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Nonalcoholic fatty liver disease (NAFLD) encompasses a 
spectrum of disease states defined by hepatic steatosis oc-
curring in the absence of alcohol abuse (1). Steatosis is the 
initial stage of NAFLD, in which lipid droplets form and 
accumulate in the liver (2). This stage can be self-limiting; 
however, steatosis can progress to more aggressive liver in-
jury, inflammation, and fibrosis in the form of nonalco-
holic steatohepatitis (NASH) (3). NASH can progress to 
cirrhosis, end-stage liver disease, or hepatocellular carci-
noma (4). Caloric excess, associated with obesity, insulin 
resistance, and dyslipidemia, has been implicated in the 
development of NAFLD (5), and it is estimated that about 
a third of the US population has NAFLD (6). Approxi-
mately 30% to 50% of NAFLD patients have NASH at the 
time of diagnosis (7) and, unfortunately, however, there 
are currently no approved therapies (8).

The oversupply of nutrients due to obesogenic diet con-
sumption alters many aspects of cellular metabolism, 
including the biosynthesis of lipids (9). Several lipid me-
diators typically associated with lipotoxicity, such as diacyl-
glycerols, free fatty acids, oxysterols, and more recently, 
sphingolipids, have been linked to the progression of 
steatosis to NASH (9–11). It has been suggested that  
the bioactive sphingolipid ceramide contributes to insulin 
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resistance, enhanced hepatic inflammation, and fibrosis 
and is involved in the development of NASH (12–15). The 
genetic or pharmacological inhibition of ceramide biosyn-
thesis in mouse models of obesity decreased insulin resis-
tance and hepatic steatosis (16–20). The manipulation of 
the ceramide synthase (CerS) isoforms 2, 5, and 6 suggests 
that ceramides composed of long side chains, particularly 
C16:0, play an important role in obesity-induced insulin re-
sistance, glucose intolerance, steatohepatitis, and adipose 
tissue inflammation (18–20). Furthermore, a positive asso-
ciation between ceramides containing saturated side chains 
and insulin resistance that is independent of triglycerides 
has been reported in humans (11, 21).

Levels of the ceramide metabolite sphingosine-1-phosphate 
(S1P) produced by two sphingosine kinase isoenzymes, 
SphK1 and SphK2, were also elevated in the livers of mice 
fed a high-fat diet (HFD) (22). Moreover, the SphK1/S1P 
axis was shown to mediate hepatic inflammation in a 
mouse model of NASH induced by high-saturated-fat 
feeding (23), suggesting that enhanced S1P levels in the 
circulation may mediate some of the systemic effects asso-
ciated with HFD and obesity (15). Furthermore, increases 
in plasma S1P in obese humans correlated with fasting 
plasma insulin level, body fat percentage, and body mass 
index (24).

To improve understanding of the development of NAFLD 
and provide insights into future therapeutic avenues, many 
animal models have been studied (25). However, most do 
not exhibit the full spectrum of features associated with hu-
man NASH (25). A diet-induced animal model of NAFLD 
(DIAMOND) that recapitulates the key physiological, 
metabolic, histologic, transcriptomic, and cell-signaling 
changes seen in humans with progressive NASH has  
recently been developed (26). DIAMOND is a useful pre-
clinical approach for developing better diagnostic and 
therapeutic strategies for patients with NASH, targeting 
those with early-stage disease as well as those with advanced 
liver fibrosis (27). To better understand the involvement of 
ceramide and its metabolites in the development of the dis-
ease, we used FTY720/fingolimod, an orally available im-
munosuppressive drug used for treating multiple sclerosis 
(28) that has been shown to inhibit CerS in vitro (29, 30). 
FTY720 also inhibits de novo ceramide biosynthesis in cul-
tured cells (30, 31) and mice (32, 33). In addition, FTY720 
inhibits and reduces levels of SphK1 and S1P (34, 35). Our 
results suggest that FTY720 could have beneficial effects on 
the early stage of disease development.

MATERIALS AND METHODS

Animals
Isogenic mice derived from C57BL/6J and 129S1/SvImJ 

backgrounds (B6/129) were kindly provided by Dr. Sandra  
Erickson (UCSF) and maintained by inbreeding as previously 
described (26). The mice were housed under a 12-h light/12-h 
dark cycle in a 21–23°C facility. All procedures were approved 
by the Animal Care and Use Committee of Virginia Common-
wealth University.

