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VISUAL ABSTRACT

Sphingosine kinase 2 (SphK2) depletion alters redox metabolism
and enhances inflammation in a diet-induced MASH mouse model
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SphK2 depletion:

+» Impairs mitochondrial RC-IV function
in oxidative phosphorylation.

+ Downregulates mitochondrial beta-
oxidation and redox-associated
genes.

+* Increases hepatocyte lipid deposition.

+* Increases proinflammatory oxylipin
abundance, including MDA and
prostaglandins.

++ Upregulates proinflammatory genes.

++ Promotes peripheral immune cell
infiltration and activation.
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cancer. S1P can be generated by 2 isoforms of sphingosine kinase (SphK).
SphK1 is well-studied in metabolic diseases. In contrast, SphK2 function is
not well characterized. Both sphingolipid and redox metabolism dysregula-
tion contribute to MASLD pathologic progression. While SphK2 localizes to
both the nucleus and mitochondria, its specific role in early MASH is not well
defined.

Methods: This study examined SphK2 depletion effects on hepatic redox
metabolism, mitochondrial function, and inflammation in a 16-week

Abbreviations: BP, biological process; CDNW, control diet plus normal water; Cybb, cytochrome b-245, beta chain; CYP27, (cytochrome P450 oxidase) 27-
hydroxylase; CYP7b1, cytochrome P450, family 7, subfamily B, polypeptide 1; GO, gene ontology; Hmox1, heme oxygenase-1; MDA, malondialdehyde; RC,
respiratory complex; Redox, oxidation-reduction; ROS, reactive oxygen species; S1P, sphingosine-1 phosphate; Sardh, sarcosine dehydrogenase; SphK,
sphingosine kinase; Tbxas1, thromboxane A synthase 1; WDSW, western diet plus sugar water; WT, wild type.
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western diet plus sugar water (WDSW)-induced mouse model of early
MASH.

Results: WDSW-SphK2~7~ mice exhibit increased hepatic lipid accumu-
lation and hepatic redox dysregulation. In addition, mitochondria-localized
cholesterol and S1P precursors were increased. We traced SphK2~”
~-mediated mitochondrial electron transport chain impairment to respiratory
complex-IV and found that decreased mitochondrial redox metabolism
coincided with increased oxidase gene expression and oxylipin production.
Consistent with this relationship, we observed pronounced increases in
hepatic inflammatory gene expression, prostaglandin accumulation, and
innate immune homing in WDSW-SphK2~”~ mice compared to WDSW-
wild-type mice.

Conclusions: These studies suggest SphK2-derived S1P maintains
hepatic redox metabolism and describe the potential consequences of
SphK2 depletion on proinflammatory gene expression, lipid mediator

Keywords:
phosphate

INTRODUCTION

MASLD affects nearly 1 in 3 people in the developed
world; its prevalence is expected to increase alongside
other cardiometabolic disorders.l'! Approximately 30%
of patients with MASLD progress to a more severe
stage termed MASH, characterized by inflammation
onset and varying degrees of fibrosis. Moreover, MASH
increases the risk of liver cirrhosis, end-stage liver
disease, and hepatic and extrahepatic cancer
development.[231 Hepatic sphingolipid metabolism dys-
regulation and mitochondrial function contribute to
MASLD pathogenesis./*"1 However, the specific cellular
mechanisms that drive the progression from steatosis to
MASH remain unclear.

Mitochondrial dysfunction has been implicated in
MASLD pathogenesis for 3 decades.l®9 The role of
mitochondria in MASLD varies according to the
disease stage. In steatosis, hepatocytes initially
respond to metabolic overload by increasing mito-
chondrial beta-oxidation, tricarboxylic acid cycle, and
oxidative phosphorylation activity. Increased mito-
chondrial reactive oxygen species (ROS) production
is noted in several studies but is initially offset by
antioxidant responses.['%1 Chronic cellular stress
decreases mitochondrial beta-oxidation and over-
whelms antioxidant mechanisms, leading to hepatic
lipid accumulation and oxidative stress.['"l Mitochon-
drial dysfunction is not merely a compartmentalized
source of cellular stress.'? Instead, mitochondria

immune,

production, and immune infiltration in MASH progression.

mitochondria, oxylipin, redox, sphingosine-1

should be regarded as central redox regulators; their
dysfunction governs greater cellular metabolic and
proinflammatory networks.['3-15]  Mitochondrial pro-
cesses are primarily associated with metabolic over-
load. However, recently, overall hepatic redox dysre-
gulation has been strongly linked to genetic risk
factors in patients with MASLD.[1]

