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Hepatic inflammatory cytokine production can be regulated
by modulating sphingomyelinase and ceramide synthase 6
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Abstract. Chronic inflammation is associated with the
pathogenesis of type 2 diabetes and diabetic complications,
and palmitate has been nominated as a candidate for the
molecular link between these disorders. Recently, a crucial
role of ceramide in inflammation and metabolic diseases has
been reported. Therefore, in this study, we investigated whether
ceramide formation is involved in palmitate-induced hepatic
inflammation in vitro and in vivo. Ceramide can be generated
either by the de novo pathway or by sphingomyelin degrada-
tion, and six different ceramide synthases (CerS) determine
the specific acyl chain length of ceramide in mammals. We
examined the roles of CerS and sphingomyelinases (SMases)
in the secretion of inflammatory cytokines, such as tumour
necrosis factor (TNF)-a, interleukin (IL)-1f, and IL-6 in Hep3B
cells. Among the six CerS, CerS6 overexpression uniquely
elevated TNF-a secretion via p38 mitogen-activated protein
kinase (MAPK) activation. In addition, the treatment of CerS6
overexpressing cells with palmitate synergistically increased
cytokine secretion. However, neither palmitate treatment nor
CerS6 overexpression altered lipopolysaccharide (LPS)-induced
cytokine secretion. Instead, the activation of acidic (A)-SMase
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was involved in LPS-induced cytokine secretion via the MAPK/
NF-«B pathway. Finally, the suppression of ceramide genera-
tion via A-SMase inhibition or de novo ceramide synthesis
decreased high-fat diet-induced hepatic cytokine production
in vivo. On the whole, our results revealed that CerS6 played a
role in TNF-a secretion, and palmitate augmented inflamma-
tory responses in pathophysiological conditions in which CerS6
is overexpressed. In addition, A-SMase activation was shown to
be involved in LPS-induced inflammatory processes, suggesting
that the modulation of CerS6 and A-SMase may be a therapeutic
target for controlling hepatic inflammation.

Introduction

Inflammation is not only a physiological response against
deleterious stimuli, such as infection, but also a contributing
factor to the pathogenesis of various metabolic disorders. For
example, systemic inflammatory markers are associated with
the disease progression of type 2 diabetes and its macrovas-
cular complications (1). The inflammation that accompanies
metabolic syndrome usually displays a unique characteristic.
As it is not accompanied by infection or massive tissue injury, it
is often termed ‘low-grade’ chronic inflammation (2). Scientists
have endeavoured to elucidate a mechanistic link between
inflammation and metabolic disorders.

The levels of free fatty acids are increased in obesity, and
saturated fatty acids have been nominated as candidates that
increase the inflammatory response in metabolic syndrome (3).
In particular, palmitic acid levels in plasma and triglycerides
correlate with insulin resistance (4), and a recent study revealed
that palmitate activates inflammatory pathways, leading to an
impairment in insulin transcytosis (5). Along with palmitate,
significant increases in plasma ceramide levels have also
been observed in patients with type 2 diabetes and in diabetic
animals, and these increases further correlate with the progres-
sion of diabetes and the activation of inflammatory mediators,
such as tumour necrosis factor (TNF)-a. (6,7).

Ceramide can be generated either by attaching fatty
acyl CoA to a long-chain base or by degrading pre-existing
sphingolipids, such as sphingomyelin (8). Six mammalian
ceramide synthases (CerS) determine the acyl chain length
of ceramide (8,9). CerS1 and CerS5-6 generate ceramides
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with long acyl chains (C18- and Cl6-ceramides, respec-
tively) (10-12). CerS4 generates C18-C20-ceramides (13),
and CerS2 produces ceramides with very long acyl chains
(C22-C24-ceramides) (14). CerS3 generates ceramides with
even longer acyl chains (C26-C34-ceramides) (15). The distri-
bution of CerS and ceramides with distinct fatty acyl chain
lengths has been reported to play different roles in various
pathophysiologies (8,9). The overexpression of CerS2 results
in partial protection from radiation-induced apoptosis, whereas
the overexpression of CerSS5 increases the apoptosis of HeLa
cells (16). In addition to de novo synthesis, ceramide can also
be formed by sphingomyelinase (SMase) activation. SMase
degrades sphingomyelin into ceramide and phosphorylcholine
and can be either acidic (A-SMase) or neutral (N-SMase),
depending on the optimal pH needed for activation (17).