Diet and treatments
Genome-wide association mapping of hepatic triglycerides re-

vealed striking differences in the genetic control of hepatic steato-
sis between female and male mice (36). Female mice were used 
for this study because the reduced severity of HFD-induced 
NAFLD in female mice precludes the interrogation of disease 
pathogenesis in a sex-independent manner. Female mice were 
fed a standard chow diet (CD; Harlan TD.7012) until reaching 12 
weeks of age unless indicated otherwise. Mice were then fed a 
high-fat, high-carbohydrate diet (Harlan TD.88137) containing 
42% kcal from milk fat and 0.1% cholesterol (Western diet; WD) 
for 16 weeks. Drinking water contained a high amount of fructose 
(23.1 g/l) and glucose (18.9 g/l) (sugar water; SW) (26). Both 
food and water were provided ad libitum. FTY720/fingolimod 
(0.3 mg/kg; Cayman Chemical #10006292) or vehicle (saline) was 
administered via oral gavage three times a week throughout the 
16-week HFD. Where indicated, control mice were fed a standard 
CD (Harlan TD.7012) with normal drinking water.

Pathology
Mice were weighed and euthanized with inhaled isoflurane 

and cervical dislocation. Livers were removed, and a portion was 
sectioned for formalin fixation and histological processing. The 
remaining liver was placed in cryotubes and snap-frozen in liquid 
nitrogen. Formalin-fixed and paraffin-embedded liver slices were 
stained with H&E. Liver fibrosis was examined by staining with 
Masson’s trichrome and Sirus Red (37). An expert liver patholo-
gist evaluated the liver histology in a treatment-blinded manner. 
The NASH-Clinical Research Network scoring system was used to 
score steatosis, lobular inflammation, and hepatocellular balloon-
ing as previously described (26, 38). Steatosis (percentage hepato-
cytes with fat droplets) was scored as 0 (<0.5%), 1 (5–33%), 2 
(>33–66%) or 3 (>66%). Hepatocyte ballooning was scored as 0 
(none), 1 (few cells), or 2 (many cells). Lobular inflammation was 
scored as 0 (no foci), 1 (<2 foci per field), 2 (2–4 foci), or 3 (>4 
foci). Steatosis, inflammation, and ballooning scores were com-
bined for the NAFLD activity score. Fibrosis was also evaluated as 
stage F0 (none), F1 (mild), F2 (perisinusoidal and portal/peri-
portal fibrosis), F3 (bridging fibrosis), or F4 (obvious cirrhosis).

Glucose tolerance and insulin tolerance tests
Mice were fasted overnight, and baseline blood glucose levels 

were measured in tail-vein blood. Glucose (1 mg dextrose/kg 
body weight) dissolved in sterile PBS was injected intraperitone-
ally. Blood glucose levels were then determined at 15, 30, 60, 90, 
and 120 min postglucose injection. All glucose measurements 
were determined with an Accu-Chek Compact plus glucometer 
(Roche Diagnostics), and areas under the curve were determined 
(39). Repeat glucose tolerance tests were performed after several 
days. For the insulin tolerance test, mice were injected intraperi-
toneally with insulin (0.75 U/kg body weight), and blood glucose 
levels were measured prior to and 30 and 60 min after insulin 
injection.

Immunoblotting
Liver tissues were pulverized in liquid nitrogen and then lysed 

in buffer containing 50 mM HEPES, pH 7.4, 150 mM NaCl, 
100 mM NaF, 10% glycerol, 10 mM sodium pyrophosphate, 200 M 
sodium vanadate, 10 mM EDTA, and 1% Triton X-100 supple-
mented with Halt Protease and Phosphatase Inhibitor Cocktail 
(#78446, Thermo Fisher Scientific). Proteins were separated 
on 10% SDS-PAGE and transferred to nitrocellulose membranes 
(Immun-Blot, #1620115; Bio-Rad). Membranes were blocked 
with 5% BSA-TBST and incubated overnight with fatty acid 
synthase (#3189); (FASN) and -actin (Cell Signaling) (#4967). 
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Immunopositive bands were visualized by incubation with HRP-
conjugated secondary antibodies (1:5000 dilution; Jackson 
ImmunoResearch) for 1 h at room temperature before adding 
SuperSignal West Pico chemiluminescence substrate (#34080, 
Thermo Fisher Scientific). Blots were quantified with ImageJ and 
normalized to their corresponding loading controls.

