymo Research
Direct-zol RNA MiniPrep Kit (Zymo Research) according to
the manufacturer’s instructions. The quantity and quality of
extracted RNA were assessed using a NanoDrop spectro-
photometer (Thermo Fisher Scientific). For the NanoString
nCounter assay, 100 ng of total RNA was hybridized at 65°C
for 18 hours in a thermal cycler with a custom-designed
code set specific for the target genes of interest, including
housekeeping genes for normalization, according to the
manufacturer’s instructions. Raw data were normalized to
internal positive controls and housekeeping genes to ac-
count for the variability in RNA input and hybridization
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efficiency. Data analysis was performed using nSolver
Analysis Software (NanoString Technologies). Differential
gene expression analysis was performed to identify signif-
icant differences between the experimental groups.

NEFA and Total FA Composition

Liver tissue was homogenized in 1 x phosphate buff-
ered saline (PBS) after adding 10 uL of PBS to 1 mg of
tissue prior to extraction. FAs and total FA composition
were measured against a standard curve on a triple quad-
rupole mass spectrometer coupled with an Ultra Pressure
Liquid Chromatography system (LC/MS), as previously
described.”” Briefly, 50 uL of homogenate was spiked with
an internal standard before extraction with methyl tertiary-
butyl ether (MTBE). Approximately 25% of the sample was
dried, hydrolyzed, re-extracted, and brought up in running
buffer for the analysis of the total FA composition. The
remaining portion of the extract was dried and brought up
in running buffer prior to injection into the LC/MS for
NEFA measurement. Data acquisition was performed under
negative electrospray ionization conditions.

Transmission Electron Microscopy

Liver tissues were fixed with Trump’s EM Fixative (4%
paraformaldehyde + 1% glutaraldehyde in 0.1 mol/L PBS,
pH 7.2). After fixation, the tissues were stained with 1%
osmium tetroxide, washed with distilled water, stained
with 2% uranyl acetate, dehydrated through a graded se-
ries of ethanol and acetone, and embedded in Embed 812
resin (EMS). Following a 24-hour polymerization at 60°C,
0.1-um ultrathin sections were prepared and poststained
with lead citrate. Micrographs were acquired using a JEOL
1400 Plus transmission electron microscope (JEOL, Inc) at
80 kV, equipped with a Gatan Orius camera (Gatan, Inc).
Image] software was used to measure mitochondrial
morphology. Mitochondria-LD contacts were defined as
mitochondria juxtaposed to LDs at <100 nm.

Seahorse Assay

A Seahorse XF Analyzer (Agilent Technologies) was
used to assess mitochondrial bioenergetics in primary
mouse hepatocytes and AML12 cells. Prior to the assay,
assay cartridges were hydrated in a Seahorse XF Calibrant
at 37°C in a non-CO, incubator overnight. Primary mouse
hepatocytes were seeded at a density of 15,000 cells/well
in Seahorse XF96 cell culture microplates coated with
collagen I. AML12 cells were cultured at a density of 20,000
cells/well. The cells were allowed to adhere overnight at
37°C in a 5% CO, incubator. The cells were washed and
incubated in Seahorse XF Assay Medium (Agilent Technol-
ogies) supplemented with 25 mM glucose, 1 mM pyruvate,
and 2 mM glutamine at 37°C in a non-CO; incubator for 1
hour prior to the start of the assay. 1 uM oligomycin, 0.25
uM FCCP, and 1 uM rotenone-antimycin-A were loaded into
the assay wells. The OCR and extracellular acidification rate
(ECAR) for each well were recorded and reported as pmol/
min and mpH/min, respectively. Results are displayed as a
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percentage of maximal OCR and ECAR or as relative fold
change of each parameter between time points.

gRT-PCR

Total RNA was isolated using the Zymo Research Direct-
zol RNA MiniPrep Kit (Zymo Research) following the
manufacturer’s protocol. For cDNA synthesis, 1 ug of total
RNA was reverse transcribed using the LightCycler 480
SYBR Green I Master (Roche Diagnostics) according to the
manufacturer’s instructions. The resulting cDNA was
diluted 1:5 with nuclease-free water and was used as a
template for qRT-PCR. Gene expression was quantified by
real-time PCR using SYBR green fluorescence on a Light-
Cycler 480 instrument (Roche Applied) (Primers are listed
in Table 1). Target gene expression was calculated and
normalized using the **Ct method.

