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Sphingosine kinase 1 mediates sexual
dimorphism in fibrosis in a mouse model of
NASH
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ABSTRACT

Objective: Men with non-alcoholic fatty liver disease (NAFLD) are more likely to progress to non-alcoholic steatohepatitis (NASH) and liver
fibrosis than women. However, the underlying molecular mechanisms of this dimorphism is unclear. We have previously shown that mice with
global deletion of SphK1, the enzyme that produces the bioactive sphingolipid metabolite sphingosine 1-phosphate (S1P), were protected from
development of NASH. The aim of this study was to elucidate the role of hepatocyte-specific SphK1 in development of NASH and to compare its
contribution to hepatosteatosis in male and female mice.
Methods: We assessed mouse livers in early-stage fibrosis induced by high fat feeding, using single harmonic generation microscopy, LC-MS/
MS analysis of hydroxyproline levels, and expression of fibrosis markers. We identified an antifibrotic intercellular signaling mechanism by
culturing primary mouse hepatocytes alongside, and in co-culture with, LX2 hepatic stellate cells.
Results: We generated hepatocyte-specific SphK1 knockout mice (SphK1-hKO). Unlike the global knockout, SphK1-hKO male mice were not
protected from diet-induced steatosis, inflammation, or fibrogenesis. In contrast, female SphK1-hKO mice were protected from inflammation.
Surprisingly, however, in these female mice, there was a w10-fold increase in the fibrosis markers Col1a1 and 2e3 fold induction of alpha
smooth muscle actin and the pro-fibrotic chemokine CCL5. Because increased fibrosis in female SphK1-hKO mice occurred despite an attenuated
inflammatory response, we investigated the crosstalk between hepatocytes and hepatic stellate cells, central players in fibrosis. We found that
estrogen stimulated release of S1P from female hepatocytes preventing TGFb-induced expression of Col1a1 in HSCs via S1PR3.
Conclusions: The results revealed a novel pathway of estrogen-mediated cross-talk between hepatocytes and HSCs that may contribute to sex
differences in NAFLD through an anti-fibrogenic function of the S1P/S1PR3 axis. This pathway is susceptible to pharmacologic manipulation,
which may lead to novel therapeutic strategies.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) encompasses a set of pa-
thologies associated with ectopic lipid accumulation in hepatocytes [1].
NAFLD can progress to non-alcoholic steatohepatitis (NASH), an in-
flammatory condition which is increasing in prevalence in parallel with
other diseases connected to lipid metabolism, such as type 2 diabetes
and cardiovascular disease [2]. NASH is characterized by hepatic
necrosis, increased inflammatory signaling, immune cell infiltration,
and the potential to progress to fibrosis, cirrhosis, hepatocellular
carcinoma, and ultimately liver failure [1,3,4].
Fibrosis is common to late stages of NAFLD, and if allowed to progress
can lead to cirrhosis and loss of liver function [5]. Fibrosis is typically
initiated by the release of pro-fibrotic cytokines such as TGFb from
several cell types including injured hepatocytes, resident immune
cells, and infiltrating immune cells [6e10]. These cytokines activate
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hepatic stellate cells and infiltrating bone marrow-derived stem cells in
the liver sinusoids, where they deposit extracellular matrix proteins
leading to fibrosis [11]. This straightforward and linear view of fibrosis
is complicated, however, by observations that there are several pro-
fibrotic and anti-fibrotic cytokines released by multiple cell types un-
der different conditions [11].
There are several lines of evidence supporting that the female liver is
protected from fibrosis; it is well documented that progression from
NAFLD to NASH is more severe in men than in women, and that this
discrepancy shrinks after menopause [12]. Furthermore, women
following surgical menopause, or women with Turner’s syndrome
(i.e., lacking natural estrogen) have a higher risk of NAFLD [13]. The
causes of this effect are complex, but estrogen has been proposed as
a mediator of this protection. Estrogen [14] is known to be anti-
fibrotic, and estrogen receptor agonists have been employed as
anti-fibrotic therapeutics [15e18]. Due to the widespread physiologic
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effects of these agonists [13], these approaches have led to poten-
tially dangerous side effects, especially in mammary, uterine, and
lung tissues [19e22]. In men, estrogen has been identified as a
protective factor in NASH progression, however it is not in use in men
as a therapeutic [23]. Therefore, pinpointing specific endogenous
pathways by which estrogen mediates its anti-fibrotic effects has
tremendous potential benefit if these pathways can be harnessed for
therapeutic use.
Sphingosine kinase 1 (SphK1) generates the bioactive lipid sphingo-
sine-1-phosphate (S1P), which serves as a ligand for a family of G
protein-coupled receptors (S1PR1-5). SphK1 and S1P regulate pro-
inflammatory responses and fibrosis in many organs and disease
states [24e28]. Several studies have implicated SphK1 in NAFLD
[29e35]. We showed that SphK1 is upregulated in human NASH and in
livers from C57bl/6J mice fed HFD (60%kCal from milk fat) for 16
weeks [36]. This high saturated fat diet led not only to steatosis, but
also caused hepatocyte ballooning, proinflammatory cytokine expres-
sion, immune cell infiltration, and histology consistent with human
NASH. Moreover, these obese mice were insulin resistant and
exhibited markers of ER stress in liver, indicating etiological and mo-
lecular overlap with human NASH. Using this model, we demonstrated
that a constitutive SphK1-null mouse fed high saturated fat diet was
protected from all aspects of NASH [36].
S1P is known to play a role in regulation of immune cells and the
inflammatory response in a variety of diseases in multiple tissues and
cell types [37e39]. In liver, SphK1 is expressed in several cell types,
including resident macrophages, fibroblasts, endothelial cells, and
hepatocytes [36,40]. Therefore, though liver triglyceride accumulation
and inflammation were both attenuated in the SphK1 knockout [36],
the role of SphK1 in hepatocytes was not known.
To examine a potential role for SphK1 specific to hepatocytes in the
NASH development, we crossed SphK1-loxp/loxp mice [41] with
Albumin:Cre (Alb-Cre) [42] mice yielding a hepatocyte-specific SphK1
null mouse (SphK1-hKO). As in humans, we observed notable sex
differences between males and females in these mice fed the HFD.
Most notably, female SphK1-hKO mice demonstrated a severely
exacerbated upregulation of fibrosis markers including Col1a1,
smooth muscle actin, and CCl5, and showed enhanced collagen
deposition. Mechanistic studies indicated that estrogen stimulated
release of S1P from female hepatocytes and that S1P prevented and
also reversed expression of Col1a1 induced by TGFb in HSCs, via
S1PR3, which was induced upon HSC activation. These findings
suggest a female-specific mechanism of suppressing fibrosis via es-
trogen dependent, S1P receptor-mediated cross-talk between hepa-
tocytes and HSCs, which may contribute to sex differences observed in
humans with NASH and could potentially be harnessed for treatment of
fibrosis in males and post-menopausal women.