Sphingolipids are essential for maintaining cellular
membrane integrity and function as active lipid
signaling molecules.*'71 Sphingosine-1 phosphate
(S1P) is one of the most well-characterized sphingo-
lipids, and is produced by 2 sphingosine kinase
(SphK) isoforms: SphK1 and SphK2. SphK1 is
primarily localized to the cytosol and has been well-
studied. In contrast, SphK2 contains an N-terminal
lipid-binding domain that promotes its unique local-
ization to the nucleus and mitochondria.l'8 % Previous
studies demonstrate that S1P receptor 2 and SphK2
are critical lipid metabolic regulators in the liver.[20-23]
SphK2-derived S1P is an endogenous histone deace-
tylase 1 and 2 inhibitor within the nucleus.?¥ Although
SphK2 is constitutively expressed in all mammalian
tissues, its role in mitochondrial function and contrib-
ution to hepatic redox regulation and inflammation
in MASH progression have not been thoroughly
explored.[25]

This study investigates SphK2 depletion effects on
mitochondrial function, gene expression, and inflamma-
tion using a western diet and sugar water (WDSW)-
induced MASLD model with global SphK2 knockout
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(SphK277) mice. Our data suggest that SphK2 deple-
tion enhances MASH progression in WDSW-fed mice
through respiratory complex-1V (RC-1V)-mediated mito-
chondrial dysfunction and proinflammatory and redox-
associated gene expression alterations. These changes
were accompanied by increased reactive oxylipin
formation, proinflammatory mediator production, and
hepatic immune cell recruitment.

METHODS
Human liver tissue

Liver tissues from male and female presumed healthy
patients and patients with MASH (Supplemental Table
S1, http://links.lww.com/HC9/B84) were obtained
through the Liver Tissue Cell Distribution System, which
is funded by the National Institutes of Health (Contract#
HSN276201200017C).

Animal studies

Male and female (12- to 18-week-old) C57BL/6-NJ back-
ground constitutive SphK27~ and age-matched and sex-
matched wild-type (WT) male and female mice were used
for this study. All mice were bred under pathogen-free
conditions and housed in individually ventilated cages with
12-hour light-dark cycles. Single housing was avoided to
minimize stress-associated feeding behaviors. All mice
were genotyped before use. Adult mice were fed a western,
high-fat diet (Envigo Rx. 356989, T.D. 88137) plus sugar
water (23.1 g/L fructose, 18.9 g/L glucose; WDSW) or a
control diet with similar nutrient content, plus normal water
(CDNW) ad libitum for 16 weeks. At the study endpoint, the
mice were anesthetized with isoflurane and sacrificed by
exsanguination. The blood and liver were harvested after
sacrifice. All procedures were approved by the AAALAC-
accredited VCU IACUC committee.

RNA isolation and reverse transcription-
quantitative PCR

Total RNA was isolated from whole-liver tissue
using TRIzol reagent (Qiagen). RNA purity was
measured using a NanoDrop UV-Vis spectro-
photometer (Thermo Fisher Scientific). Reverse tran-
scription of total RNA to cDNA was performed using a
high-capacity cDNA synthesis kit (Thermo Fisher)
according to the manufacturer’s instructions. Quanti-
tative PCR analysis was conducted using SYBR
green-based detection on a CFX Touch Real-Time
PCR detection system (Bio-Rad). All primer
sequences are provided in Supplemental Table S5,
http://links.lww.com/HC9/B84. Reactions were

performed with hot-start Taq polymerase at 95°C for
10 minutes, followed by 40 cycles of 95°C for 15
seconds (denaturation), 55°C for 30 seconds (anneal-
ing), and 60°C for 1 minute (extension). Fluorescence
quantification data were collected during the exten-
sion. The resulting Cq values were used to calculate
gene expression, normalized to actin, using the Livak
(2724CY method.

NanoString RNA multiplex analysis

Total RNA from the same samples described in “RNA
isolation and reverse transcription-quantitative PCR”
was diluted to 40 ng/uL in nuclease-free water.
nCounter Mouse Immunology (catalog # PSTD Mm
Immunology-12) and Mouse Metabolism (XT-CSO-
MMP1-12) panels were used to assess the transcrip-
tional profile (NanoString). Rosalind software was used
to determine differentially expressed genes based on
statistical significance (p < 0.05) and fold change ( +2).
The data were organized in Excel, and representative
graphs were prepared in GraphPad PRISM version
10.1.2. Data from this study were deposited in the
European Genomephenome Archive (EGA) under the
accession code GSE280083 and GSE280101.

