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‘and AMP-activated protein kinase suppression

Yosuke Osawa,* ™' Ekihiro Seki,5 Yuzo Kodama,S Atsushi Suetsnguf Kozxichi Miura,$
Masayuki Adachi,> Hiroyasu Ito,” Yoshimune Shiratori,” Yoshiko Banno,’
Jerrold M. Olefsky,¥ Masahito Nagaki,” Hisataka Moriwaki," David A. Brenner,’

and Mitsuru Seishima®

“Department of Informative Clinical Medicine, "Department of Gastroenterology, and *Department
of Cell Signaling, Gifu University Graduate Schiool of Medicine, Gifu, Japan; and "Department of
Medicine, University of California—San Diego School of Medicine, La Jolla, California USA

ABSTRACT Acid sphingomyelinase (ASM) regulates the
homeostasis of sphingolipids, mcluding ceramides and sph-
ingosine-1-phosphate (S1P). Because sphingolipids regulate
AKT activation, we investigated the role of ASM in hepatic
glucose and Iipid metabolism. Initially, we overexpressed
ASM in the hivers of wildrtype and diabetic db/db mice by
adenovirus vector (Ad5ASM). In these mice, glucose toler
ance was improved, and glycogen and lipid accumulation in
the liver were increased. Using primary cultuwed hepato-
cytes, we confirmed that ASM increased glucose uptake,
glycogen deposition, and lipid accumulation through activa-
don of AKT and glycogen synthase kinase-3f. In addition,
ASM induced upregulation of glucose transporter 2 acconr-
panied by suppression of AMP-activated protein kinase
(AMPK) phosphorylation. Loss of sphingosine kinase-1
(SphKl) diminished ASM-mediated AKT phosphoryiation,
but exogenous SI1P mduced AKT activation in hepatocytes.
In contrast, SphKl deficiency did not affect AMPK activa-
tion. These results suggest that the SphE/S1P pathway is
required for ASManediated AKT activation but not for
AMPK mactivation. Finally, we found that ireatment with
high-dose glucose increased glycogen deposition and liptd
accumulation in wild-type hepatocytes but not in ASM™~
cells. This result is consistent with glucose intolerance n
ASM ™™ mice. fn conclusion, ASM modulaies AKT activa-
tion and AMPK inactivation, thus regulating glucose and
lipid metabolism in the liver—Osawa, Y., Seli, E., Kodama,
Y., Suetsugu, A., Miura, K., Adachi, M., Ito, H., Shirator, Y.,
Banno, Y., Olefsky, J. M., Nagaki, M., Moriwaki, H.,
Bremmer, D. A., Seishima, M. Acid sphingomyelinase regu-
lates ghrcose and lipid metabolism in hepatocytes through
AKT activation and AMP-activated protein kinase suppres-
sion. FASEB J. 25, 1133-1144 (2011). www.Fasebj.org
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THE LIVER IS A KEY ORGaN for glucose and lipid
metabolism. During feeding, hepatocytes increase glu-
cose uptake in response to elevated glucose levels in the
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portal vein and increase glycogen and triacylglyceride
synthesis, AKT is a key molecule for insulin signaling
and glucose metabolism. On AKT activation, glicose
influx is stimulated by activation of glycogen synthesis
through glycogen synthase kinase (GSK)-3B. The facil-
itative glucose transporter (GLUT) 2 is predominantly
expressed in the liver (1). Hepatic GLUTZ2 is located at
the plasma membrane even in the absence of insulin
stimulation; glucose uptake by GLUT?Z is therefore not
directly affected by insulin. Glucose increases GLUT2
mRNA levels in hepatocytes (2), resulting in increased
glucose influx. Constitutive activity of AMP-activated
protein kinase (AMPK) decreases glycogen synthesis
accompanied by down-regulation of GLUT2 expression
(3). Therefore, both AKT and AMPK are involved in
ghucose metabolism.