2. METHODS

2.1. Generation of the SphK1-hKO mouse
The Albumin Cre mouse was obtained from Jackson Laboratories,
B6.Cg-Tg(Alb-cre)21Mgn/J stock number 003574. The SphK1 floxed
mouse was obtained from the laboratory of Dr. Richard Proia (NIH). The
mice were crossed by successive generations. Excision of the Sphk1
gene was confirmed by the forward primer 50-GGACCTGGCTATG-
GAACC-30 and the reverse primer 50-AATGCCTACTGCTTACAATAC-30,
yielding a 300 bp product for the WT allele and a 600 bp product for the
excised KO allele.
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2.2. High fat diet
Mice were fed control or high fat diet ad libidum for 16 weeks. The
control (TD.120455) and high fat (TD.09766) diets containing 6.2%
and 34.3% fat by weight respectively, were obtained from Teklad.

2.3. Liver triglyceride levels
50 mg of tissue was dissolved in 6� volume of 2:1 ethanol/30% KOH at
60 �C forw5 h, vortexed periodically to improve digestion. A volume of
1.08� the original volume of 1 M MgCl2 was added, vortexed, and
chilled on ice for 10 min. The digest was centrifuged at room temper-
ature at 14,000 � g for 30 min, and supernatant was collected and
diluted 1:10 in water for use in the triglyceride assay. The supernatant
was measured with the Triglyceride LiquiColor Test (Stanbio 2200-225).

2.4. Gene expression by qPCR
Cells were harvested on ice by scraping into 0.2 ml Trizol per well, liver
tissue was homogenized with a magnetic bead homogenizer in 1 ml of
Trizol per 20 mg of tissue. RNA was extracted from Trizol using the
Qiagen RNAeasy kit, and then reverse transcribed using the Biorad
iScript kit. RNA quality of tissue samples was confirmed by bio-
analyzer. A Sybr green protocol with a 58 �C annealing temperature for
40 cycles was used with primers listed in Table S1. Mean normalized
expression was calculated by averaging beta actin and HMBS1 as the
reference gene panel for mouse liver and hepatocytes, and beta actin
for human LX2 cells. LX2 cells were obtained from Sigma/Millipore.

2.5. Western blotting
RIPA buffer containing Pierce protease and phosphatase inhibitors was
added to liver tissues (50 mg/ml) or LX2 cells (0.2 ml per well). Liver
samples were homogenized with a magnetic bead homogenizer, and
cell or tissue proteins were quantified by BCA and prepared in 4�
Laemelli buffer at 2 mg/ml, and 15 mg was loaded per well of a 26-
lane 4e15% BioRad Criterion gradient gel. Membranes were
blocked and blotted in 5% BSA in TBST. Human collagen 1 was blotted
with the Cell Signaling antibody (84336) at 1:1000 dilution overnight at
4 �C. Cell Signaling anti-rabbit HRP secondary (7074S) was used as
secondary antibody, blotted at 1:5000 at room temperature for 1 h.