Nuclear extracts
Livers were homogenized in buffer containing 10 mM HEPES, 

pH 7.8, 10 mM KCl, 0.1 mM EDTA, 1 mM Na3VO4, 1 mM DTT, 
and phosphatase and protease inhibitor cocktail (Thermo Fisher 
Scientific) and incubated on ice for 15 min. NP-40 was added to a 
final concentration of 0.75% (v/v), and the tissue suspension was 
vortexed for 10 s and then incubated on ice for 4 min. Nuclear 
and cytoplasmic fractions were separated by centrifugation at 
3,000 g for 4 min at 4°C. Nuclei were resuspended in high-salt buffer 
containing 20 mM HEPES, pH 7.8, 0.4 M NaCl, 1 mM EDTA, 1 mM 
Na3VO4, 1 mM DTT, and 1:500 phosphatase and protease inhibi-
tors, sonicated on ice, and incubated on ice for 5 min. Nuclear 
extracts were cleared by centrifugation at 3,000 g for 5 min at 4°C. 
Proteins were separated by SDS-PAGE, transblotted to nitrocellulose, 
and incubated with primary antibodies as indicated in the figure 
legends, including rabbit polyclonal antibodies to histone H3-
K9ac (1:1000; AbCam) and histone H3 (1:1000; Cell Signaling).

RNA analysis
RNA was extracted from liver tissues with TRIzol Reagent 

(15596-018, Ambion, Thermo Fisher Scientific). RNA (2 µg) was 
treated with RQ1 DNase (M6101, Promega) and converted by 
the High-Capacity cDNA Reverse Transcription Kit (4368814, 
Thermo Fisher Scientific) to cDNA. SYBR Green PCR Master Mix 
(Thermo Fisher Scientific) was mixed with the Bio-Rad mouse 
primers gapdh (CED0027497) and fasn (CID0015083). Reac-
tions were analyzed with the use of the CFX Connect Real-Time 
PCR Detection System (Bio-Rad) (40). Gene expression levels 
were calculated by the Ct method and normalized to GAPDH 
expression.

Blood collection and analysis
Blood was collected from hepatic veins, and serum was ob-

tained by centrifugation for 15 min at 1,500 g at 4°C. Serum ala-
nine aminotransferase, aspartate aminotransferase, cholesterol, 
HDL, LDL, and triglycerides were measured by the Virginia Com-
monwealth University Hospital Department of Pathology.

Sphingolipid measurements
Lipids were extracted from liver tissue and whole blood, and 

sphingolipids were quantified by LC/ESI/MS/MS (AB Sciex 5500) 
as previously described (41).

Fig.  1.  Mice on a WD supplemented with SW develop obesity, fatty livers, inflammation, liver fibrosis, and steatosis. B6/129 female mice 
were fed a CD or WD with SW for 16 weeks. Mice were 12 weeks old at the beginning of feeding the WD + SW (n = 10), whereas the control 
mice group fed the CD consisted of 4 mice that were 10 weeks old and 6 that were 12 weeks old. A: Body weight. B: Liver weight. C: Hepatic 
triglycerides levels. D: Glucose tolerance tests. E: Histology scores for liver steatosis, inflammation, hepatocyte ballooning, NAFLD activity 
score, and fibrosis. F: Representative images of liver sections stained with H&E or Picrosirius red. Size bars: 10 m. Data are expressed as 
means ± SEMs, n = 8–10 mice per group. *P < 0.01 and **P < 0.001.
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Statistics
Statistical significance was determined with unpaired two-tailed 

Student’s t-tests for comparisons of two groups or by ANOVA fol-
lowed by post hoc tests for multiple comparisons (GraphPad 
Prism). P < 0.05 was used to indicate statistical significance.