Acid sphingomvelinase (ASM) deficiency leads to
Niemann-Pick disease. ASM has been reported to be
involved in various cellular functions (4). including
glucose and lipid metabolism. ASM activity is increased
in the serum of type 2 diabetic patients (5). Sphingo-
myelinase induces GLUT4 translocation to the plasma
membrane (6, 7) and increases glucose uptake by
adipocytes (7, 8). A high-fat, high-cholesterol diet does
not induce hepatic triacylglyceride accumulation in
ASM-deficient mice (ASM™/ ™) under an LDL receptor-
deficient condition (9). ASM hydrolyzes sphingomyelin
to ceramide and phosphorvicholine. Ceramide has
been identified as a bioactive mediator in varicus
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cellular functions, including apoptosis and the cell
cycle (10, 11). Ceramide accumulation contributes to
the development of type 2 diabetes (12). Indeed,
inhibition of ceramide synthesis by myriocin, serine
palmitoyltransferase inhibitor, or dihydroceramide de-
saturase improves insulin resistance induced by gluco-
corticoid or saturated fat (13). Ceramide induces insu-
lin resistance by inactivation of AKT through protein

phosphatase-2A and PEC-{ (14, 15) or by inhibition of

AKT translocation to the plasma membrane (16). In
addition, ceramide inhibits AMPK activation in hepa-
toma cells (17).

Not only ceramnide but also its metabolite sphin-
gosine-1-phosphate (S1P)} is involved in glucose metab-
olism. Ceramide is hydrolyzed by ceramidase to sphin-
gosine, which is further phosphorylated to SIP by
sphingosine kinase (Sphl ref. 18). S1P stimulates AKT
activation in huwman (19) and rodent hepatocytes (20)
through the S1P receptor (51PR). 81P signaling also
increases glucose uptake wia the insulin receptor and
production of reactive oxygen species in C2C12 mouse
myoblast cells (21). Because sphingolipids are impor-
tant in glucose and lipid metabolism, we investigated
the role of ASM in glucose and lipid metabolism in
hepatocytes. In this study, we determined thar ASM
stimulates glucose uptake, glycogen deposition, and
lipid accumulation vie S1P formation and subsequent
ART activation. As a result, ASM deficiency causes
glucose intolerance.

MATERIALS AND METHODS
Animals

The experiments were conducted in accordance with the
institutional guidelines of Gifu University and Columbia
University. Sprague-Dawley male rats and male wildtype
(C’v?’SL/’ 6]). ASM™/ ", SphKi-deficient {f:th] 77 refs. 20,

22y, and obese and diabetic db/db mice ((33781.; & back-
gmtmd) were used for this study.

Mice

ASM™" mice (CB7BL/6 background) and Sphkl”" mice
(CH7BL/6 background) (23), which lack the purative lipid
kinase catalytic domain, were bred for studies. Obese and
diabetic db/db mice (CH7BL/6 background) were obtained
from the Institute for Animal Reproduction (Ibaragi, Japan),
and wild-type C57BL/6] mice were from Japan SLC {Shi-
zuoka, Japan). Eight- to 10-wk-old male mice were used for in
vivo studies,

Intraperitoneal glucose tolerance test (IPGTT)

The & 1o 10-wk-old male mice (wild-type, db/db, or ASM™ ™
mice) were deprived of food for 18 h. p-Glucose {2 mg/g
body weight) was injected intraperitoneally, and blood glu-
cose levels were monitored at 0, 30, 60, and 120 min after the
injection using G checker (Sanko Junyaku, Tokyo, Japan).
Values for area under the blood glucose curve after glucose
loading were calculated. Serwm insulin content was measured
with a mouse insulin ELISA kit (Shibavagi, Gunma, Japan).
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Primary hepatocyte cultures