The liver is a central organ in metabolism that controls
lipogenesis, gluconeogenesis and cholesterol. Liver cirrhosis
contributes to the fourth leading cause of mortality due to
diabetes (18). Considering the important role of the liver in
metabolic processes, understanding inflammatory cytokine
secretion in the liver would be crucial for the elucidation of the
underlying mechanisms of inflammation in metabolic diseases.
Therefore, in this study, we examined the role of ceramide
formation in hepatic inflammatory cytokine production upon
palmitate or lipopolysaccharide (LPS) stimulation in vitro and
upon high-fat diet (HFD) feeding in vivo.

Materials and methods

Materials. The following materials were purchased:
fumonisinB1(FBI1),LPS palmitate,myriocin, GW4869,SB203580,
SP600125, anti-CerS2 antibody (HPA027262), anti-CerS4
antibody (SAB4301210), anti-a-tubulin antibody (T9026) and
anti-HA antibody (H6908) (all from Sigma-Aldrich, St. Louis,
MO, USA); PD98059 and anti-p38 (8690), anti-phosphorylated
(phosphor)-p38 (Thr180/Tyr182) (4511), anti-c-Jun N-terminal
kinase (JNK) (9252), anti-phosphorylated (p-)JNK (Thr183/
Tyrl85) (9255), anti-extracellular signal-regulated kinase (ERK)
(4695), anti-p-ERK (Thr202/Tyr204) (4370), anti-p65 (8242),
anti-p-IxB (9246), and anti-Lamin A/C (4777) antibodies (all
from Cell Signalling Technology, Inc., Beverly, MA,USA); pyrro-
lidinedithiocarbamate ammonium (PDTC) (BioVision, Inc.,
Mountain View, CA, USA); anti-CerS1 (HO00010715-A01),
anti-CerS5 (PAB13439) and anti-CerS6 (H00253782-A01) anti-
bodies (Abnova, Taipei, Taiwan); anti-mouse-HRP (horseradish
peroxidase)(115-036-003) and anti-rabbit-HRP (111-035-003)
antibodies (Jackson Laboratory, Ben Harbor, ME, USA).

Cell culture and transfection. Hep3B cells were purchased from
the American Type Culture Collection (ATCC, Rockville, MD,
USA; HB8064) and were grown in Dulbecco's modified Eagle's
medium (HyClone, Logan, UT, USA), which was supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
(HyClone). TheHep3B cells were transfected with plasmids using
Metafectene (Biontex Laboratories GmbH, Munich, Germany),
according to the manufacturer's instructions. In some cases,
the Hep3B cells were transfected with pCMV-empty vector,
2 or 5 pug of pPCMV-CerS6-HA plasmid in 6-well plates. All
plasmids, including pCMV-empty vector, pPCMV-CerS1-HA,
CerS2-HA, CerS4-HA, CerS5-HA and CerS6-HA were kindly
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provided by professor Anthony H. Futerman (Weizmann
Institute of Science, Rehovot, Israel).