2.6. Autofluorescence FLIM and SHG measurements using DIVER
microscope
Second harmonic generation (SHG) signals were acquired using the
DIVER (Deep Imaging Via Enhanced-Photon Recovery) detector origi-
nally developed at the Laboratory of Fluorescence Dynamics, University
of California, Irvine, which is currently installed in the Microscopy
Imaging Shared Resource at Georgetown University. A short pulsed
two photon laser (Insight DeepSee X3, Spectra-Physics, Santa Clara,
CA) adapted with an Acousto-Optic Modulator was used as the exci-
tation source. The samples were viewed with a 10� 0.4NA air
objective (Olympus, Waltham, MA), positioned directly on top of the
DIVER detector assembly input window. Two-photon induced fluo-
rescence signal was collected using a 410e460 nm band pass with an
internal gallium arsenide phosphide large area photomultiplier tube
(Hamamatsu R7600P-300, Bridgewater, NJ), with a modified UG11
glass filter (360e380 nm), and a FLIMBox (ISS, Champaign, IL). Signal
was converted to a phasor plot [43], with rhodamine 110
(lifetime ¼ 4.0 ns) used for the phasor plot calibration. Each SHG
image was taken with a 1250 mm field of view, 20 ms pixel dwell time
and 16 repeat scans with 256 � 256 pixels/image. SHG and fluo-
rescence images were collected simultaneously after excitation with a
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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740 nm laser line. The data collection and analysis were carried out by
using SimFCS. SHG appears at S ¼ 0, G ¼ 1 in the phasor plot and is
selected using a circular green cursor (Figure 3C) [44e46].

2.7. Culture of LX2 stellate cell line
LX2 cells were purchased from Sigma (SCC064) and cultured in High
Glucose DMEM with 2% FBS with Pen/Strep and L-glutamine.

2.8. Isolation of primary mouse hepatocytes
Isolation was carried out based on the method of Seglen et al. [47].
Briefly, the infererior vena cava (IVC) was catheterized under isoflurane
anesthesia, the IVC was clamped anterior to the heart, and then the liver
was flushed from the portal vein with heparin, then EGTA perfusate, and
then collagenase perfusate. Hepatocytes were isolated by Percoll
gradient and cultured in supplemented William’s E media (Gibco).

2.9. Hepatocyte-stellate co-culture experiments
LX2 stellate cells were plated on Costar polystyrene transwells with a
0.4 mm pore size at 3 � 105 cells per well. LX2 cells were starved in
serum-free DMEM containing 0.2% fatty-acid-free BSA and Pen/Strep
at time zero (t ¼ 0). Hepatocytes were isolated from female C57/Bl6
wild type, or SphK1 global constitutive knockout mice [36], and plated
on 6 well dishes at 3 � 105 cells per well. Hepatocytes were then pre-
treated for 12 h with 17b-estradiol (E2) or vehicle (0.005% ethanol) in
DMEM with 10% FBS and Pen/Strep at t ¼ 36 h. At t ¼ 48 h, media
was aspirated from both cell types and replaced with LX2 starvation
media with or without 2.5 ng/ml TGFb, and then LX2-containing
transwells were placed into hepatocyte-containing 6-well dishes. At
t ¼ 60 h, LX2 cells were harvested into Trizol for RNA extraction.

2.10. Cell treatments
Cells were treated with S1P (Avanti Polar Lipids 860492), 17b-
Estradiolestradiol (Sigma E8875), or human recombinant TGFb (R&D
Biosystems 7754-BH-005). S1P was suspended in LX2 starvation
media containing 0.4% fatty-acid-free BSA and solubilized in a bath
sonicator. HS173 and receptor antagonists TY52156, and W146 were
obtained from (Cayman Chemicals) and delivered in 0.05% DMSO,
JTE-13 was obtained from Sigma.

2.11. Hydroxyproline measurements
Hydroxyproline was measured by LCeMS based on a published
method [48] using a deuterated hydroxyproline internal standard (CDN
isotopes, cis-4-hydroxy-L-proline-2,5,5-d3, d-7713, mw ¼ 134.15).
Hydroxyproline was liberated from collagen by acid hydrolysis. 10 mg
of tissue was homogenized by an immersion blender into 100 ml of
water. 100 ml of homogenate was placed in a Teflon-lined screw top
glass test tube and 100 ml of 12 N HCl was added. The tube was
capped and heated for 3 h at 120 �C. After cooling to RT, 120 ml of
10 N NaOH, and 5 mg of activated charcoal was added. Samples were
vortexed and centrifuged at 10,000 � g for 5 min. Sample volumes
were equalized to 260 ml with H2O, and a 60 ml aliquot was removed
for BCA assay. The remaining solution was transferred to a clean glass
tube, dried under nitrogen and resuspended in mobile phase. For LCe
MS, hydroxyproline was separated in a fixed mobile phase of 5%
CH3CN with 10 mM CH3COONH4 in a 150 � 2 mm C-18 column at
0.2 ml/min and the 131.15 Mþ peak was quantified.