Sprague-Dawley male rats (200-250 g) or mice (4 wk old)
were anesthetized with ketamine and xylazine administered
by intraperitoneal injection. Hepatocytes were then isolated
by a nonrecirculating i sifu collagenase perfusion of livers
cannulating through the portal vein of rats or inferior vena
cava of mice. Livers were frst perfused in situ with 0.5 mM
EGTA containing calcium-free salt sniution, followed by per-
fusion with solution containing 0.02% collagenase D (Roche
Diagnostics, Indianapolis, IN, US A). The liver was then gently
minced on a Petri dish and filtered with polyamide mesh
(3-60/42; Sefar America Inc., New York, NY, USA}. Hepato-
cytes weve washed 3 times and centrifuged at 50 g for 1 min.
Cell viability was consistently >90%, as determined by trypan
blue exclusion. Cells were plated on dishes coated with rat
collagen type 1 in Waymouth medium (Invitrogen, Carlshad,
CA, USA) containing 10% fetal bovine serum with antibiotics
{plating medium).

Cell treatment

After isoladon from rat or mouse livers, hepatocytes were
cultured in 10% FBS-containing medium for 4 h. Cells were
then washed twice with PBS and changed to serum-free RPMI
1640 (Invitrogen) containing glncose (200 mg/dl) and anti-
biotics in the presence or absence of recombinant adenovi-
ruses [10 plaque forming units (PFU)/cell]. After a 2-h
incubation, the culture medium was changed to serum-free
RPMI 1640 containing antibiotcs, and the cells were incu-
bated for an additional 16 h. Before stimulation with ASM (1
1U/ml; Sigma-Aldrich, $t. Louis, MO, USA), SIP (I pM;
Sigma-Aldrich), or high-dose glucose (600 mg/dl). the celis
were washed twice with PBS. The cells were pretreated with
imipramine (50 pM; Sigma-Aldrich) for 1 h or with pertussis
toxin (PTX) (Sigma-Aldrich) for 16 h in some experiments.
The hepatocytes were then treated with or without ASM. SIP,
or high-dose glucose, and incubated 8 h for glycogen, RNA,
and protein extraction or 24 h for Oil Red O swining and
triglyceride measurement. The experimental design is shown
in Supplemental Fig. S14.

Recombinant adenoviruses

The adenovirus 5 (Add) variants AdBGFP, AdSCAAKT, AdSDN-
AKT, AdGCA-AMPE, and AdBDN-AMPK express green fluores-
cent protein (GFP), constitutively active (CA)-AKT encoding an
amino-terminal nyristylation signal, dominantnegative (DN)-
AKT, cmycCAAMPEK, and c-mypeDN-AMPK, respectvely (20,
24). The recombinant replication deficient adenovirus Ad5ASM
expressing ASM was constructed by an AdEasy Adenoviral
Vector System {Stratagene, La Jolla, CA, USA). In brief, the full
length of human ASM DNA was subcloned int pTrack adeno-
viral vector. The plasmid DNA was prepared by the alkaline lysis
method and transfected into BJ5183-AD-1 electroporation-com-
petent cells. The virus was grown in HEK293 cells and purified
by banding twice on CsCl uldcherxts then dialyzed and stored at
—20°C. The pTrack plmrmd contains a GFP sequence driven
under a CMV promoter, and the Ad3ASM expresses both ASM
and GFP. Mice were infected with the adenoviruses (5X10°
PFU/mouse) by intravenous injecdon. IPGTT was performed
on 3 d after the infection. The animals were humanely killed at

3 d for glycogen and protein extraction andat 7 d for Oil Red O
staining and triglveeride measurement.

Glucose uptake
Primary cultured hepatocytes were treated with or without

ASM for 2 h or infected with AdBASM or AdSGFP, and then
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Q-decxyd)»[lf‘}{} glucose (2 pCi/ml; Amersham Biosciences,
Piscataway, NJ. USA) was added to the culture mediiun, After
a further 1-h incubation, cells were washed % tmes with
ice-cold PBS and lysed in 1% SDS and 200 mM NaOH. The
amount of labeled glucose tken up was determined by
scintillatdon counting.