Additional information is described in the Supple-
mental Materials and Methods, http://links.lww.com/
HC9/B84.

RESULTS

Decreased SphK2 is linked to liver damage
in patients with MASH and a diet-induced
MASH mouse model

Reduced SphK2 mRNA levels were observed in
hepatic biopsy samples from patients with MASH
compared to normal, presumed healthy controls
(Figure 1A). This decrease was recapitulated in mice
fed WDSW for 24 weeks (Figure 1B). To further
investigate SphK2 depletion effects in vivo, we
employed a 16-week WDSW-feeding model. Based
on previous studies conducted with DIAMOND mice,
we selected this time point to represent the early
MASH stage, where SphK2 gene effects on mitochon-
drial function and inflammation may be studied without
extensive diet-induced effects.l26.271  Whole-body
weight, liver weight, and serum chemistry were
assessed. While an increase in the liver-to-body
weight ratio was observed, further data stratification
showed that this was due to maintained liver mass
despite body weight loss (Figures 1C—F). Histological
analysis, evaluated by a certified pathologist, showed
no significant changes in MASLD progression (Figures
2A, B). However, a blood chemistry panel revealed
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FIGURE 1 SphK2 expression is reduced in MASH and correlates with maintaining liver weight despite body weight loss. (A) Hepatic tissue

SphK2 gene expression in patients with MASH (n = 9) and (B) mice fed 16 weeks WDSW (n = 6-8). (C) Liver-to-body weight ratios, (D) liver
images, (E) weekly body weights, and (F) terminal liver weights from SphK27~ and WT mice fed 16 weeks CDNW or WDSW. Comparisons of 2
groups were analyzed through a Student unpaired ¢ test (A); comparisons of 3 or more groups with 2 independent variables were analyzed through
2-factor ANOVA followed by Sidak MCT for genotype main effects. Values in (A, B) are mean + SEM of 3—4 independent experiments with 2—3
biological replicates per group; **p < 0.01, ***p < 0.001. Abbreviations: CDNW, control diet plus normal water; MASH, metabolic dysfunction-
associated steatohepatitis; MCT, multiple comparisons test; SphK, sphingosine kinase; WDSW, western diet plus sugar water; WT, wild type.

that WDSW-fed SphK27~ mice exhibited increased
serum ALT levels compared with CDNW-WT controls
(Figure 2C). Serum AST and cholesterol levels were
elevated with WDSW feeding in WT and SphK27~
mice, indicating a diet-induced effect (Figure 2D;
Supplemental Figure S1A, http:/links.lww.com/HC9/
B84). Serum triglycerides remained unchanged (Sup-
plemental Figure S1A, http:/links.lww.com/HC9/B84).
Notably, SphK2 depletion combined with WDSW
significantly decreased serum glucose levels to near
CDNW controls (Supplemental Figure S1A, http://

links.lww.com/HC9/B84). This decrease in terminal
blood glucose prompted us to perform intraperitoneal
glucose and insulin tolerance tests to determine
glucose uptake and clearance as well as insulin
sensitivity. However, SphK2~~ mice showed only mild
or nonsignificant changes in glucose AUC for both the
GTT and ITT (Supplemental Figures S1B, C, http://
links.lww.com/HC9/B84). These data suggest that
reduced SphK2 expression is associated with MASLD
disease progression and enhances WDSW-induced
liver damage in vivo.
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FIGURE 2 SphK2 expression is reduced in MASH and correlates with liver injury. (A) Liver histology by H&E staining and (B) MASLD activity
score. (C) Serum ALT and (D) AST serum levels (n = 6-8). (E, F) NanoString nCounter mouse metabolic pathways panel was used to assess
gene expression in total RNA isolated from hepatic tissues. (E) Volcano plots from NanoString nCounter data indicate the top genes. (F) All
significant genes meet a fold change of +2, p < 0.05. Comparisons of 3 or more groups with 2 independent variables were analyzed through 2-
factor ANOVA followed by Sidak MCT. Values in (A, B) are mean + SEM of 3—4 independent experiments with 2—3 biological replicates per
group; *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: H&E, hematoxylin and eosin; MASH, metabolic dysfunction-associated steatohe-
patitis; MCT, multiple comparisons test; SphK, sphingosine kinase.
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FIGURE 3 SphK2 depletion significantly affects the mitochondrial compartment and increases cellular lipid accumulation. (A) GO for the CC in
the NanoString mouse metabolic panel. (B) Corresponding GO heatmap for the CC, Mitochondrion (GO:0005739) in the NanoString mouse
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SphK2 depletion alters mitochondria-
associated gene expression and increases
cellular lipid accumulation