2.12. CCl4-induced fibrosis
10-week-old mice were injected with 1 ml CCl4 per gram of body
weight (Sigma 289116), diluted 1 to 3 in corn oil (Kroger, pure corn oil),
twice per week for 6 weeks.
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2.13. Measurement of S1P by LCeESI-MS/MS
Hepatocytes from WT and SphK1-hKO mice cultured in 6-well tissue
culture plates were washed with PBS and treated with vehicle or E2
(100 nM) in medium containing 1% FA-free BSA for the indicated
times. Plates were then placed on ice, and the medium was removed
and added to prechilled 13 � 100 mm borosilicate tubes containing
1 ml of ice-cold methanol. Cells were washed with PBS and 300 ml of
ice cold-PBS containing 1:100 HALT protease, and phosphatase in-
hibitor was added. Cells were scraped, and suspensions (200 ml) were
added to 13 � 100 mm borosilicate tubes containing 0.5 ml of
methanol. An aliquot of the remaining 100 ml cell suspension was used
for protein quantification. Sphingolipids were measured by LCeESI-
MS/MS (Sciex 5500 QTRAP; ABSciex, Farmingham, MA) as previously
described [49]. Cellular sphingolipid levels were expressed as pmol per
milligram of protein and secreted as pmol per milliliter of medium.

2.14. Statistics
P-values where indicated were generated by a 2-tailed Student’s t-
test, or one way ANOVA followed by Dunnett’s multiple comparisons
test, where multiple groups were present. Mouse weight data was fit
with a linear mixed model with 8 groups defined by combinations of
gender, mutation, and diet and interactions of these groups with
weeks. P-values for estimated differences in slope were corrected for
multiple testing via Tukey correction.

2.14.1. Approval of animal studies
All animal experiments conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and werein accor-
dance with Public Health Service/National Institutes of Health guide-
lines for laboratory animal usage. The experimental groups consisted
of male and female WT and SphK1-hKO C57BL/6 mice. Mice were
housed in the animal facility at the Medical University of South Carolina
and Virginia Commonwealth University. Food and water were provided
ad libitum, animals were maintained on a 12:12 h lightedark cycle and
ambient temperature was steadily 21 �C. Animals were randomized to
a high saturated fat diet (HFD) (Envigo, TD.09766) (60% kcal provided
by milkfat) or an isocaloric low-fat diet (CD) (Envigo, TD.120455) (17%
kcal provided by lard) at 10 weeks of age, and diets were administered
for 16 weeks (n ¼ 5 per group). Mice were euthanized humanely by
isoflurane (Hospira, Inc., Lake Forest, IL) followed by cardiac puncture.
Cardiac blood was prepared for nonhemolyzed serum, aliquoted, and
stored at �80 �C. Tissues were collected accordingly as fresh fixed in
10% neutral buffered formalin or fresh snap-frozen in liquid nitrogen
and stored at �80 �C. All study methods were approved by the IACUC
boards of the Medical University of South Carolina, and Virginia
Commonwealth University where phases of the study were completed.

3. RESULTS

3.1. Hepatocyte-specific depletion of sphingosine kinase 1
Previous work employing the global SphK1 knockout revealed that
expression of TNFa, MCP1, and phosphorylation of IKba induced by
high fat feeding were attenuated in the knockout mice [36]. Because
hepatoctyes comprise 70e80% of cells in liver and are central to liver
injury and progression of inflammation, it was hypothesized that
protection from NASH observed in the global knockout was driven by
hepatocyte SphK1 expression. Thus a hepatocyte-specfic SphK1
knockout mouse was generated by crossing the SphK1-flox/flox
mouse with albumin-Cre [50].We confirmed gene depletion in the liver
tissue genome by qPCR (Figure S1C). While chow-fed mice expressed
SphK1, expression was severely attenuated in liver homogenates from
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Figure 1: Weight gain, tissue weight, and liver TGs of high fat diet fed mice. 10-
week-old chow-fed mice were fed a high saturated fat milk fat-based diet (HFD) or low
glycemic control diet (CD) until 26 weeks of age. (A) Weight gain in wild type (Alb-Cre) and
hepatocyte-specific sphingosine kinase knockout (SphK1-hKO) mice. Mouse weight data
was fitted to a Linear Mixed Model to determine if weight gain differed significantly
between sex and genotype, and the fit parameters are listed in Table 1. (B) The ratio of
liver weight to body weight and triglyceride content per weight of tissue, as measures of
hepatomegaly and steatosis, respectively. (C) Lipid droplet deposition for HFD and CD
mice was examined by neutral lipid staining with Oil Red O. N ¼ 5, error bars are SEM,
significance between diet, sex and genotype comparisons was identified by one way
ANOVA followed by Dunnett’s multiple comparisons test P < *0.05, **0.01,***0.001.