Measurement of glycogen content

After the weatment of hepatocytes for the indicated periods,
the dish was placed on ice, washed with ice-cold PBS twice,
and then incubated with 30% KOH for 30 min at room
temperature. For the measurement of glvcogen content in
liver tissue, frozen liver tissues were homogenized in 30%
KOH. Then, ethanol was added to the lysate, and glycogen
was precipitated by centrifugation. The pellet was dissolved
with H,O, and glveogen content was determined by anthrone
reagent (2 mg anthrone/ml sulfuric acid). Glucose solution
was used as a standard.

(il Red O staining

For lipid droplet stining, the cells were fixed with 10%
formalin and stained with Ol Red O working solution.
Hematoxylin was used for countevstaining. For liver dssue,
the frozen liver sections were cut at a thickness of 5 pm on a
cryvostat and stained with Oil Red O.

Measurement of triglyceride

After the treatment, the primary cultured hepatocytes were
washed with PBS and scraped with methanol. For the mea-
surement of triglyceride in liver tssue, frozen liver tssues
were homogenized in PBS, and methanol was added to the
lysate. The lipids were extracted by the method of Bligh and
D&u (25), and triglyceride content was measured using a
mgl}ccmcic kit (L-type TG M with lipid calibrator; Wako,
Osaka, Japan).

Western blot

For the preparation of total cell proteins, cells or frozen liver
tissues were homogenized in radioi mmuxmprecipi(ation assay
butfer (30 mM Tm-!:l(“l pH 8.8; 150 mM NaCl; 10 mM
EGTA; 1% Triton-X; 0.1% SDS: 1% deoxycholic aud 0.8 mM
PMSF; 1 m’vi sodium orthovanadate; 10 mM sodium fAuoride;
0.1 mM sodium molybdate; and 0.5 mM d-deoxypyridoxine).
The proteins were separated by SDS-PAGE and were electro-
phoretically transterred onto nitrocellulose membrane. The
membrarnes were first incubated with the primary antibodies,
anti-phosphorylated-AKT (Ser-478; 9271; Cell Signaling Tech-
nology, Danvers. MA, USA), AKT (9272; Cell Signaling),
phosphorylated-GSK3f (Ser-9, 9356; Cell Signaling), GSK38
(610201; BD Biosciences, San Jose, CA, USA)}, phosphovvlated-
AMPRa (Thr-172, 2531; Cell Signaling), AMPRa (2603; Cell
Signaling), GLUTZ (sc-9116; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), ASM (s¢-11352; Santa Cruz Biotech-
nology), and B-actin (Sigma-Aldrich} andbodies. Then, the
membrane was incubated with the horseradish peroxidase-
coupled secondary antibodies (Santa Cruz Biotechnology).
Detection was performed with an ECL system (Amersham
Biosciences), and the protein buands were quantified by
densitomerry using the Image] program (U.S. National Inst-
tutes of Health; htp://rsh.info.nih.gov/ij/ ).

ASM REGULATES GLUCOSE AND LIPID METABOLISM

Quantitative real-time RT-PCR

Extracted RNA from the cells was reverse-transcribed, and
quantitative real-time PCR with probe-primer sets of GLUT2
and 188 ribosomal RNA (Applied Biosvstems, Foster City, CA,
USA) was performed using TaqMan analysis (ABI Prisim 7000;
Applied Biosystems). The changes were normalized based on
188,

Mass spectrometric analysis of sphingolipids

Electrospray ionization tandem mass spectrometry analysis
was performed on a Thermo Finnegan TSQ 7000 triple
quadruple mass spectrometer {Thermo Finnegan, San Jose,
CA, USA), operating in multiple reaction monitoring positive
ionization mode, as reported previously (26).

S1P formation

Primary var hepatocytes were incubated with ["H]serine (2
wCi/mlj-containing medium for 12 h. Then, the medium was
changed to serum-free RPMI 1640 medium containing
["H]serine with subsequent incubation with adenoviruses for
an additional 18 h. The cellular lipids were extracted by the
method of Bligh and Dyer (25) and separated on TLC plates
in the solvent svstem of I-butanol /acetic acid/water (6(:20:
20, v/v). The radiolabeled S1P spot was scraped off from the
plates, and the radioactivity was measured in a liquid scindl-
tation counter.