Immunoblot Analysis

Mouse liver tissues were homogenized in T-PER lysis
buffer (#78510; Roche) containing protease and phospha-
tase inhibitors (#78442; Thermo Scientific). Cells were
lysed using radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium
deoxycholate; 150 mM NaCl; 1 mM EDTA with protease
inhibitors). The homogenates were centrifuged at 15,000 x
g for 15 minutes at 4°C to remove debris, and the super-
natants were collected. Protein concentration was quanti-
fied using the Bradford assay (Sigma-Aldrich). Equal
amounts of protein were loaded onto sodium dodecyl sul-
fate (SDS)-sulfate-polyacrylamide gel electrophoresis
(PAGE) gels and then transferred to nitrocellulose mem-
branes (Bio-Rad). Following transfer, the membranes were
blocked in 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween-20 (TBST) for 1 hour at room temperature.
Membranes were then incubated overnight at 4°C with
primary antibody of interest diluted in 5% bovine serum
albumin (BSA) or 5% non-fat dry milk in TBST. The 4-HNE
primary antibody was used at a 1:4,000 dilution, while the
GPX4 antibody was applied at a 1:1,500 dilution. All other
primary antibodies were used at a dilution of 1:1,000 un-
less otherwise recommended by the manufacturer. After
primary antibody incubation, membranes were washed 3
times with TBST and incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies against rabbit
(Alpha Diagnostic International) or mouse (Southern
Biotech) (1:5000 dilution) in 5% nonfat dry milk in TBST
for 1 hour at room temperature. Following incubation with
the secondary antibody, the membranes were washed 3
times with TBST. Protein bands were visualized using
enhanced chemiluminescence (ECL) detection reagents (GE
Healthcare). GAPDH and Vinculin were used as loading
controls. Band intensities were quantified using Image]
software and normalized to GAPDH and Vinculin levels.

Viability Assay Using Celigo Imaging Cytometer
AML12 cells were seeded in Corning 3603 96-well

plates at a density of 10,000 cells/well and allowed to

adhere overnight. The cells were then treated with PA, Fer-
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Primer
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Table 1.PCR Primers