To further evaluate SphK2 depletion impacts on hepatic
function, we used a NanoString mouse metabolic panel
to measure mRNA expression changes in metabolism-
associated genes. We identified significant alterations
to 70 genes, with 55 upregulated and 15 downregulated
genes (fold change =2, p < 0.05). The top upregulated
genes included Cd74, Cd63, Fabp5, and Ccl2, and the
top downregulated genes included Oat, Hsd11b1, and
Upp2 (Figures 2E, F). Gene ontology (GO) analysis was
used to categorize these genes based on shared
biological processes (BPs), cellular compartments,
and molecular functions. Given our goal to understand
SphK2 depletion effects on mitochondrial redox metab-
olism in MASH, we focused on gene sets related to the
mitochondrial compartment. The mitochondrion and
mitochondrial matrix were among the top 10 GO cellular
compartments identified, and a heatmap was generated
to illustrate the significant genes associated with the
mitochondrial compartment (Figures 3A, B). Surpris-
ingly, the top 10 GO BP lists for the NanoString mouse
metabolic panel were dominated by proinflammatory
and immune regulatory gene sets. One of the few
metabolic pathways listed among the GO BP was
glycolysis (Figure 3C). We also analyzed several genes
relevant to mitochondrial beta-oxidation independent of
the NanoString panel.?8! Cpt1a, Ppara, and Sirt3 were
all found to be significantly decreased, and micro-
vesicular steatosis and karyomegaly were observed in
the hepatocytes of WDSW-SphK2~~ mice compared to
WDSW-WT mice (Figures 3D, E).

These findings emphasize that while SphK2 deple-
tion alters hepatic metabolism-related genes, its impact
on inflammatory and immune processes predominates
the early MASH transcriptional profile. Despite this,
SphK2 depletion significantly dysregulates the expres-
sion of multiple genes associated with the mitochondrial
compartment, underscoring the need for further inves-
tigation. Our observed decrease in beta-oxidation—
associated genes, paired with increased cellular lipid
accumulation, suggests that key mitochondrial pro-
cesses are dysregulated by SphK2 depletion.

SphK2 depletion alters hepatic
mitochondrial composition

Apparent changes in mitochondrial morphology unique
to WDSW-SphK2~~ mice led us to further investigate
SphK2 depletion—induced alterations to mitochondrial
composition (Figure 4A). Small particle flow analysis
showed a significant increase in mitochondrial size in
WDSW-SphK27~ mice compared to CDNW-WT mice
(Figure 4B). The key enzymes sterol 27-hydroxylase

(CYP27) and cytochrome P450, family 7, subfamily B,
polypeptide 1 (CYP7b1) modulate mitochondrial oxy-
sterol levels by determining rates of oxysterol synthesis
and hydroxylation, respectively. Oxysterols can affect
mitochondrial activity and metabolic processes, multiple
signaling cascades, and epigenetic regulation.[20.29.301
Therefore, determining the potential impact of SphK2
depletion on the mitochondrial oxysterol profile is an
important consideration in MASH progression. The
predominant oxysterols in the mitochondria include
cholesterol, 7-dehydroxycholesterol, and lanosterol
(Supplemental Figures S2A, B, http://links.lww.com/
HC9/B84).
Mitochondrial oxysterol analysis revealed significant
elevations in mitochondrial cholesterol (Figure 4C).
We anticipated inhibiting mitochondrial S1P synthe-
sis would significantly alter the hepatic sphingolipid
profile. The predominant mitochondrial sphingolipids
included C24-1 ceramide (C24-Cer) and C16 sphin-
gomyelin (C16-SM) (Supplemental Figure S3A, http://
links.lww.com/HC9/B84). Different sphingolipids were
then grouped according to their respective classes.
Several sphingolipid intermediates were significantly
increased in the hepatic mitochondria of WDSW-
SphK27~ compared to WDSW-WT mice, including
sphinganine, also referred to as dihydrosphingosine,
sphingomyelin (SM), ceramide, and ceramide-1-phos-
phate (Figures 4D-F). Ceramides have diverse func-
tions; their unique roles are largely attributed to
structural differences in chain length.["! Medium-chain
ceramides (C12-C14) visibly increased but were
highly variable, which may implicate biological rele-
vance despite their inability to reach statistical
significance (Supplemental Figure S3B, http://links.
Iww.com/HC9/B84). Long-chain ceramides (C16—C20)
were significantly increased by SphK2 deletion in
WDSW-fed mice. SphK2 depletion, regardless of diet,
increased mitochondrial very-long-chain ceramide
abundance (C22-C26) (Figure 4E). Mitochondrial
ceramide levels were also analyzed separately,
revealing that the most abundant and significant
elevations were observed in C18:1 and C24:1 cer-
amide (Supplemental Figures S4A—C, http://links.lww.
com/HC9/B84). These data suggest SphK2 depletion
increases mitochondrial size, cholesterol, and sphin-
golipid content, which influences mitochondrial mem-
brane fluidity and overall function.