Animals and HF D feeding. Male C57BL/6J mice (6 weeks old)
were purchased from Orient Bio Inc. (Seoul, Republic of
Korea), and housed under specific pathogen-free conditions.
All animal experiments and procedures were approved by
The Animal Ethics Committee at Ewha Womans University
College of Medicine (Seoul, Korea; ESM no. 14-0280), and
all animals were treated in accordance with the Animal Care
Guidelines of Ewha Womans University. The mice were housed
in a controlled environment at 21-23°C and 51-54% humidity,
with a 12-h light-dark cycle, and were supplied with food and
water ad libitum. The mice were fed a HFD (D12492; Research
Diets Inc., New Brunswick, NJ, USA) for 6-24 weeks and
hepatic CerS levels were analyzed. Other mice were fed a HFD
for 24 weeks and administered an intraperitoneal injection of
desipramine (10 mg/kg/day) and myriocin (0.15 mg/kg/day),
as previously described (19,20). Three mice were used in each
group. The mice were sacrificed by CO, inhalation at 6, 12,
18 and 24 weeks after being fed the HFD. The mice not fed the
HFD were used as controls. The liver tissue was perfused with
phosphate-buffered saline through the inferior vena cava, and
the portal vein was cut using scissors to remove blood from the
liver. The livers were then collected, and snap-frozen in liquid
nitrogen for storage at -80°C.

Enzyme-linked immunosorbent assay (ELISA). At 24 h following
CerS6-HA transfection or 5 ug/ml LPS treatment and a further
24 h of co-incubation with various chemicals (2 #M desipra-
mine, 10 M Fumonisin B1, 10 uM GW4869, 10 uM SB203580,
10 M SP600125, 10 pM PD98059, 10 uM PDTC, or 500 uM
palmitate) the levels of TNF-a, interleukin (IL)-1p and IL-6 in
the Hep3B cell culture medium were measured using respective
ELISA kits [TNF-a and IL-18 Human ELISA kits (Abfrontier,
Seoul, Korea); and the IL-6 Human ELISA kit (Abcam,
Cambridge, MA, USA)], according to the manufacturer's instruc-
tions. The TNF-a and IL-1f levels in the livers of the HFD-fed
mice that were co-treated with desipramine (10 mg/kg/day) or
myriocin (0.15 mg/kg/day) were analysed using a Mouse TNF-a.
ELISA kit (Biolegend Inc., San Diego, CA, USA) and a Mouse
IL-1p ELISA kit (Abcam).

Western blot analysis. The Hep3B cells were lysed using
RIPA buffer (50 mM of Tris-Cl, pH 7.5, 150 mM of
NaCl, 1% nonidet P-40, 0.5% sodium deoxycholate and
0.1% SDS) containing protease and phosphatase inhibitors
(Sigma-Aldrich). The protein levels were then quantified
using Protein Assay Dye Reagent (Bio-Rad Laboratories,
Hercules, CA, USA). Fifty micrograms of proteins were
separated by SDS-PAGE on 10% SDS-polyacrylamide gels
and transferred onto nitrocellulose membranes (Bio-Rad).
The membranes were then blocked with 5% bovine serum
albumin (Sigma-Aldrich) in PBST (PBS with 0.1% Tween-20)
for 1 h and incubated with primary antibodies overnight
at 4°C. Secondary antibodies were attached for 1 h at
room temperature. Protein bands were detected by the
Chemidoc MP imaging system (Bio-Rad), using ECL Western
Blotting Detection Reagents (Amersham Biosciences,
Buckinghamshire, UK).
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Table I. Primers used for qPCR.
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Gene Primer sequences Refs.

TNF-a (mouse) F: 5'-CTGTAGCCCTCGTAGC-3' (42)
R: 5-TTGAGATCCATGCCGTTG-3'

IL-1p (mouse) F: 5-TGTAATGAAAGACGGCACACC-3 (42)
R: 5-TCTTCTTTGGGTATTGCTTGG-3'

IL-6 (mouse) F: 5-TCCAGTTGCCTTCTTGGGAC-3' (43)
R: 5-GTACTCCAGAAGACCAGAGG-3'

GAPDH (mouse) F: 5-CGACTTCAACAGCAACTCCCACTCTTCC-3' (42)

R: 5"TGGGTGGTCCAGGGTTTCTTACTCCTT-3'

TNF-a, tumour necrosis factor-a; IL, interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

A-SMase activity assay. A-SMase activity was examined as
previously described (21,22). Briefly, the Hep3B cells were
lysed in 500 pl sodium acetate buffer (50 mM sodium acetate,
pH 4.5). To initiate the reaction, C6-NBD-SM (1 nmol; Avanti
Polar Lipid, Alabaster, AL, USA) was added to the Hep3B
cell lysates followed by incubation at 37°C for 20 min. The
reactions were terminated by the addition of 3 volumes of
chloroform:methanol (2:1). NBD-ceramide was separated by
thin-layer chromatography using chloroform:methanol:9.8 mM
aqueous CacCl, (60:35:8; v/v/v).