Brief Communication
SphK1-hKO mice, not only indicating sufficient activity of the Alb-CRE/
flox depletion system but also suggesting that hepatocytes are the
primary source of SphK1 mRNA in liver.

3.2. The SphK1-hKO mouse is partially protected from liver weight
gain, but not TG accumulation
Both male and female Alb-Cre and SphK1-hKO were fed high saturated
fat diet (HFD) or control diet (CD) for 16 weeks starting at 10 weeks of
age. HFD led to profound weight gain relative to CD, which was
4 MOLECULAR METABOLISM 62 (2022) 101523 � 2022 The Authors. Published by Elsevier GmbH. T
comparable in males and females (Figure 1A). Though SphK1-hKO
mice of both sexes trended toward reduced weight gain, the differ-
ences were not significant (Table 1). Hepatomegaly, represented by
increased liver weight with HFD relative to total body weight, is
common with the development of NASH, and both male and female
SphK1-hKO mice were protected from hepatomegaly, which was not
accompanied by a proportional decrease in TG accumulation
(Figure 1B). TGs were significantly increased with HFD in both the wild
type and SphK1-hKO mice. Oil red O staining of liver sections indicated
a similar degree of steatosis in both male female wild type and SphK1-
hKO mice (Figure 1C).

3.3. The SphK1-hKO mouse was partially protected from diet-
induced inflammation
HFD-induced expression of the proinflammatory cytokines TNFa and
MCP1 and also immune cell infiltration were attenuated in the global
SphK1 knockout mice [36]. In contrast, inflammatory responses were
not reduced in male SphK1-hKO mice. However, female SphK1-hKO
mice were protected from increased inflammation, suggesting a
different function of SphK1 in male vs. female hepatocytes. Specif-
ically, both TNFa and MCP1 increased significantly in Alb-Cre mice fed
HFD compared to CD but they were not increased in SphK1-hKO fe-
males. Similarly, expression of the cytokine CXCL10 involved in the
development of NASH, was significantly lower in SphK1-hKO females
than in Alb-Cre females both on CD and with high fat feeding, implying
that hepatocyte SphK1 is at least partially responsible for inducing
inflammation in females (Figure 2).

3.4. Exacerbation of diet-induced upregulation of fibrosis in female
SphK1-hKO female mice
A common cause of patient mortality associated with fatty liver disease
is cirrhosis, which is preceded by increased cell damage and death
leading to progressive fibrosis [51]. While markers of inflammation and
cell damage emerge early in mice with high fat feeding, the extensive
cell damage associated fibrosis seen in patients is difficult to fully
model in a rodent diet study. Thus, we examined early-emerging
markers of NASH-associated fibrosis including collagen1a1
(Col1a1), smooth muscle actin (aSMA) and the pro-fibrotic chemokine
ligand 5 (CCL5), which was shown to be secreted by HSCs [52]. In
male mice, Col1a1 expression increased in the WT mice fed HFD and
was attenuated in SphK1-hKO mice (Figure 3A), while aSMA and
CCL5, trended up in male HFD fed mice, but did not reach statistical
significance. However, while expression of Col1a1, aSMA, and CCL5
did not change with diet in wild type females, female SphK1-hKO mice
responded to the HFD with a strikingw10-fold increase in Col1a1 and
2e3-fold increase in aSMA and CCl5 expression. To examine the level
of collagen protein in NASH liver tissue, hydroxyproline, a modified
form of proline that is nearly exclusive to collagen, was measured by
LCeMS/MS (Figure 3B). Like the levels of collagen mRNA, the female
knockout mice had significantly higher levels than both wild type
controls and male knockouts. Comparing Alb-Cre HFD male to female,
Cola1 expression is slightly lower in females, while HP levels are
higher in females. These not significantly significant, but we suspect
this pattern is due at least in part to the stability difference between
mRNA, and collagen protein, which is particularly long-lived.
To establish the severity of the fibrosis phenotype, second harmonic
generation microscopy (SHG) was carried out on whole unstained
tissue sections (Figure 4D). SHG is sensitive to molecules that are non-
centrosymmetric, such as collagen fibers [53]. Specific signals from
SHG were selected using the phasor approach to fluorescence lifetime
imaging as SHG signal is coherent and has a lifetime of zero and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Fit parameters for mouse weight gain.