Sequence

Mouse Ccr2 forward
primer

Mouse Ccr2 reverse
primer

18S forward primer

18S reverse primer

Mouse Col1a1 forward
primer

Mouse Col1at reverse
primer

Mouse Cxcl2 forward
primer

Mouse Cxcl2 reverse
primer

Mouse Plin5 forward
primer

Mouse Plin5 reverse
primer

Mouse Fsp1 forward
primer

Mouse Fsp1 reverse
primer

Mouse Tfam forward
primer

Mouse Tfam reverse
primer

Mouse Gapdh forward
primer

Mouse Gapdh reverse
primer

Mouse Ppargcia
forward primer

Mouse Ppargcia
reverse primer

Mouse Acsl4 forward

primer

Mouse Acsl4 reverse
primer

Mouse Srebf1 forward
primer

Mouse Srebf1 reverse
primer

Mouse Fth1 forward
primer

Mouse Fth1 reverse
primer

Mouse Ptgs2 forward
primer

Mouse Ptgs2 reverse
primer

Mouse Gpx4 forward
primer

Mouse Gpx4 reverse
primer

Mouse Ccl2 forward
primer

ATCCACGGCATACTATCAACATC

CAAGGCTCACCATCATCGTAG

CGCTTCCTTACCTGGTTGAT
GAGCGACCAAAGGAACCATA
GCTCCTCTTAGGGGCCACT

CCACGTCTCACCATTGGGG

CCAACCACCAGGCTACAGG

GCGTCACACTCAAGCTCTG

TGTCCAGTGCTTACAACTCGG

CAGGGCACAGGTAGTCACAC

CTGCCTACCGCAGTGCATT

ACGCCATCATTTCTGCCCA

ATTCCGAAGTGTTTTTCCAGCA

TCTGAAAG GCATCTGGGT

CCA CCC CAG CAAGGAGAC T

GAA ATT GTG AGG GAG ATG CT

TGAGGACCGCTAGCAAGTTT

TGAAGTGGTGTAGCGACCAA

CTC ACC ATT ATA TTG CTG CCT GT

TCT CTT TGC CAT AGC GTT TTT CT

GGAGCCATGGATTGCACATT

GGCCCGGGAAGTCACTGT

CAA GTG CGC CAG AAC TAC CA

GCC ACA TCA TCT CGG TCA AAA

TGA GCA ACT ATT CCA AAC CAG C

GCA CGT AGT CTT CGA TCA CTATC

GAT GGA GCC CAT TCC TGA ACC

CCC TGT ACT TAT CCA GGC AGA

TTAAAAACCTGGATCGGAACCA

Table 1.Continued

Primer Sequence

Mouse Ccl2 reverse GCATTAGCTTCAGATTTACGGG
primer

Mouse Chop forward CTGCCTTTCACCTTGGAGAC
primer

Mouse Chop reverse CGTTTCCTGGGGATGAGATA
primer

PCR, polymerase chain reaction.

1, or LY. Following the treatment period, cell viability was
assessed using a Celigo Imaging Cytometer (Nexcelom
Bioscience) by staining the cells with a combination of
propidium iodide (PI) and Hoechst 33342 dye (ViaStain
Hoechst/PI, Cat. # CSK-V0005-1). Hoechst 33342 was used
to stain all nuclei (total cell count), whereas PI selectively
stained dead cells. The viability was calculated as the per-
centage of viable cells.

Live Cell Imaging

Mitochondrial staining was performed using Mito-
Tracker Green (Thermo Fisher Scientific, #CST9074,
1:3000) to label active mitochondria. AML12 cells were
washed with PBS and incubated with 100 nM MitoTracker
and Hochest (33342 (1:1000) in PBS for 30 minutes at
37°C. After incubation, the cells were washed 3 times with
PBS to remove excess dye. LDs were stained using LipidTox
Neutral Lipid Stain (Thermo Fisher Scientific, #34477,
1:3000). Images were captured using a C-Apochromat 63_
objective/1.20 W korrM27 of a fluorescence confocal mi-
croscope (LSM980 AxioObserver, Carl Zeiss) and processed
using the Zen Lite software (Carl Zeiss).

Plasmid Transfection

hFSP1-GFP-Strep plasmid was a gift from Dr Marcus
Conrad. Huh7 cells were transfected with 2.5 ug of hFSP1-
GFP-Strep plasmid DNA using Lipofectamine 3000 reagent
(Thermo Fisher Scientific) according to the manufac-
turer’s protocol. After transfection, the medium was
replaced after 24 hours, and the cells were further incu-
bated for 24 hours before selection. To obtain stable cells,
the cells were selected using blasticidin (15 ug/mlL).
SPLICSFAST-LDh-MT-P2A (Addgene plasmid #214896;
http://n2t.net/addgene:214896; RRID: Addgene_214896)
was a gift from Dr Tito Cali. For experiments with
the LD-mitochondria sensor SPLICSs (short-range
LD-mitochondria interactions), AML12 cells were trans-
fected with FUuGENE HD reagent (Promega), according to
the manufacturer’s protocol. After 72 hours, cells were
seeded in chamber slide and treated with PA + LY over-
night. Cells were stained with MitoTracker Deep Red
(Invitrogen, #M22426, 1:3000) and examined by confocal
microscope (LSM980 AxioObserver, Carl Zeiss) and pro-
cessed using the Zen Lite software (Carl Zeiss). Quantifi-
cation was performed with Image] software.
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mtDNA Quantification 4. Hirsova P, Gores GJ. Death receptor-mediated cell
Total DNA was extracted from serum samples or death and proinflammatory signaling in nonalcoholic

hepatocyte-conditioned medium using the QIlAamp DNA steatohepatitis. Cell Mol Gastroenterol Hepatol 2015;