Statistical analysis

The results shown are representative of =3 independent
experiments. Data are expressed as means % sp from =4
independent experiments. Data between groups were ana-
lyzed by Student’s / test. Values of P < 0.05 were considered
statistically significant.

RESULTS

Exogenous ASM improves glucose metabolism in
mice

To explore the role of hepatic ASM on glucose and
lipid metabolism, an adenovirus vector expressing hu-
man ASM, AdBASM, was used in this study. On admin-
istration of AdBASM into mice, ASM was preferentially
expressed in the liver but not in muscle and adipose
tissue (Supplemental Fig. S1B, (). As a result, ASM
activity in the liver was increased (Supplemental Fig.
S1D). Sufficient expression and activity of ASM in
AdbASM-infected primary cultured hepatocytes were
confirmed. This activity efficiently suppressed the level
of sphingomyelins in hepatocytes (Supplemental Fig.
Sifand Table 1). Initially, we investigated the effect of
ASM in a glucose tolerance test and demonstrated that
blood glucose levels were decreased in both wild-type
(Fig. 14) and diabetic db/db mice (Fig. 1B) in which
ASM was overexpressed by AJBASM, indicating that
ASM improves glucose tolerance. Then, we used pri-
mary cultured he:pamcvtes to investigate the effect of
ASM on glucose uptake. Exogenous administration or
adenovirs 11 introduction of ASM increased glucose up-
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TABLE 1. Changes in ihe sphingolipid profile in
AdSASMinfected hepatocytes

Species AdBGFP AdSASM
Cl14-SphM 515 2401 22.2 & 1.8%
C16-SphM 6626.5 = 261.3 4376.0 = 210.8%
C18-5phM 2053.2 = 65.0 1108.7 & 53.4%
C18:1-SphM 2609 £ 5.8 168.7 = 5.1%
C20-8phM 1062.2 = 200 564.4 = 84.2%
C20:1-SphM 130.0 = 2.6 745 = 5.5%
222-SphM 83%97.5 = b38.7 522585 > 688.8%
(22:1-SphM 1221.8 = 60.2 696.0 = 109.1%
C24-8phM 24.630.7 = 1156 16,3101 & 2479.5%
C24:1-8phM 17,194.4 = 630.6 10,981.6 = 1385.0%
C14-Cer 58 £ 0.6 71215
C16-Cer 1815 = 7.5 185.3 & 4.3
C18Cer 395 =55 50.4 & 1.3%
C-18:1-Cer 8.4 =09 10.1 = 0.1%
C20-Cer 350 £ 5.1 428 %15
C24-Cer 919.8 = 70.5 1140.7 & 82.5%
C24:1-Cer 547.0 = 70.3 598.4 = 3.8
Sph 140.3 = 19.0 248.6 + 14.5%

Primary culiured rat hepatocytes were infectest with AdSGFP or
AdBASM. Sphingomyelin and the different ceramide species were
examined by mass spectromerric analysis. Results are expressed as
picomoles lipid per milligram protein: they represent means = sp

glvcogen synthesis. Exogenous ASM expression in-
creased hepatic glycogen content in vive (Fig. 1D) and
in vitro (Fig. 1E) using primary cultured hepatocytes.
We further examined the role of ASM in lipid metab-
olism. Exogenous ASM introduction increased hepatic
lipid content and serum triglycerides (Fig. 24, B) in
wivo, We verified that ASM induces accumulation of
lipid droplets and triglyceride in primary cultured
hepatocytes (Fig. 2C). These results indicate that ASM
contributes not only to glucose uptake but also to the
synthesis of glvcogen and triglyceride in the liver.