SphK2 depletion is associated with RC-IV-
mediated mitochondrial redox dysfunction
and increased hepatic oxylipin abundance

Oxidative phosphorylation involves a series of redox
reactions performed by specialized complexes embedded
in the inner mitochondrial membrane. As central redox
sites, mitochondrial dysfunction can promote broader
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FIGURE 4 SphK2 depletion alters mitochondrial morphology and composition. (A) Transmission electron microscopy images from mouse
liver tissue, imaged at x8000 magnification (CDNW, n = 1; WDSW, n = 2). (B) Small particle flow cytometry for mitochondrial sizes (um). (C) LC-
MS/MS quantification of cholesterol and (D—F) sphingolipids in isolated mitochondrial samples. (E) Ceramides from the same sample set were
grouped based on chain length (n = 6—11). Comparisons were analyzed through 2-factor ANOVA followed by Sidak MCT. Values are mean +
SEM of 2-3 independent experiments with 2—4 biological replicates per group; *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: CDNW, control
diet plus normal water; LC-MS/MS, liquid chromatography and tandem mass spectrometry; MCT, multiple comparisons test; SphK, sphingosine
kinase; WDSW, western diet plus sugar water.

redox imbalances at the cellular level.?2 Oxidoreductase thromboxane A synthase 1 (Tbxas7), heme oxygenase-
activities were among the top molecular functions 1 (Hmox1), cytochrome b-245, and beta chain (Cybb).
identified through NanoString, and a heatmap was Downregulated mitochondria redox—associated genes
generated to display the significant genes. The upregu- included dimethylglycine dehydrogenase (Dmgdh) and
lated genes included mostly important oxidases: sarcosine dehydrogenase (Sardh) (Figures 5A, B).
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FIGURE 5 SphK2 depletion alters overall cellular redox activity, RC-IV—-mediated mitochondrial redox metabolism, and promotes MDA lipid
oxidation product formation. (A) GO for MF in the NanoString mouse metabolic panel. (B) Corresponding GO heatmap for MF, Oxidoreductase
activity (GO:0016491) (n = 3). (C) Strathkelvin oximeter measurements for maximal ADP-mediated respiration in isolated hepatic mitochondria
using the glutamate assay (RC-I to RC-IV), succinate assay (RC-Il to RC-1V), and TMPD assay (RC-IV) (n = 6-8). Measurement of RC-V enzyme
activity with MitoCheck assay through (D) raw rates and (E) rates relative to oligomycin (n = 6-8). (F) LC-MS/MS quantification of MDA in mouse
hepatic tissue (n = 5-8) Comparisons were analyzed through 2-factor ANOVA followed by Sidak MCT. Values are mean + SEM of 2-3
independent experiments with 2—4 biological replicates per group; *p < 0.05, ***p < 0.001. Abbreviations: GO, gene ontology; LC-MS/MS, liquid
chromatography and tandem mass spectrometry; MCT, multiple comparisons test; MDA, malondialdehyde; MF, molecular function; RC, respi-
ratory complex; SphK, sphingosine kinase; TMPD, tetramethyl-p-phenylene diamine.