RESULTS

DIAMOND mice develop obesity, fatty liver, dyslipidemia, 
and steatohepatitis

Previous studies demonstrated that feeding B6/129 mice 
an HFD supplemented with SW mimics a typical WD (42) 
and triggers NASH development (26). In agreement, we ob-
served that when female B6/129 mice were fed a WD with 
42% calories from fat together with drinking water contain-
ing fructose and glucose (SW) for 16 weeks they rapidly 
gained weight (Fig. 1A), leading to increased liver weight 
(Fig. 1B) and accumulation of hepatic triglycerides (Fig. 1C) 

compared with mice fed a CD. Similar to previous studies 
(26), glucose tolerance tests showed that glucose levels were 
higher following intraperitoneal glucose administration in 
mice fed a WD with SW, although it was not statistically sig-
nificant (Fig. 1D). As expected, liver histology indicated that 
these mice also developed fatty livers, with extensive mac-
rovesicles and small droplets (Fig. 1F), indicative of steatosis 
(Fig. 1E) and consistent with the increased levels of hepatic 
triglycerides (Fig. 1C). Extensive steatohepatitis was also 
characterized by increased lobular inflammation and hepa-
tocellular ballooning, all leading to an increased NAFLD 
activity score (Fig. 1E). Staining with PicoSirius Red to visual-
ize collagen fibers (fibrosis) in liver sections revealed only a 
small pericellular sinusoidal fibrosis (Fig. 1E, F), suggesting 
that fibrosis had not yet developed significantly.

FTY720 improved glucose tolerance and reduced steatosis 
in DIAMOND mice

Previous studies have shown that FTY720 reduced mus-
cle lipid accumulation and improved glucose tolerance in 

Fig.  2.  FTY720 administration reduced liver weight 
and improved glucose tolerance and triglycerides in 
mice fed a WD supplemented with SW. B6/129 female 
mice fed a WD with SW for 16 weeks were treated 3 
times per week with vehicle or 0.3 mg/kg FTY720 by 
oral gavage. A: Body weight. B: Liver weight. C: Glu-
cose tolerance test. D: Insulin tolerance test. E: Serum 
cholesterol, HDL, LDL, and triglycerides levels. Data 
are expressed as means ± SEMs, n = 7–10 mice per 
group. *P < 0.05 and **P < 0.005.
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mice fed an HFD (43). However, the dose of FTY720 used 
in this study was too high to be clinically relevant in hu-
mans. Because our results support the notion that B6/129 
mice fed a WD with SW for 16 weeks is indeed an excellent 
model for studying the early development of steatohepati-
tis (26), it was of interest to examine the effects of a lower, 
clinically relevant dose of FTY720 in DIAMOND mice. 
Orally administered 0.3 mg/kg FTY720 three times per 
week slightly reduced body weight (Fig. 2A) and signifi-
cantly reduced liver weight (Fig. 2B) without affecting 
spleen weight (data not shown) in mice fed an HFD with 
SW for 16 weeks. FTY720 improved glucose tolerance and 
decreased the area under the curve by 13.7% (Fig. 2C). 
However, DIAMOND mice remained insulin-sensitive at 
16 weeks, as assessed with an insulin tolerance test, and 
FTY720 administration had no significant effects (Fig. 2C). 
Although there were no major changes in circulating levels 
of cholesterol or in HDL or LDL, there was a small but 
significant reduction in circulating triglyceride levels (Fig. 
2D). The assessment of NAFLD severity in a blinded man-
ner in these mice revealed that treatment with FTY720 also 
significantly reduced steatosis compared with mice treated 
with saline (vehicle) (Fig. 3A). However, there were no sig-
nificant changes in hepatic inflammation, hepatocyte bal-
looning, NAFLD activity score, or fibrosis scoring after 

FTY720 treatment (Fig. 3A, B). Consistent with a 27% re-
duction in circulating triglycerides (Fig. 2D), FTY720 also 
reduced the size and number of lipid droplets in liver sec-
tions (Fig. 3B), and there was a small reduction in oil red 
staining used to visualize neutral triglycerides.

FTY720 treatment decreased hepatic sphingolipids
Because it has been suggested that ceramides and S1P 

may contribute to the development of NAFLD (13–15, 44) 
and FTY720 can reduce sphingolipid biosynthesis in vivo 
(32, 33, 43), we next examined the effects of FTY720 ad-
ministration on hepatic sphingolipids. MS analyses showed 
that FTY720 significantly decreased levels of all classes of 
liver sphingolipids examined, including ceramides, mono-
hexosylceramides, and sphingomyelins (Fig. 4A). More-
over, dihydroceramides, monohexosyldihydroceramides, 
and dihydrosphingomyelins, which mainly come from de 
novo sphingolipid synthesis, were also lower in mice treated 
with FTY720 compared with mice treated with vehicle (Fig. 
4B). These decreases were especially robust in C16:0 and 
C24:1 species, although almost all chain lengths were signifi-
cantly reduced (Fig. 5). Interestingly, although levels of S1P 
as well as dihydro-S1P were also significantly decreased in 
livers from mice that received FTY720, no concomitant in-
creases were noted in levels of their precursors sphingosine 