Group 1 Group 1 slope (g/week, 95% CI) Group 2 P-value, group 1 vs. 2

CD Alb-Cre male 0.511 (0.281e0.741) HFD Alb-Cre male <0.001
e e CD SphK1-hKO male 0.875
e e CD Alb-Cre female 0.997

CD Alb-Cre female 0.395 (0.165e0.625) HFD Alb-Cre female <0.001
e e CD SphK1-hKO female 0.967

HFD Alb-Cre male 1.591 (1.361e1.821) HFD SphK1-hKO male >0.999
e e HFD Alb-Cre female 0.133

HFD Alb-Cre female 1.149 (0.919e1.379) HFD SphK1-hKO female 0.993
CD SphK1-hKO male 0.286 (0.056e0.516) HFD SphK1-hKO male <0.001

e e CD SphK1-hKO female <0.001
CD SphK1-hKO female 0.222 (�0.008e0.452) HFD SphK1-hKO female <0.001
HFD SphK1-hKO male 1.517 (1.287e1.747) HFD SphK1-hKO female 0.054
HFD SphK1-hKO female 1.017 (0.787e1.247) e e
appears at S ¼ 0, G ¼ 1 of the phasor plot (Figure 4C), [44e46,54].
The level of signal for HFD animals is similar for male and female Alb-
Cre as well as male SphK1-hKO, however female SphK1-hKO mice
revealed striking higher extent of collagen deposition. The Alb-Cre and
SphK1-hKO male images showed very modest fibrosis, still at the F0
METAVIR grade [55,56], whereas female tissues were in the F1 grade,
showing the early stages of bona fide fibrosis, with thickening bands of
collagen deposited around the central veins and an emerging chicken-
wire pattern in the more affected areas.

3.5. Sphingosine-1-phosphate decreased TGFb-induced
expression of Col1a1
In NAFLD, resident hepatic stellate cells (HSCs) are activated from a
non-proliferative, quiescent state to secrete collagen and other pro-
fibrotic factors [10]. Thus, the exacerbation of Col1a1 upon deple-
tion of hepatocyte SphK1 suggests cross-talk between hepatocytes
and HSCs. It seemed likely that this could be mediated by the paracrine
actions of S1P that occur via signaling through a family of S1PRs. To
test this, LX2 human HSCs were activated by treatment with TGFb (an
inducer of fibrogenesis and Col1a1 expression), and S1PR expression
was assessed by qPCR. Strikingly, upon activation of LX2 cells, there
was a 2e2.5-fold induction of S1PR3 expression, (Figure 4A).
Next, Col1a1 was selected as a marker to evaluate the action of S1P,
because it showed a robust w10-fold increase with HFD SphK1-hKO
females, versus 2e3 fold for SMactin and CCl5 (Figure 3). To deter-
mine whether S1P could inhibit collagen expression in a paracrine-
dependent manner, TGFb-activated LX2 stellate cells were treated
with S1P. S1P treatment significantly decreased the TGFb-induced
upregulation of Col1a1 mRNA (Figure 4B) and protein (Figure 4C),
implying that binding of S1P to cell surface S1PRs may repress stellate
cell activation. Maximum inhibition was observed at a concentration
around 100 nM S1P (Figure 4D), which is within the physiological
concentration range of S1P and consistent with the Kd of S1PRs for
S1P [57]. Furthermore, collagen levels were evaluated in activated LX2
cells treated with S1P in the presence of S1P receptor antagonists
targeting S1PR1, 2, or 3. While S1PR1 and 2 antagonists did not affect
S1P-mediated collagen inhibition, in contrast, the S1PR3 antagonist
reversed the S1P-dependent decrease in collagen (Figure 4E).

3.6. Estrogen increases secretion of S1P from hepatocytes
Estrogen has been shown to have antifibrotic effects in several liver
diseases [13]. Because the collagen deposition observed in the female
HFD fed mice appeared to be independent of inflammatory pathways
(which were suppressed in female mice by SphK1 depletion), and es-
trogen was shown to activate SphK1 [49,58], we hypothesized that
MOLECULAR METABOLISM 62 (2022) 101523 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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estrogen may suppress fibrosis in HFD fed female mice by activating
SphK1 and increasing its product S1P. To test this, WT or SphK1 deleted
primary hepatocytes were treated without or with the major active es-
trogen, 17b estradiol (E2), for 12 h. Cells were thoroughly washed and
media and replaced with TGFb containing media. These hepatocytes
were then co-cultured with LX2 stellate cells using transwell dishes for
an additional 12 h (Figure 4F). Col1a1 upregulation by TGFb in LX2 cells
was suppressed by E2-treated WT hepatocytes, but not by SphK1
deleted hepatocytes (Fig 4G). While there are reports of direct action of
E2 on HSCs [59,60], it should be noted LX2 cells were not directly
exposed to E2 in this experiment, but rather only exposed to material
secreted by hepatoctyes following pre-treatment with E2, as well as
exogenous TGFb [21,61]. To test the possibility that E2 treatment
induced release of S1P from hepatocytes, hepatocytes were treated with
E2, and S1P levels were quantified in cells and in the media by LCeESI-
MS/MS. S1P appeared in the media at 30e120 min following E2
treatment, and this increase was significantly attenuated in SphK1�/�
hepatoctyes (Figure 4H). Additionally, S1P levels were significantly lower
in SphK1�/� hepatocytes (Figure 4J). Male wild type hepatoctyes were
also subjected to E2 treatment to establish that this effect is sex-specific.
Levels of S1P in the media of male hepatoctyes was very low, and was
not altered by E2 (Figure 4I), and levels in male hepatoctyes were found
to be higher than females, and also unaffected by E2 (Figure 4K). Taken
together, our results suggest that E2 stimulates S1P release from female
hepatocytes, which in turn activates S1PR3 on stellate cells to suppress
collagen deposition.