Separation of nuclear and cytoplasmic fractions. The isola-
tion of nuclear and cytoplasmic fractions was performed
as previously described (23). Briefly, the Hep3B cells were
lysed in fractionation buffer (50 mM HEPES, pH 7.4, 10 mM
KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol and
0.1% NP-40) containing protease and phosphatase inhibitors
(Sigma-Aldrich). Following 15 min of incubation on ice, the
lysates were centrifuged at 4,000 x g, for 5 min at 4°C; and the
pellet was further resuspended in lysis buffer (20 mM HEPES,
pH 7.4, 150 mM NaCl, 12.5 mM glycerophosphate, 1.5 mM
MgCl,, 2 mM EGTA, 10 mM NaF, 2 mM dithiothreitol,
1 mM Na;VO,, 0.5% Triton X-100, protease and phosphatase
inhibitors) and sonicated to obtain the nuclear fraction. The
supernatant was centrifuged at 12,500 x g for 5 min at 4°C to
obtain the cytoplasmic fraction.

Quantitative polymerase chain reaction (qPCR). Total RNA
from the mouse livers was extracted using RNeasy mini kits
(Qiagen, Inc., Valencia, CA,USA),and cDNA from the extracted
RNA was synthesized using a Verso cDNA Synthesis kit (Fisher
Scientific, Hampton, NH, USA). qPCR was performed using the
SYBR-Green Real-Time PCR Master Mix (Life Technologies,
Grand Island, NY, USA) in an ABI PRISM 7500 Sequence
Detection System (Applied Biosystems Inc., Waltham, MA,
USA), as previously described (24). Relative gene expression
was calculated by using the 222" method (24). The primers
used are listed in Table 1.

Liquid chromatography-electrospray ionization-tandem
mass spectrometry (LC-ESI-MS-MS) analysis of ceramide.
Ceramide analyses by LC-ESI-MS-MS were conducted as

previously described (25,26) with some modifications. Briefly,
lipids extracted with 1x107 cells were injected into a HPLC
(Agilent 1,200 series; Agilent Technologies, Inc., Santa Clara,
CA,USA) and separated through areverse phase KINETEX C18
column (2.1x50 mm, ID: 2.6 gm) (Phenomenex Inc., St. Louis,
MO, USA). The HPLC column effluent was then introduced
into an API 3200 Triple quadruple mass (AB Sciex, Toronto,
ON, Canada) and analysed using electrospray ionization in
positive mode with multiple reaction monitoring to select both
parent and characteristic daughter ions specific to each analyte
simultaneously from a single injection. Data were acquired
using Analyst 1.4.2 software (Applied Biosystems).

Statistical analysis. All experiments were repeated at least
3 times independently, and values are presented as the
means * standard error of the mean. Statistical significance
was calculated using the Student's t-test. A value of P<0.05
was considered to indicate a statistically significant difference.