Fig.  3.  FTY720 administration reduced steatosis in DIAMOND mice. Mice were fed and treated as described in Fig. 2. A: Histology scores 
for liver steatosis, inflammation, hepatocyte ballooning, NAFLD activity score, and fibrosis. B: Representative images of liver sections stained 
with H&E, Picrosirius red, and oil red. Size bars: 100 m. Data are expressed as means ± SEMs, n = 8 mice per group. *P < 0.05.
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or dihydrosphingosine (Fig. 6), probably due to the much 
lower relative levels of the phosphorylated bases.

Because previous studies have suggested that CerS5 (20) 
and/or CerS6 (18) are important in maintaining C16:0-
ceramide pools that contribute to the development of diet-
induced obesity and glucose intolerance, we next examined 
the effect of FTY720 on hepatic CerS expression. However, 
despite significant decreases in liver sphingolipids and 
ceramides, hepatic mRNA expression of the six CerS iso-
zymes involved in the biosynthesis of ceramides was not 
significantly altered by FTY720 administration (Fig. 7A).

In addition to inhibiting ceramide synthesis, it is well es-
tablished that FTY720 is a prodrug that is phosphorylated 
in vivo by SphK2 to the active FTY720-P that binds to all of 
the S1PRs except S1PR2 and modulates their actions (28). 
Therefore, we examined the expression of these receptors 
in livers isolated from DIAMOND mice fed a WD + SW 
treated without or with FTY720. In agreement with a previ-
ous study (45), S1pr1-3 were predominantly expressed, 
while S1pr4 and S1pr5 levels were below detection limits 
(Fig. 7B). However, FTY720 administration did not signifi-
cantly affect the expression of either the S1P receptors 
(S1pr1-3), nor did it affect the expression of Sphk1 or Sphk2 
(Fig. 7B). As previous studies suggest that FTY720 reduces 
macrophage-associated liver inflammation (46), we also ex-
amined the effect of FTY720 on proinflammatory cytokine 
and chemokine expression. However, 16 weeks after feed-
ing a WD + SW, metabolic perturbation predominated and 
lobular inflammation was just beginning (Fig. 1). FTY720 
treatment decreased, albeit not statistically significantly, 
the proinflammatory cytokine TNF-, which has been shown 

to increase in the progression of NAFLD to inflammatory 
NASH and cirrhosis (47) (Fig. 7C). Yet there were no 
effects on the expression of another proinflammatory 
cytokine, IL-6. Moreover, although the hepatic expres-
sion of two key monocyte-attracting chemokines, CCL2, 
also known as monocyte chemotactic protein 1, and CCL3, 
macrophage inflammatory protein 1-, were not signifi-
cantly altered by FTY720 administration, there were signifi-
cant reductions in the expression of CXCL10, also known 
as interferon -induced protein 10, a known chemoat-
tractant for monocytes/macrophages, T-cells, and den-
dritic cells (Fig. 7C). Likewise, the expression of CCL5, 
also known as RANTES (regulated on activation, normal 
T-cell expressed and secreted), that plays an active role in 
the recruitment of leukocytes was also reduced by FTY720 
(Fig. 7C).

FTY720 administration decreased HFD-induced FASN 
expression in DIAMOND mice

To better understand the mechanism by which FTY720 
suppresses the development of steatosis, liver levels of 
mRNA encoding key enzymes involved in lipogenesis and 
lipid metabolism were determined by quantitative PCR. We 
particularly focused on genes whose expression levels have 
been shown to be elevated in the early phase of steatosis 
induced in DIAMOND mice (48) and are also hallmarks of 
NAFLD in humans (48). Surprisingly, FTY720 treatment did 
not significantly affect the expression of many of these genes, 
including sterol regulatory element binding transcription 
factor 1 (Srebp-1c), a transcription factor involved in sterol 
biosynthesis; farnesoid X receptor, an essential regulator of 