4. DISCUSSION

In this study, we show that loss of SphK1 in murine hepatocytes
dramatically exacerbated expression and deposition of liver collagen in
NAFLD in a highly sex-dependent manner. Moreover, our data suggest
an estrogen-mediated fibrosis-suppressing/reversing function for
SphK1; however, the dominant view in the literature on the relationship
between SphK1, S1P, and liver fibrosis is that increased SphK1/S1P
contributes to fibrosis [62]. Indeed, elevated S1P has been shown in
biopsies of patients suffering from fibrosis, as well as in common
rodent models of fibrosis induced by bile duct ligation, CCl4, and
methionine choline deficient diet [40,63,64]. Furthermore, circulating
[40,65] S1P correlated with advanced disease and increased SphK1
expression [24,40,63,64]. A pro-fibrotic role for SphK1/S1P is also
supported by several in vivo studies. For example, the S1PR2 knockout
mouse [66,67] and the SphK1�/� mouse [36] are protected from
fibrosis, and S1PR antagonists have been shown to protect against
fibrosis in some cases [23,68e70]. These data point to a generalized
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 2: Effect of high fat diet feeding on key inflammatory markers in the liver.
Expression of inflammatory markers TNFa, MCP1 and CXCL10 in wild type mice (Alb-
Cre) hepatocyte-specific SphK1 knockout (SphK1-hKO) strain with high fat diet (HFD)
versus control diet (CD). Wild type and SphK1-hKO mice were fed high saturated fat
diet for 16 weeks. RNA was extracted from liver, reverse transcribed and analyzed by
qPCR. Beta actin and Hmbs1 were averaged as a reference gene panel. N ¼ 5, error
bars are SEM. Significance between diet, sex, and genotype was determined by one
way ANOVA followed by Dunnett’s multiple comparisons test P < *0.05, **0.01.