ASM induces AKT activation

AKT 15 a key molecule in insulin signaling and glucose
metabolism, We hypothesized that AKT is involved in
ASM-mediated glucose, glycogen, and lipid metabolism.
To prove this, we initially investigated whether AKT affects
glucose and lipid metabolism in hepatocytes using adeno-
viral overexpression of DN- or CA-AKT (AdBDN-AKT and
AdBCA-AKT, respectively). DN-AKT inhibited insulin-in-
duced phosphorylation of AKT, thereby inhibiting glyco-
gen deposition and lipid acawnulation by insulin or

high-dose glucose in primary cultured hepatocytes (data
not shown). In contrast, a constitutively active form of
AKT strongly phosphorylated GSK38 (Supplemental Fig.
524}, resulting in increased glycogen deposition and lipid
accumulation  (Supplemental g, S28 and data not
shown), AKT is therefore crucial for glucose and lipid

from 8 independent experiments. SphM, sphingomvyeling Cer, cer-
arnide; Sph, sphingosine. #P < (.05,

take in hepatocytes (Fig. 1), suggesting that ASM
improves glucose tolerance hy increased hepatic glu-
cose uptake. Next, we examined the role of ASM in
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Figure 1. AdBASM improves glucose tolerance in mice. 4, B) Wild-type {A) or diabetic db/dbmice (B) were infected with Ad5GFP
or AASASM (5 10% PFLI /mouse), then deprived of food for 18 h, and IPGTT was performed by administering a glucose load
of 2 mg/g body weight 3 d after the infection. Values of area under the blood glucose curve were calendated (right panels).
C) Primary cultured rat hepatocytes were treated with ASM (1 U/ml) for 2 h (left panel) or infected with AASGFP or AdSASM
(10 PFU/cell; right panel), followed by measurement of 2<deoxy-p-[1-"H]glucose uptake after a 1-h incubation period.
Dy Hepatic glycogen content in wild-type mice was determined under food-deprivation conditions at 3 d after the adenoviral
infection. k) Glycogen content was determined in rat hepatocytes at 8 h after ASM weatment (left panel) or normal (200 mg/dl)
and high-dose glucose (600 mg/dl) (right panel) treatment with AdSGFP or AdBASM infection, Data are means ® sp from =4

independent experiments. *P < 0.05.
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Figure 2. ASM stimulates lipid accumulation. A} Wild-ype mice were infected with AASGFP or AdBASM (5x10°
PFU/mouse). Hepatic lipid content was assessed by Oil Red O staining (left panel; original view X200} and triglyceride
measurement (right panel) in food-deprived wild-type mice at 7 d after the adenovirus infection. B) Serum wriglycerides
were determined in food-deprived wild-type mice at 7 d after the infection. ) Primary cultured rat hepatocytes were
infected with AdSGFP or AdSASM (10 PFU/cellj. Lipid droplets were assessed by Oil Red O staining (original view X800).
Triglyceride level in hepatocytes was determined (right panel}, Data are means £ sp from =4 independent experiments.

#P < 0.05,

metabolism in hepatocytes. On the basis of the fundamen-
tal roles of AKT in glucose and lipid metabolism, we
investigated the role of AKT in ASM-mediated glucose,
glycogen, and lipid metabolism. First, we examined
whether ASM alters AKT signaling. Food intake stimulates
AKT and GSK38 phosphorylation in mouse liver (Fig. 34).
Introduction of exogenous ASM increased AKT activation
under food-deprivation conditions and further increased
under feeding conditions (Fig. 84) without increasing
serum insulin levels (data not shown) in comparison with
conirol virus-infected animals. We further tested the re-
quirement for insulin in ASM-induced AKT activation.
In insulin-free conditions, introduction of ASM still
increased AKT and GSK3$ phosphorviation in pri-
mary cultured rat hepatocytes (Kig. 38, left panel).
High-dose glucose did not affect AKT and GSK38
phosphorylation in primary hepatocytes (Fig. 35, left
panel). These results suggest that ASM-induced AKT
activation is not mediated by insulin or a response to
increased intracellular glucose. In contrast, overex-
pression of DN-AKT abolished ASM-mediated AKT
and GSK3p activity (Fig. 3B, right panel). DN-AKT
overexpression also abolished ASM-induced glycogen
deposition and lipid accumulation (Fig. 3C, D).
These results suggest that ASM regulates glucose,
glycogen, and lipid metabolism vie activation of AKT.