Fig.  4.  FTY720 administration reduces hepatic sphingolipid levels. Mice were fed and treated as described in Fig. 2. Lipids were extracted 
from livers and ceramides, monohexosylceramides, and sphingomyelins (A), as well as their dihydro counterparts (B) measured by LC/ESI/
MS/MS. Data are total sphingolipid levels and are shown as box and whisker plots, n = 6–11 mice per group. ***P < 0.005.
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cholesterol homeostasis; acetyl-CoA carboxylase , which 
catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, 
the rate-limiting step in fatty acid synthesis; carnitine pal-
mitoyltransferase 1A, which is involved in -oxidation of 
long-chain fatty acids; and peroxisome proliferator-activated 
receptor  and its coactivator, which regulate genes in-
volved in energy metabolism (Fig. 8A). However, mRNA of 
Fasn, a key enzyme of de novo fatty acid biosynthesis that 
catalyzes the synthesis of palmitate from acetyl-CoA and 
malonyl-CoA, was significantly reduced by FTY720 adminis-
tration (Fig. 8A).

Fasn expression in NAFLD livers correlated with the 
degree of hepatic steatosis, but not with inflammation or 
ballooning of hepatocytes (49). Similar to previous re-
ports (26, 49, 50), there was a significant increase in the 
expression of Fasn in DIAMOND mice fed a WD with SW 
compared with a CD (Fig. 8B). FTY720 did not affect 
Fasn mRNA levels in mice fed a CD; nevertheless, it pre-
vented the increase induced by WD and SW (Fig. 8A, B). 
Consistent with the effects on mRNA expression, FASN 
protein levels were also decreased by FTY720 treatment 
(Fig. 8C).

Fig.  5.  FTY720 treatment markedly reduced C16:0 sphingolipid species. Mice were fed and treated as described in Fig. 2. Lipids were ex-
tracted, and the indicated sphingolipid species were determined by LC/ESI/MS/MS. Numbers indicate chain length followed by the num-
ber of double bonds in the fatty acid. Data are means ± SEMs, n = 6–11 mice per group. *P < 0.05.

Fig.  6.  FTY720 treatment markedly reduced hepatic S1P and dihydro-S1P. Mice were fed and treated as described in Fig. 2. Lipids were 
extracted, and sphingoid bases and their phosphorylated products were determined by LC/ESI/MS/MS. Data are shown as box and whisker 
plots, n = 6–11 mice per group. ***P < 0.005.
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We next sought to examine how FTY720 treatment can 
regulate Fasn expression. Although FASN is usually regu-
lated by the Akt/mTORC1 signaling pathway and upregu-
lation of SREBP-1c, which transcriptionally activates FASN 
(51, 52), this pathway is unlikely to be involved in the 
effects of FTY720. First, FTY720 had no effect on the ex-
pression of Srebp-1c (Fig. 8A). Second, activation of Akt 
as determined by its phosphorylation was not altered by 
FTY720 (Fig. 8C). FASN expression can also be controlled 
by histone acetylation and epigenetic regulation (50, 53–
55). Because histone deacetylase (HDAC) inhibitors re-
duce the expression of Fasn (53, 54) and we have found 
that the phosphorylated active form of FTY720, FTY720-P, 
which accumulates in the nucleus, similar to nuclear S1P 
(56), is a potent class I HDAC inhibitor (40, 57), it was also 
of interest to examine this possibility. Concomitant with 
the decrease in the expression of FASN at both mRNA and 
the protein the levels (Fig. 8A–C), FTY720 treatment led to 
accumulation of FTY720-P in the liver (Fig. 8D). FTY720 
administration also dramatically increased histone H3K9 
acetylation in the livers of DIAMOND mice fed WD + SW 
(Fig. 8E), consistent with reduced HDAC activity. Taken 

together, our results suggest that in addition to decreasing 
hepatic sphingolipids, FTY720 treatment also decreases 
FASN expression.

DISCUSSION

NAFLD is a complex disease that is closely associated 
with obesity (6, 58). In the prevailing “two-hit hypothesis” 
for the development of NAFLD pathogenesis (59), the 
“first hit” is due to obesity and insulin resistance, which 
then increases the susceptibility of the liver to various “sec-
ond hits,” such as oxidative stress and the production of 
inflammatory cytokines, and, more recently, to the accu-
mulation of ceramides and S1P (12, 13). The prevalence of 
NAFLD is increasing in the United States, and currently 
there is no pharmaceutical cure (6). Furthermore, NAFLD 
has emerged as a leading indication for liver transplants and 
has contributed to the rising incidence of liver cancer (2).