Results

Palmitate and CerS6 have synergistic effectson TNF-a secretion
via the phosphorylation of p38 MAPK. To examine the role of
de novo ceramide formation in inflammatory cytokine secretion
from liver cells, CerS1, CerS2, CerS4, CerS5, or CerS6 was
overexpressed in Hep3B cells and the overexpression of each
CerS increased the levels of ceramides with different acyl chain
lengths successfully (Fig. 1A). CerS3 was excluded, as it was
previously shown to be hardly expressed in the liver (14). Only
CerS6 overexpression increased TNF-a secretion (Fig. 1B).
The overexpression of either CerS had no effect on IL-1f
and IL-6 secretion (Fig. 1C and D). As MAPK activation has
been reported to be involved in TNF-a secretion (27), we then
examined the MAPK pathway following CerS6 overexpression.
CerS6 overexpression elevated p38 phosphorylation in a
dose-dependent manner, although neither JNK nor ERK was
activated upon CerS6 overexpression (Fig. 2A, upper panel).
TNF-a secretion increased as the CerS6 expression levels
increased (Fig. 2A, lower panel). Of note, a synergistic effect
was observed in the cells overexpressing CerS6 treated with
palmitate as regards both Cl6-ceramide generation and
p38 phosphorylation (Fig. 2B). To examine whether p38 is a
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Figure 1. Ceramide synthase 6 (CerS6) overexpression increases tumour necrosis factor (TNF)-a secretion. (A) Representative western blots of CerS1, CerS2,
CerS4, CerS5, or CerS6 overexpression (upper panel). Acyl chain lengths of ceramides were measured by LC-ESI-MS-MS following CerS overexpression (lower
panel) (n=3). (B) TNF-q, (C) interleukin (IL)-13, and (D) IL-6 levels in the Hep3B cell culture medium were measured using enzyme-linked immunosorbent
assay (ELISA) kits at 48 h following CerS overexpression (n=3). The values are expressed as the means + standard error of the mean. ‘P<0.05, “P<0.01 compared

to transfection with pCMV. Three independent experiments were performed.

direct target of CerS6 upon palmitate treatment, the CerS6
overexpressing cells were co-treated with palmitate and the CerS
inhibitor, FBI1. CerS inhibition reversed p38 phosphorylation;
this effect was similar to that achieved with the p38 inhibitor,
SB203580, thus confirming that p38 is downstream of
CerS6 (Fig. 2B). In accordance with p38 activation, we also
observed a synergistic effect between palmitate treatment and
CerS6 overexpression as regards TNF-a secretion (Fig. 2C);
treatment with SB203580 and FBI also reversed the palmitate-
and CerS6 overexpression-induced increase in TNF-a
secretion (Fig. 2C). As the p38/NF-«kB pathway is important
for TNF-a. secretion (27), we further examined the NF-«xB
pathway upon palmitate treatment in CerS6 overexpressing
Hep3B cells. As expected, palmitate treatment increased
nuclear p65 translocation and IkB phosphorylation; both events
were reversed by p38 inhibition (Fig. 2D). Similarly, TNF-a
secretion was also inhibited by treatment with PDTC (a NF-«xB
inhibitor) (Fig. 2C). Thus, we concluded that palmitate, which
is a saturated fatty acid that is increased in metabolic diseases,
synergistically increases TNF-a production with CerS6 in liver
cells via the CerS6/p38/NF-«xB pathway.

LPS increases TNF-a secretion via sphingomyelin degrada-
tion, but not via CerS activation. LPS is the endotoxin that
triggers strong inflammatory responses in bacterial infec-
tion (28). To examine whether there is a synergistic effect
between CerS6 overexpression or palmitate treatment and LPS
in cytokine secretion, pCMV (empty vector)-transfected or
CerS6 overexpressing cells were co-treated with palmitate and

LPS. Although palmitate treatment alone did not affect TNF-a.,
IL-1p and IL-6 secretion, palmitate synergistically elevated
TNF-a, IL-1B and IL-6 secretion in the CerS6 overexpressing
Hep3B cells (Fig. 3). As expected, LPS treatment significantly
increased TNF-a, IL-1p and IL-6 secretion. However, no
synergistic effect was observed between LPS and palmitate
treatment or CerS6 overexpression as regards cytokine secre-
tion (Fig. 3).