To assess the effects of SphK2 depletion on
mitochondrial redox metabolism more rigorously, we
analyzed hepatic mitochondrial function using a Strath-
kelvin oximeter with substrates and inhibitors targeting
specific RCs (Supplemental Tables S2-S4, http://links.
lww.com/HC9/B84). Consistently, we observed a

significant reduction in maximal ADP-mediated respira-
tion in coupled mitochondria across RC-I through RC-IV
(Figure 5C). The final tetramethyl-p-phenylene diamine/
ascorbate test, which supplies electrons directly to RC-IV
through cytochrome c reduction, was used to identify
potential defects unique to RC-IV function. SphK2
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depletion significantly impaired RC-IV function in
WDSW-fed mice, suggesting a direct link between
SphK2 and its product, S1P, in maintaining RC-IV
function. To rule out potential confounding effects on
RC-IV function by RC-V, we tested whether RC-V activity
was altered by SphK2 depletion. An enzymatic test to
assess phosphorylation activity was appropriate since
RC-V is not oxygen-dependent. However, direct RC-V
enzyme activity measurements revealed no significant
differences based on the raw NADH oxidation values or
relative to the oligomycin (RC-V inhibitor) background
rate (Figures 5D, E). Consistent with these changes in
redox metabolism, we found that SphK2 deletion,
regardless of diet, resulted in significant increases in
hepatic malondialdehyde (MDA), an advanced lipid
peroxidation product, and reactive carbonyl aldehyde
(Figure 5F). These data suggest that SphK2 depletion
dysregulates cellular redox metabolism, which correlates
with increased levels of proinflammatory oxylipins, such
as MDA, within hepatic tissue.

Hepatic proinflammatory mediators and
immune infiltration are increased in SphK2-
depleted mice

Previous studies have shown that oxylipins promote
inflammation and may participate in both innate and
adaptive immune responses in MASH.[3334 To capture
the broad effects of SphK2 depletion on immune-related
processes, a mouse immunology NanoString panel was
used to compare the immune-associated transcriptional
profile in SphK2~7~ versus WT hepatic tissues in
CDNW-fed and WDSW-fed mice. Seventy-five genes
were found to be significantly upregulated (71 genes) or
downregulated (4 genes) in this panel with a fold
change of +2, p < 0.05). Some top upregulated genes
included Bcl6, Defb1, Ccl6, and ll1a, and the top
downregulated genes included Cd7d7 and Cisc
(Figures 6A, B). The GO BP analysis highlighted innate
immune response regulation as one of the top
processes affected (Figure 6C). Notably, we did not
observe an increase in hepatic SphK1 expression in
SphK2™~ mice (Supplemental S5B, http://links.lww.
com/HC9/B84). Since MDA is significantly elevated in
the hepatic tissue, which can be formed during
arachidonic acid peroxidation, we measured a panel
of 30 arachidonic acid metabolites using tandem mass
spectrometry (Figure 7A).321 While SphK2 depletion
moderately altered many hepatic eicosanoids, only
prostaglandins PGD2, PGF2a, PGE1, and PGE2 were
significantly elevated in WDSW-SphK2~7~ compared to
WDSW-WT mice (Figure 7B). MASH is characterized
by both inflammation and varying degrees of fibrosis.
Sirius red staining showed that SphK2 depletion
increased fibrosis compared to WT in WDSW-fed mice
(Figures 7C, D).

Detecting multiple proinflammatory mediators
led us to further characterize SphK2 depletion on
hepatic immune infiltration and activation. We
assessed the hepatic immune profile using spectral
flow cytometry with a comprehensive panel
modified from our previous works (Supplemental
Table S6, http://links.lww.com/HC9/B84).1351 SphK2
depletion significantly increased immune cell infiltra-
tion into the liver. (Figures 8A, D; Supplemental Figure
S5A, http://links.lIww.com/HC9/B84). In addition, clas-
sical dendritic cells and monocyte-derived macro-
phages were significantly increased in SphK2™~
mouse livers (Figures 8B, C, E, F; Supplemental
Figures S5C, D, http://links.lww.com/HC9/B84). In
WDSW fed mice, intracellular cytokine staining
showed that monocyte-derived macrophages from
SphK27~ mice exhibit elevated levels of TNFa
compared to WT controls. As determined by intra-
cellular cytokine staining with flow cytometry
(Figure 8F). These findings suggest that SphK2
depletion enhances proinflammatory oxylipin forma-
tion and augments innate immune responses in an
early MASH mouse model.