ASM REGULATES GLUCOSE AND LIPID METABOLISM

ASM decreases AMPEK phosphorylation and increases
GLUTZ expression in hepatocytes

Because AMPK is an important component in glucose
metabolism, the effects of ASM on AMPK signaling were
examined. Glycogen deposition induced by high-dose glu-
cose was increased by DN-AMPE and reduced by CA-AMPK
(Supplemental Fig. 52C, D) with no observed effects on AKT
and GSK3f phosphorvlation {data not shown), indicating
that AMPK activation reduced glycogen synthesis; this result
is consistent with previous stuclies (3). Then, we assessed the
role of AMPK in ASMAnediated effects. In the control
virusinfected livers, food intake did not affect AMPEK phos-
phorylation (Fig, 44), consistent with a previous report (27).
In contrast, inroduction of ASM reduced AMPE phosphor-
viation in response to food intake (Fig. 44). ASM also
increased food intakerelated GLUT2 protein expression in
the liver (Fig. 44). A previous study gave indirect evidence
that high glycogen content represses AMPK activation in
skeletal musde (28). However, our data demonstrated that
AMPK phosphorylation was reduced by ASM in primary
cultured hepatocytes under normal glucose conditions (Fig.
48}, in which the glycogen content was lower than that in
AdBGFP-infected cells cultured in high-dose glucose me-
dium (Fig. 1E). These results suggest that the AMPK inact-
vation by ASM is not mediated by a response to increased
intracellular glycogen. In primary cultured hepatocytes,
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Figure 3. DN-AKT eliminates the effect of ASM
introduction. A) Wild-type mice were infected with
AdBGEP or AdBASM (5% 10° PFU/mouse), and the
animals were killed in both nonfeeding (fasting; 18 h
food deprivation) and feeding conditions at 3 d after
the adenoviral infection. Protein extracts from liver
tissue were subjected to finmunoblot for phosphor-
viated (p)-AKT, AKT, p-GSK3B, and GSK3B. Relative
densitometric intensity of p-AKT and p-GSK3B was
determined for each protein band and normalized

to AET and GSE3B, respectively (bottom panels). B) Primary cultured rat hepatocytes infected with AdBGGFP or
AdBASM (10 PFU/cell) were further infected with AdSGEFP or AJBDN-AKT or treated with or without high-dose
glucose (600 mg/dl; normal glucose, 200 mg/dl) for 8 h. Protein extracts from hepatocytes were subjected to
immunoblot for p-AKT, AKT, p-GSKSB, and G3K3B. () Primary cultured vat hepatocytes infected with AdBGEFP or
AdBASM plus AdSGFP or AdBDN-AKT were wreated with or without high-dose glucose. Glycogen content was
determined in hepatocvtes at 8 h after the high-dose glucose treatment, D) Primary cultured rat hepatocytes were
infected with AABGFP or AdBASM plus AdSGFP or AdSDN-AKT. Lipid droplets were assessed by Oil Red O staining in
hepatocytes (original view X800). Results shown are representative of =3 independent experiments. Data are means =

sp from 24 independent experiments. #£ < 0.05.

high-dose glucose slightly reduced AMPK phosphorylation
(Fig. 4B), as shown in a presious veport in Hep(G2 hepato-
blastoma cells (29), suggesting that the refractoriness of
AMPK by food intake was probably due to systemic
mediators. In addition to AMPK, GLUT2 protein and
mRNA levels were increased in ASM-expressing pri-
mary hepatocytes (Fig. 48, C). CA-AMPK partially
inhibited glycogen deposition and lipid accumula-
tion induced by ASM (Fig. 4D, ). These results
suggest that reduced AMPK activation is also crucial
for ASM-mediated glucose metabolism.