Blood Mini Kit (QIAGEN) according to the manufacturer’s 1:17-27.

protocol with minor modifications. To optimize the DNA 5. Inaba Y, Hashiuchi E, Watanabe H, et al. The tran-

yield, the elution step was performed using 30 uL elution scription factor ATF3 switches cell death from apoptosis

buffer. Extracted DNA was quantified using a NanoDrop to necroptosis in hepatic steatosis in male mice. Nat

Spectrophotometer. mtDNA was quantified using Scien- Commun 2023;14:167. . .

Cell's Absolute Mouse Mitochondrial DNA Copy Number 6. Koh EH,Yoon JE, Ko MS, et al. Sphingomyelin synthase

Quantification qPCR Assay Kit (#M8948). mtDNA copy 1 mediates hepatocyte pyroptosis to trigger non-

number was calculated using the MMt method and alcoholic steatohepatitis. Gut 2021;70:1954-1964.

normalized to the sample volume (copy number/uL). 7. Tsurusaki S, Tsuchiya Y, Koumura T, et al. Hepatic fer-
roptosis plays an important role as the trigger for initi-
ating inflammation in nonalcoholic steatohepatitis. Cell

Bioinformatics Analysis Death Dis 2019;10:449.

Genes with a threshold of P < .05 were subjected to 8. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mecha-
upstream regulator and pathway analysis using the IPA nisms, biology and role in disease. Nat Rev Mol Cell Biol
platform (Qiagen). IPA was performed on NanoString 2021;22:266-282.

Metabolic and Fibrosis Panels. The significance of the as- 9. Xie Y, Hou W, Song X, et al. Ferroptosis: process and

sociation between the genes from the dataset and the ca- function. Cell Death Differ 2016;23:369-379.

nonical pathways was determined based on the enrichment 10. Feng F, He S, Li X, et al. Mitochondria-mediated fer-

ratio (number of genes mapped to a given pathway divided roptosis in diseases therapy: from molecular mecha-

by the total number of molecules in the canonical pathway) nisms to implications. Aging Dis 2024;15:714~738.

and Fisher’s exact test P value. Predictable activation or 11. Zadoorian A, DuX, Yang H. Lipid droplet biogenesis and

inhibition states of the identified canonical pathways were functions in health and disease. Nat Rev Endocrinol

identified using activation z-scores, based on accessible 2023;19:443-459.

datasets in the ingenuity knowledge base. 12. Talari NK, Mattam U, Meher NK, et al. Lipid-droplet
associated mitochondria promote fatty-acid oxidation
through a distinct bioenergetic pattern in male Wistar

Statistical Analysis rats. Nat Commun 2023;14:766.

Statistical analyses were performed using GraphPad 13. Nguyen TB, Louie SM, Daniele JR, et al. DGAT1-
Prism software (version 9.2.0; GraphPad Software). Data are dependent lipid droplet biogenesis protects mitochon-
presented as mean + standard deviation (SD). For compar- drial function during starvation-induced autophagy. Dev
isons among multiple groups, a 1-way analysis of variance Cell 2017;42:9-21.€5.

(ANOVA) followed by Bonferroni’s multiple comparison test 14. Benador IY, Veliova M, Mahdaviani K, et al. Mitochon-
was performed. Unpaired 2-tailed Student’s t-test was used dria bound to lipid droplets have unique bioenergetics,
for comparisons between the two groups. *, **, *** and **** composition, and dynamics that support lipid droplet
indicate statistical significance with P < .05, P < .01, P < expansion. Cell Metab 2018;27:869-885.e6.
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