DISCUSSION

Sphingolipid metabolic dysregulation and mitochon-
drial dysfunction are well-established contributors to
MASLD pathological progression.[*58 S1P receptor
2 and SphK2 are critical lipid metabolic regulators in
steatotic liver diseases, including MASLD.[20-23]
Previous studies have not fully assessed the com-
bined roles of SphK2 and WDSW in regulating
mitochondrial function and gene expression associ-
ated with redox metabolism, inflammation, and the
immune response.?4l Moreover, previous studies
have primarily focused on SphK2 depletion in
hepatic steatosis rather than its impacts on MASH
progression. Our findings demonstrate that reduced
SphK2 levels are associated with mitochondrial
structural and functional changes, coupled with
disrupted hepatic redox metabolism and enhanced
inflammation and immune cell infiltration in a
diet-induced early MASH mouse model. Specifically,
we showed that SphK2 depletion impairs
hepatic mitochondrial redox metabolism by reducing
RC-IV-mediated function in oxidative phosphoryl-
ation, which has not been shown in a MASH
mouse model.

We initially demonstrated SphK2 downregulation in
patients with MASH and the WDSW-fed MASH mouse
model. The combination of SphK2 depletion and
WDSW feeding exacerbated liver injury, as demon-
strated by significant elevations in serum ALT, a
hepatocellular enzyme released during liver injury.[3¢!
Although SphK2 depletion altered hepatic metabolism
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FIGURE 6 SphK2 depletion increases hepatic inflammation. (A) The total hepatic liver RNA of SphK2 KO versus WT mice was used with a
NanoString nCounter mouse immunology panel to assess gene expression. (A) The top genes from the NanoString nCounter data are indicated in
the volcano plot. (B) Heatmap of all significant genes meeting a fold change of +2, p < 0.05. (C) GO for BP in the NanoString mouse immunology
panel (n = 3). Comparisons were analyzed through 2-factor ANOVA followed by Sidak MCT. Values are mean + SEM of 2 independent

experiments with 1-2 biological replicates per group. Abbreviations: BP, biological process; GO, gene ontology; MCT, multiple comparisons test;

SphK, sphingosine kinase; WT, wild type.

at the transcriptional level, few genes converged to
identify a collective impact on specific metabolic
pathways. However, mitochondrial beta-oxidation
was likely decreased and this could contribute to
the lipid-laden hepatocytes observed in WDSW-
SphK27~ mice. Furthermore, SphK2 depletion—
induced increases in mitochondrial cholesterol and
long-chain or very-long-chain ceramides have been
linked to either mitochondrial ROS generation or
increased mitochondrial membrane permeability,
depending on the disease context.l37-39

Mitochondria are central redox reaction organelles
and the main ROS source in MASLD.!"54% Moreover,
mitochondrial dysfunction initiates changes in cellular
signaling and redox metabolism that cannot be appro-
priately disentangled using reductionist approaches,
especially in chronic diseases such as MASLD. We
observed changes in the expression of several genes
associated with redox dysregulation. Tbxas1, Hmox1,
and Cybb were the top upregulated genes. Heme
oxygenase-1, encoded by Hmox1, is localized in the
mitochondria and promotes ROS generation through



SPHK2 LOSS ALTERS LIVER REDOX STATE IN MASH

13

(A) CDNW WDSW (B)
; * 200 -
| | 50
WT SphK2" WT SphK2”"- : **
— 40 1 ) i
] S . 2 150
£ sl £
> 30 . g_’ .
5 HEIIE 10 =3 < 1001 I
. L] L]
8-iso PGF2a — B 201 o |ee &
5-iPF2a-VI o O 5l
()T EET] — * 104 o .
- 50-L|ETE- -
0.5 ' : 0 . .
— WT SphK2™" WT SphK2™" WT SphK2™" WT SphK2™"
DNW WDSW DNW WDSW
( *)8’9'325' c S . c S
LTE4 0 50 1 * *
LTD4 ° _ .
EPA — 40 1 R >
(£)14,15-DHET- g E 40 .
Resolvin D14 = 304 )
6-keto PGF1u:___ 05 2 : o . .
(11,12 BHET ~ = *
X , 12-] 1 N 4
12 HETE- w 207 ° fee ® 201 .
Resolvin D2 8 a b
LTC4 10 i
0 - 0- . .
WT SphK2”  WT SphK2™ WT SphK2™" WT SphK2™"
CDNW WDSW CDNW WDSW
(C) CDNW-WT CDNW-SphK2
(D) mwr
37 [ SphK2-
) *
e,
= o
200 ym 200 ym § i 14
WDSW-WT WDSW-SphK2™"- L 0t
T
-1 : : . .
WT SphK2” WT SphK2"
CDNW WDSW
200 pm 200 pm
FIGURE 7 SphK2 depletion increases hepatic prostaglandins and fibrosis. (A) LC-MS/MS quantification of arachidonic acid metabolites in

mouse hepatic tissue (n = 3). (B) All significant comparisons for arachidonic acid metabolites. (C, D) Sirius red staining of liver tissue and fibrosis
scoring. Comparisons were analyzed through 2-factor ANOVA followed by Sidak MCT. Values are mean + SEM of 2 independent experiments
with 1-2 biological replicates per group; *p < 0.05, **p < 0.01. Abbreviations: LC-MS/MS, liquid chromatography and tandem mass spectrometry;