In this work, we examined the effects of the prodrug 
FTY720/fingolimod, now used for the treatment of multi-
ple sclerosis, in a diet-induced mouse model of NAFLD 

Fig.  7.  Effects of FTY720 on the expression of sphin-
golipid metabolic genes, S1PRs, cytokines, and chemo-
kines. Mice were treated as described in Fig. 2, livers 
were isolated, and mRNA levels of Cers1-6 genes (A), 
Sphk1, Sphk2, and S1pr1-5 genes (B), and cytokine and 
chemokine genes were determined by quantitative 
PCR and normalized to Gapdh. Data are means ± 
SEMs, n = 5–6 mice per group. *P < 0/05. ND, not 
detected.
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that mimics the hallmarks of the human disease (26). The 
oral administration of FTY720 to DIAMOND mice attenu-
ated increases in overall body and liver weight, improved 
glucose tolerance, decreased hepatic triglycerides, and re-
duced steatosis. FTY720 is structurally similar to the fungal 
metabolite myriocin and has been shown to decrease de 
novo ceramide production by inhibiting CerS (29, 30). In-
deed, after treating DIAMOND mice with FTY720, there 
were also significant reductions of hepatic sphingolipids, 
including ceramides, monohexosylceramides, and sphin-
gomyelins, their dihydro species, as well as S1P. In this 
regard, it is important to mention that many of these sphin-
golipids have been implicated in mice models of hepatic 
steatosis. For example, pharmacological inhibition of 
glucosylceramide synthase or the genetic depletion of acid 
sphingomyelinase reduce hepatic triglyceride levels in 
mice susceptible to the development of a fatty liver (60). 
Our findings are consistent with studies showing that the 
administration of myriocin, an inhibitor of serine palmito-
yltransferase, the rate-limiting enzyme in de novo ceramide 
biosynthesis, not only reduced elevation of hepatic ce-
ramide but also suppressed steatosis in different animal 
models of NAFLD (61, 62). However, while myriocin is 
highly toxic to humans, FTY720 is already approved for 
use in humans. As with any medication, FTY720 also has 

dose-dependent adverse side effects and toxicity. The im-
munosuppressive effects of FTY720 increase risks of infec-
tions. Bradycardia associated with its administration to 
multiple sclerosis patients is only observed after the first 
dose and is manageable. In general, only low rates of long-
term drug-related adverse effects have been observed with 
FTY720 (63).

Combining our findings with previous work suggests that 
mitigating ceramide levels may serve as an effective method 
for improving NAFLD pathology. The molecular mecha-
nisms by which increased ceramide contributes to NAFLD 
development are not completely clear, although several 
possibilities have been suggested. Utilizing CerS2-null mice 
that cannot synthesize very-long acyl-chain (C22–C24) ce-
ramides, it was shown that hepatic fatty acid uptake via 
CD36/FAT can be regulated by altering the acyl-chain 
composition of sphingolipids (64). Additionally, ceramide 
perpetuates NAFLD development by increasing hepatic 
fatty acid levels, promoting inflammation and oxidative 
stress, along with triggering mitochondrial dysfunction 
(13, 65). C16-ceramide also mitigates the insulin receptor/
Akt signaling pathway and thus decreases fat utilization as 
an energy source by -oxidation (17, 66). Mechanistic studies 
revealed that increases in C16-ceramide caused impaired 
mitochondrial -oxidation resulting from the inactivation 

Fig.  8.  FTY720 administration decreased HFD-induced FASN expression. B6/129 female mice fed a CD or WD with SW for 16 weeks were 
treated 3 times per week with vehicle or 0.3 mg/kg FTY720 by gavage as indicated. A, B: Liver mRNA levels of the indicated genes were de-
termined by quantitative PCR and normalized to Gapdh. Data are means ± SEMs. *P < 0.05 versus vehicle-treated mice. C: Proteins in liver 
extracts were analyzed by immunoblot analysis with the indicated antibodies. Blots were stripped and reprobed with anti-actin antibody to 
show equal loading and transfer. Blots were quantitated by densitometry. Data are means ± SEMs, n = 5–6 mice per group. *P < 0.05. D: 
FTY720 and FTY720-P levels in livers from mice fed a WD with SW for 16 weeks and treated with FTY720 were measured by LC/ESI/MS/MS. 
Data are means ± SEMs. E: Histone H3K9 acetylation in nuclear extracts from livers was determined by immunoblotting with antibodies 
specific to H3K9 and with anti-histone H3 antibody.
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of electron transport chain components (19). In agree-
ment, Bruning and colleagues identified CerS6 and C16-
ceramide as a negative regulator of -oxidative capacity in 
brown adipose tissue and liver. However, these effects ap-
peared to be independent of increases in respiratory chain 
capacity in contrast to another report (67). In this regard, 
daily administration of a selective inhibitor of CerS1, the 
enzyme that produces C18-ceramide, to mice fed an HFD 
increased fatty acid oxidation in skeletal muscle and impeded 
increases in muscle triglycerides and adiposity but did not 
protect against HFD-induced insulin resistance (68).