Figure 3: Assessment of liver fibrosis. (A) Upregulation of early fibrosis markers
collagen1a1 (Col1a1), alpha smooth muscle actin (SMactin) and CCl5 mRNA with high
fat diet (HFD). Col1a1, aSMA, and CCl5 expression in liver homogenate by qPCR, for
wild type (Alb-Cre) and SphK1-hKO for control diet (CD) and high fat diet (HFD) groups,
beta actin and Hmbs1 were averaged as a reference gene panel. (B) Hydroxyproline
was quantified in liver tissue from high fat diet (HFD) male (M) and female (F) mice by
LCeMS/MS, as a proxy for total collagen levels. (D) Unstained paraffin-embedded liver
sections from HFD mice were imaged using Second Harmonic Generation (SHG) mi-
croscopy, scale bar ¼ 700 mm. (C) SHG signal was selected based on the lifetime of
zero which has a phasor signature of G ¼ 1, S ¼ 0 (green circle). Significance between
diet, sex and genotype comparisons was identified by one way ANOVA followed by
Dunnett’s multiple comparisons test N ¼ 5, error bars are SEM, P < *0.05,
**0.01,***0.001, ***0.001, ****0.0001.
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association of S1P with increased fibrosis. Constrastingly, in a liver
regeneration model, S1P promoted liver regeneration leading to indi-
rect but dramatic inhibition of fibrosis [71]. However, while increased
S1P in the liver, and even in circulation, is associated with fibrosis, the
pathways giving rise to fibrosis are highly complex.
Much of the complexity in the emergence of liver fibrosis arises from
the involvement of multiple cell types, but the central players in pro-
duction of fibrotic tissue are HSCs. Roles for SphK1/S1P/S1PR
signaling have been identified in HSCs, although they are all in the
context of TGFb-induced SphK1 transcription and activation in the
HSC, as opposed to S1P originating from other cell types. SphK1 ac-
tivity in HSCs induced by TGFb pathway was implicated in transcription
of fibrosis markers [72], and the reported point of action varies [73],
but according to Kageyama et al. and Brunati et al. [70,74], S1PR2
expressed by HSCs was identified as the target, and upregulation of
S1PR2 was required. There is no evidence of activation of HSCs by
exogenous S1P, and in fact, an attempt to establish activation by a
direct interaction showed the opposite [75]. Moreover, it has been
6 MOLECULAR METABOLISM 62 (2022) 101523 � 2022 The Authors. Published by Elsevier GmbH. T
suggested that TGFb-induced intracellular S1P contributes to collagen
expression in hepatic myofibroblasts, independent of S1PRs [76].
Hence, it is tempting to speculate that activation of HCS by exogenous
S1P has the opposite effects on fibrosis than those induced by intra-
cellular S1P produced by TGFb-mediated activation of SphK1.
Here we show that physiological levels of E2 induce release of S1P from
female hepatocytes but not from male hepatocytes. S1P release was
significantly lower in SphK1�/� hepatocytes compared to WT. We are
presenting a novel mechanism that hepatocyte-derived SphK1/S1P links
estrogen signaling to suppression of liver fibrosis (Fig 4J). There is little
supporting literature linking these processes in liver, though it is well
established that estrogen activates SphK1 leading to production of S1P
in other cell types [77]. S1P and estrogen signaling, however, have been
linked indirectly in a liver fibrosis context through the lipoprotein asso-
ciated subunit ApoM. Hepatocytes are the major source of ApoM-bound
S1P, and estrogen was reported to induce hepatic secretion of ApoM
[78]. Furthermore, overexpression of ApoM was shown to cause a
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 4: Hepatocyte-Derived S1P suppress collagen expression in LX2 Hepatic stellate cells via S1PR3. (A) S1P mRNA expression in TGFb activated LX2 cells (N ¼ 7), for
all qPCR data presented for LX2 cell, beta actin was used as the reference gene. (BeD) Col1a1 expression in LX2 hepatic stellate cells, pre-activated by TGFb alone for 18 h and
then treated with vehicle (Veh), TGFb (2.5 ng/ml), S1P, or TGFb þ S1P for an additional 6 h. (B) QPCR or (C) Western blot show TGFb-induced expression of collagen in hepatic
stellate cells suppressed by treatment with 100 nM S1P. (D) Inhibition of Col1a1 expression by S1P was dose dependent with with a maximal effect achieved at 100 nM (N ¼ 3).
(E) Cells treated with TGFb (2.5 ng/ml), S1P (100 nM), S1PR1 and 2 antagonists JTE-13 and W146 respectively (1 mM), and S1PR3 antagonist TY25156 (1 mM). Western blots are
representative of biological triplicates. (F,G) Hepatocyte-derived S1P suppresses collagen induction in a hepatocyte-HSC co-culture model described in the schematic (F). LX2 cells
were cultured in transwells until confluent, primary hepatocytes (Heps) were plated onto collagen-coated 6 well dishes. At hour 0, LX2 cells were treated with vehicle (Veh) or TGFb
(2.5 ng/ml), and hepatoctyes with vehicle or 17b-estradiol (E2, 100 mM) for 12 h. Following pre-treatment, transwells containing LX2 cells were placed into 6 well dishes
containing hepatocytes, TGFb or E2 were removed, and fresh media was applied. Following 12 h of co-culture, LX2 cells were harvested. (G) Col1a1 expression in LX2 hepatic
stellate cells co-cultured with primary hepatocytes isolated from wild type (WT) or sphingosine kinase knockout mice (SphK1�/�) on transwell dishes (N ¼ 6). Primary he-
patocytes isolated from male and female mice were treated with 100 nM 17b-estradiol. S1P levels secreted into the media was measured for female (H) and male (I) hepatoctyes,
as well as in cells for female (J) and male (K) by LCeESI-MS/MS (N ¼ 3). (L) High fat diet (HFD) causes injury in hepatocytes (Hep) and endothelial cells (EC) inducing pro-
inflammatory S1P signaling in immune cells (IC) leading to indirect activation of hepatic stellate cells (HSC). S1P inhibits collagen (Col1a1) expression in HSC through S1PR3,
opposing TGFb-driven activation. Error bars are SEM, Student’s t-test P < *0.05, **0.01,***0.001.
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dramatic increase in hepatic S1P secretion [79]. While it is unknown
whether the effects on HSCs require ApoM or the ApoM receptor, it is
known that albumin-bound versus ApoM-bound S1P can have differ-
ential effects [80,81]. Interestingly, a study found that female type 1
diabetes patients, but not male, had elevated ApoM and S1P in their light
HDL fraction [47], suggesting that secretion of hepatic S1P in response
to the disease occurred only in women. However, it should be reiterated,
that in our model system we showed S1P inhibition of Col1a1
expression in LX2 HSCs in the absence of ApoM. Our study reveals
potential deleterious effects of targeting hepatic SphK1 activity as a
therapeutic strategy, especially in female patients, and raises the pos-
sibility of exploiting S1P signaling to reverse fibrosis in both female and
male patients by targeting HSCs directly via S1PR3 activation.
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