As CerS6 did not affect LPS-induced cytokine secretion,
we examined whether ceramide generation via sphingomyelin
degradation is involved in LPS-induced cytokine secretion.
Treatment with LPS, but not palmitate, increased A-SMase
activity (Fig. 4A), and co-incubation with the A-SMase inhibitor,
desipramine, reduced total ceramide and LPS-induced TNF-a,
IL-1p and IL-6 secretion (Fig. 4B-E). This result demonstrated
that A-SMase activity played a critical role in LPS-induced
cytokine secretion. Although N-SMase activity was not
altered upon LPS treatment (data not shown), co-incubation
with the N-SMase inhibitor, GW4869, also partially reduced
total ceramide and LPS-induced TNF-a, IL-1p and IL-6
secretion (Fig. 4B-E), suggesting that ceramide generation via
A-SMase and N-SMase is involved in LPS-induced hepatic
cytokine production. Co-incubation with FB1 did not influence
LPS-induced cytokine secretion (Fig. 4C-E). Therefore, CerS
did not play a critical role in LPS-induced hepatic cytokine
secretion.

Activation of the p38 MAPK/NF-kB pathway plays a critical
role in hepatic inflammatory cytokine secretion. MAPK
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Figure 2. Palmitate treatment exerts a synergistic effect with ceramide synthase 6 (CerS6) on the release of tumour necrosis factor (TNF)-a via the p38/NF-«xB
pathway. (A) Representative western blots of mitogen-activated protein kinase (MAPK) pathway-related proteins upon CerS6 overexpression (upper panel).
Secreted TNF-a levels were measured in the Hep3B cell culture medium using ELISA kits (lower panel, n=3). (B) C16-ceramide levels (upper panel) and
representative western blots of MAPK (lower panel) in CerS6 overexpressing Hep3B cells following co-treatment with palmitate, SB203580 (p38 inhibitor), and
fumonisin B1 (CerS inhibitor). (C) TNF-a release was measured in the culture medium from CerS6 overexpressing Hep3B cells following co-incubation with
palmitate, SB203580, fumonisin Bl and pyrrolidinedithiocarbamate ammonium (PDTC) (NF-xB inhibitor) (n=3). (D) Representative western blots of the NF-xB
pathway in CerS6 overexpressing Hep3B cells following co-treatment with palmitate and SB203580. The values are expressed as the means + standard error of the
mean. "P<0.05, "P<0.01, ““P<0.001. Three independent experiments were performed.

activation plays an important role in inflammatory cytokine
production (29). Therefore, we examined whether the inhibi-
tion of sphingomyelin degradation alters LPS-induced MAPK
activation. As expected, LPS elevated the phosphorylation
levels of all 3 MAPKSs (p38, INK, and ERK). Co-incubation
with desipramine or GW4869 reversed these phosphorylation
levels (Fig. 5A), thus suggesting that the MAPK pathway
is downstream of sphingomyelin degradation. To further
investigate the direct role of MAPK in hepatic cytokine
secretion, we co-treated the cells with LPS and SB203580 (a
p38 inhibitor), SP600125 (a JNK inhibitor), or PD98059 (an
ERK inhibitor). The inhibition of p38 or JNK significantly
attenuated the effects of LPS on TNF-a, IL-1§ and IL-6 secre-
tion (Fig. 5B-D). However, the inhibition of ERK only reduced
IL-1B secretion. Similarly, the inhibition of p38 or JNK, but
not ERK, markedly reduced the LPS-induced activation of

the NF-«xB signalling pathway. However, the extent of NF-xB
inhibition was greater with p38 inhibition than with JNK
inhibition (Fig. 6A). Finally, we directly examined the role of
NF-«xB in LPS-induced cytokine production. Co-incubation
with LPS and an NF-«B inhibitor, PDTC, significantly
reduced LPS-induced cytokine secretion (Fig. 6B-D). Of note,
the direct NF-xB inhibition further diminished the partial
reduction in TNF-a and IL-6 levels by JNK inhibition without
affecting cytokine levels by p38 inhibition (Fig. 6B-D). This
may be attributed to the complete inactivation of NF-xB by
p38 inhibition alone.