In agreement with our work, it was previously reported 
that the administration of FTY720 during the last 2 weeks 
of feeding C57BL/6 male mice a diet high in fructose, 
saturated fat, and cholesterol for 22 weeks decreased ste-
atosis and triglyceride accumulation (46). However, the 
reduction in liver injury was accompanied by reduced 
inflammation, likely due to a reduction in hepatic macro-
phage accumulation without affecting hepatic sphingolip-
ids, whereas in our model, FTY720 only had a minimal 
effect on inflammation. Nevertheless, FTY720 reduced the 
expression of the chemokines CXCL10 and CCL5 that 
have been shown to play a role in liver fibrosis (69). Impor-
tantly, we also observed that FTY720 strongly decreased 
many sphingolipid species. Here, we also made the  
interesting observation that FTY720 administration to 
DIAMOND mice reduces their increased expression of 
FASN, the rate-limiting and last step in de novo fatty acid 
biosynthesis (70). The main function of FASN is to catalyze 
the synthesis of palmitate (16:0) that is used for both triglyc-
eride synthesis and the de novo biosynthesis of ceramide. 
Thus, FASN mRNA and protein expression suppression by 
FTY720 may be responsible for the reduction in hepatic 
triglycerides and ceramides we observed in DIAMOND 
mice.

The transcriptional regulation of FASN induced by HFD 
has been extensively studied, and SREBP-1c and Sp1, which 
interact and mediate sterol-induced FASN expression syn-
ergistically, have been identified as key transcription 
factors, whereas carbohydrate responsive element bind-
ing protein appears to be the main regulator of glucose-
induced FASN expression (51, 52, 71). Nevertheless, we 
found that FTY720 did not affect SREBP-1c expression. In-
stead, in accord with the notion that FASN expression can 
also be controlled by histone acetylation and epigenetic 
regulation (50, 53–55, 72), our results indicate that reduc-
tion of FASN by FTY720 could be due to increased histone 
acetylation. Consistent with our previous findings that 
treatment with FTY720 leads to increased accumulation of 
the phosphorylated active form of FTY720, FTY720-P, in 
the nucleus which inhibits class I HDACs (56, 57, 73), we 
observed that FTY720-P accumulated in the liver of FTY720-
treated DIAMOND mice and markedly increased histone 
H3K9 acetylation. Thus, like other HDAC inhibitors (53, 
54, 74), reduction in FASN could be due to inhibition of 
HDACs by FTY720-P and increased H3K9 acetylation. 
These findings are in agreement with a recent report show-
ing that the expression of Fasn in the liver is associated with 
increased H3K9 acetylation that modulates the binding of 

carbohydrate responsive element binding protein to the 
promoter/enhancer region of the Fasn gene (75).

Excess fatty acids in the liver promote both liver and 
muscle insulin resistance, which ultimately leads to more 
accumulation of fatty acids in the liver (76, 77), resulting in 
progression to NAFLD (78). Patients with hepatic steatosis 
have elevated levels of FASN compared with healthy indi-
viduals (49, 79). Similarly, mice with hepatic steatosis also 
have higher levels of FASN (26, 49). Despite numerous 
studies linking the lipogenic pathway to NAFLD, the devel-
opment of pharmacological inhibitors of FASN has been 
slow, and no compounds have moved past the preclinical 
phase (80). Our data suggest that FTY720 deserves consid-
eration as a therapeutic approach that in association with 
lifestyle interventions would concurrently improve elevated 
lipogenesis and could have beneficial effects on fatty liver 
disease and NASH.

The authors thank Sophie C. Cazanave for technical help and 
Jeremy Allegood for skillful sphingolipid analyses.
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