MCT, multiple comparisons test; SphK, sphingosine kinase.

heme catabolism and RC-I function.*"! Consistent with
previous findings in cardiomyocytes, SphK2 depletion
impedes mitochondrial redox metabolism by signifi-
cantly reducing RC-IV function, as shown by the
reduced respiration incurred in the tetramethyl-p-phe-
nylene diamine test, which bypasses the early RC

complexes and supplies electrons directly to RC-IV.
(42431 However, Dmgdh and Sardh downregulation may
also impact mitochondrial redox metabolism by limiting
electron availability for coenzyme Q oxidation in the Q
cycle of oxidative phosphorylation.*l These data
suggest that SphK2 may exert effects on mitochondrial
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FIGURE 8

SphK2 depletion increases hepatic immune homing and activation. The immune profile was determined using spectral flow

cytometry and normalized by liver mass. Ten million events were collected from whole-liver single-cell suspension and pre-gated for singlet,
Zombie-UV~, live lymphocytes. Gating for (A) total immune (CD45*) cell counts, (B) cDCs (pre-gated F4/80~, NK1.17), and (C) BMDM counts (pre-
gated for F4/80*, CD11b*) are displayed. (D) Total cell counts for all CD45+ lymphocytes. (E) cDC (MHCII*, CD11c*) total cell counts and percent
of CD45+ cells. (F) BMDM (F4/80*, CD11b*, Tim4~, Clec2") total cell counts, percent of CD45+ cells, and expression of TNFa based on
intracellular cytokine staining via flow. Comparisons were analyzed through 2-factor ANOVA followed by Sidak MCT. Values are mean + SEM of
2 independent experiments with 1-3 biological replicates per group; *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: BMDM, monocyte-
derived macrophage; MCT, multiple comparisons test; SphK, sphingosine kinase.

redox metabolism both through the modulation of RC-IV
function and gene regulation.

Both mitochondrial and cellular redox dysregulation
may contribute to inflammatory progression in WDSW-
SphK2™7~ mice. Alterations in redox metabolism
dysregulation co-occurred with significant increases
in hepatic MDA synthesis, proinflammatory gene
expression, and prostaglandin abundance. MDA and
prostaglandins are  proinflammatory  oxylipins.
Increases in MDA levels are most commonly associ-
ated with polyunsaturated fatty acid oxidation by
ROS.33 However, the enzyme thromboxane A syn-
thase 1 encoded by the Thbxas? gene converts
prostaglandin H2 to 12-hydroxy-heptadecatrienoicacid
and MDA. Both oxidative species and cyclo-
oxygenase-2 enzyme activity may generate prosta-
glandins. However, cyclooxygenase-2 may also be
regulated by oxidative stress.%! Similarly, increased
Cybb, which encodes for gp91-phox, expression may
indicate elevated NADPH oxidase activity and be
associated with phagocytic activity.#6471 Concurrent
with altered hepatic redox metabolism, we also
observed increased proinflammatory cytokine expres-
sion and immune infiltrate, including bone marrow—
derived macrophages and classical dendritic cells.
These data suggest that SphK2 depletion affects
multiple aspects of both mitochondrial and overall
cellular redox metabolism, which may contribute to
proinflammatory mediator production and promote an
immune response in the MASH model.

Our current study links SphK2 depletion—mediated
redox dysregulation to the generation of oxylipins and
other proinflammatory mediators that augment the
early immune response in MASH. At the cellular level,
decreased SphK2 levels in the mitochondria and
nuclear compartments are distinct but likely to partic-
ipate in reciprocal regulation. Mitochondrial dys-
function alters the overall cellular redox metabolism,
inducing transcriptional changes in redox-related
genes, such as oxidoreductases. These genes partic-
ipate in several pathways, including those that
generate superoxide and proinflammatory eicosanoids
that stimulate hepatic immune infiltration in MASH.
This study highlights the critical role of SphK2 in
mitochondrial and nuclear regulation within hepatic
tissue and demonstrates the potential inflammatory
implications of reduced hepatic SphK2 levels in
MASLD pathological progression.
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