HFD feeding elevates hepatic cytokine production, which is
reduced by myriocin or desipramine administration. To confirm
whether A-SMase or CerS inhibition affects hepatic cytokine
production in vivo, mice were fed an HFD for 24 weeks. Of note,
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leukin (IL)-1p and IL-6. (A) Representative thin-layer chromatography of acidic sphingomyelinase (A-SMase) activity upon treatment with 500 yM palmitate or
5 ug/ml LPS (left panel), as well as their quantification (right panel) (n=3). Following co-treatment with LPS, desipramine (A-SMase inhibitor), fumonisin B1 (CerS
inhibitor), and GW4869 (neutral sphingomyelinase inhibitor), (B) total ceramide levels were measured using ESI-MS-MS (n=3), and (C) TNF-a, (D) IL-1f3, and
(E) IL-6 levels in Hep3B cell culture medium were measured using ELISA kits (n=3). The values are expressed as the means + standard error of the mean.
“P<0.05, "P<0.01. Three independent experiments were performed. CerS, ceramide synthases.
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Figure 5. Mitogen-activated protein kinase (MAPK) activation plays a
critical role in lipopolysaccharide (LPS)-induced cytokine secretion via
sphingomyelin degradation. (A) Representative western blots of the MAPK
pathway in LPS (5 pg/ml)-treated Hep3B cells that were co-incubated with
GW4869 (neutral sphingomyelinase inhibitor, 10 M) or desipramine (an
A-SMase inhibitor, 2 yM). Following co-treatment with LPS and
SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), or PD98059 (ERK
inhibitor), (B) TNF-a, (C) IL-1f, and (D) IL-6 levels in Hep3B cell culture
medium were measured using ELISA kits (n=3). The values are expressed as
the means =+ standard error of the mean. ‘P<0.05, “P<0.01. Three independent
experiments were performed. A-SMase, acidic sphingomyelinase.

the HFD increased CerS6 protein expression and decreased
CerS2 protein expression in the liver (Fig. 7A), which caused
a concomitant increase in Cl6-ceramide and a decrease in
C24-ceramide (data not shown). Along with the HFD, desip-
ramine or myriocin was intraperitoneally injected to inhibit
A-SMase or de novo CerS, respectively. Due to the severe
hepatotoxicity of FB1 treatment (30), an injection of myriocin,
which is an inhibitor of serine-palmitoyl transferase, was used
to inhibit de novo CerS. Desipramine or myriocin injection
not only reduced p38, JNK and IxB phosphorylation (Fig. 7B),
but also reduced hepatic TNF-a, IL-1f and IL-6 produc-
tion (Fig. 7C and D).
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Figure 6. NF-kB activation plays a critical role in lipopolysaccharide (LPS)-
induced cytokine secretion. (A) Representative western blots of the NF-xB
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10 uM PD98059 (ERK inhibitor), 10 uM SP600125 (JNK inhibitor), 10 uM
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co-treatment with LPS and SB203580, SP600125, or PDTC, (B) tumour
necrosis factor (TNF)-a, (C) interleukin (IL)-1f, and (D) IL-6 levels in Hep3B
cell culture medium were measured using ELISA kits (n=3). The values are
expressed as the means + standard error of the mean. “P<0.05, “P<0.01. Three
independent experiments were performed. PDTC, pyrrolidinedithiocarbamate
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Discussion

Obesity, which usually accompanies chronic inflammation (31),
increases the risk of mortality and complications caused by
diabetes. Various bioactive lipids, such as saturated fatty acids,
cholesterol, and sphingolipids, have been proposed as mecha-
nisms to explain the association between increased adiposity
and the onset of these pathologies (32). Among these, ceramide
has recently received attention as a key factor that is involved
in the development of metabolic disorders, as the inhibition
of ceramide formation ameliorates insulin resistance, athero-
sclerosis and cardiomyopathy (32,33). In the present study,
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we further investigated whether ceramide formation plays a
role in hepatic inflammation induced by palmitate, which is
a saturated fatty acid, and LPS, which is a powerful bacterial
virulence factor (34).

Six mammalian CerS produce ceramides that carry specific
acyl chain lengths (8,9). In this study, only CerS6 overexpres-
sion, which elevated C16-ceramide, increased TNF-a secretion
from Hep3B cells. This confirmed a distinct role of ceramide
that depended on the length of the acyl chain. Although the
C2-ceramide has been reported to activate p38 MAPK and
JNK in a T-cell line (35), in this study, CerS6 overexpression
in Hep3B cells only activated p38 MAPK. Thus, a ceramide

may activate different kinases depending on its acyl chain
length. Of note, CerSS5 overexpression, which also increased the
C16-ceramide, did not affect TNF-a secretion. The difference
between CerS5 and CerS6 has not yet been fully disclosed,
although recent studies suggest that CerS5 and CerS6 play
different roles (36,37). For example, CerS5, but not CerS6,
reduces fatty acid transport protein 5 expression. CerS6, but
not CerS5, diminishes fatty acid binding protein 1 expression in
Hep3B cells (36), and myristate-induced cardiomyocyte hyper-
trophy is dependent on CerS5, and not CerS6 (37). The exact
mechanisms behind the different roles of CerS5 and CerS6
require further elucidation.
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In this study, TNF-a generation was regulated by the
p38/NF-kB pathway, and both palmitate treatment in CerS6
overexpressing cells and LPS treatment elevated the phosphor-
ylation of p38 and the nuclear translocation of p65. However,
the initial steps differed. Treatment of the CerS6 overex-
pressing cells with palmitate activated p38 MAPK via de novo
ceramide generation, whereas LPS stimulated p38 MAPK via
A-SMase activation. Similar to the present study, an increase in
C16-ceramide, which correlates with CerS6 elevation, has been
shown to mediate IFN-y-induced TNF-a release in RAW 264.7
macrophages (38). Thus, our data confirmed the general role of
CerS6 in TNF-a generation.

LPS is found on the outer surface of Gram-negative bacteria.
It can stimulate Toll-like receptors and generate various cyto-
kines that stimulate the host response, and may lead to septic
shock (28). In this study, the effect of LPS on the secretion
of pro-inflammatory cytokines, including TNF-a, IL-1f3 and
IL-6 was robust. There was also no synergistic effect observed
between palmitate and LPS as regards cytokine secretion by
Hep3B cells. A previous study demonstrated synergistic effects
between palmitate and LPS on IL-6 generation in macro-
phages (39). The synergistic effects of palmitate and LPS may
differ depending on cell type, and these differences can be
derived from distinct sphingolipid metabolism upon palmitate
and LPS treatment. In macrophages, treatment with LPS and
palmitate increases ceramide biosynthesis via the de novo
pathway (40) and sphingomyelin degradation (39). However, in
Hep3B cells, treatment with palmitate alone activated de novo
ceramide generation. LPS only activated A-SMase, as FB1
treatment did not reduce LPS-induced cytokine release.

Similar to previous reports (39,41), in this study, LPS
activated A-SMase in Hep3B cells, and ceramide generation
via A-SMase played a key role in cytokine secretion. Of note,
the inhibition of N-SMase also partially reduced cytokine
generation by inhibiting LPS-induced MAPK activation. This
suggests that the activation of both A-SMase and N-SMase,
but not CerS, plays a role in LPS-induced cytokine generation
in the liver. Therefore, SMase inhibition may be a good thera-
peutic target in LPS-induced liver inflammation.

In the present study, we demonstrated that CerS6 generated
Cl16-ceramide, which increased TNF-a secretion in liver cells.
Furthermore, palmitate and CerS6 had synergistic effects on
TNF-a secretion via de novo ceramide biosynthesis. Unlike
palmitate stimulation, ceramide generation via sphingomyelin
degradation played a key role in LPS-induced inflammatory
cytokine production. Finally, the suppression of ceramide
generation via A-SMase inhibition or de novo CerS decreased
HFD-induced hepatic cytokine production in vivo. In
conclusion, regulating hepatic ceramide generation may prove
to be an effective therapeutic target for controlling hepatic
inflammatory processes, and specific targets should differ
depending on the inflammatory stimuli.
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