ASM activates ART through the SphK/S1P pathway

ASM hydrolyzes sphingomyelin into ceramide, which is
turther hydrolyzed and phosphorylated by ceramidase
and SphK to form SIP. Because S1P activates AKT in
hepatocytes (20), we investigated the contribution of
S1P generation to ASM-mediated glucose and lipid
metabolism. The ASM-nduced phosphorylation of
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AKT and GSK3B was reduced in SphK17™/ ™ hepatocytes
(Fig, 54). Of note, SIP formation was inhibited in
SphK1 ™7 cells (Fig. 5B, left panels). Overexpression of
neutral ceramidase (NCD) or exogenous S1P activated
AKT (Fig. 5B, middle and right panels) in hepatoeytes,
as we veported previously (20). These results suggest
that 81P generated by the breakdown of sphingomyelin
coniributes to ASM-induced AKT activation. We then
examined the involvement of S1PR. Hepatocytes were
weated with PTX because 81PRs coupled with G, are
sensitive to PTX. ASM-mediated AKT activation was
recuced by PTX treatment (Fig. 5C), indicating that
ASM generates 51P, which further activates AKT, at
least partially via S1PRs. ASM-induced glvcogen depo-
sition and lipid accumulation were also reduced in
SphK1™"" hepatocytes (Fig. 64, B), whereas the sphin-
gomyelin and ceramide levels were similar to those in
wild-type hepatocytes {data not shown). Moreover,
SphK1™" mice did not show hepatic steatosis by
exogenous ASM introduction (Fig. 6C). In contrast to
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AdSGEP or AdBASM (10 PFU/celly were cultured in normal (200 mg/dl) or high-dose glucose (600 mg/dl) conditions for 8 h. Left
panels: protein exuracts from the liver tissue {4) or the hepatocytes {8) were subjected to immunoblot for phosphorylated (p)-AMPK,
AMPEK, GLUTZ, and B-actin. Right panels: relative densitometric intensity of p-AMPR and GLUTZ was determined for each protein
band and normalized 0 AMPK and Bactin, respectively. C}. mRNA levels of GLUT? in hepatocytes were determined by quantitative
real-ime RT-PCR and normalized by 185 ribosomal RNAL ) Primary cuitured rat hepatocytes infected with AdSGFP or AdSCAAMPE
were further infected with AASGFP or AABASM. Cells were then incubated in normal or high-dose glucose conditions for 8 h. Glycogen
content in hepatocytes was determined. £} Primary cultured rat hepatocytes were infected with Ad3GFP, AdSCAAMPK, and/or
AdBASM. Lipid droplets in hepatocytes were assessed by Oil Red O staining {original view X800). Results shown are representative of
=3 independent experiments. Data are means T sp from 24 independent experiments. P < 0.05,

AKT, AMPK was not affected by S1P administration or
NCD overexpression (Fig. 58, middle panel). As in
wild-type mice, SphK1 ™/~ mice expressing exogenous
ASM showed decreased phosphoryiation of AMPK (¥ig.
5A), indicating that the SphK/SIP pathway is not
required for ASM-induced AMPK down-regulation.

ASM deficiency inhibits glucose uptake, glycogen
deposition, and lipid accumulation in hepatocytes

Finally, we tested whether ASM deficiency causes glucose
intolerance. Sphingomyelin accumulation and ceramide
recuction were observed in hepatocytes isolated from
ASM™/™ mice (Supplemental Table S1). Blood glucose
levelsin ASM ™" mice were higher than those in ASM™™

ASM REGULATES GLUCOSE AND LIPID METABOLISM

mice throughout the IPGTT period without any changes
in insulin levels (Fig. 7). To further investigate the specific
role of ASM in hepatocytes, primary hepatocytes were
isolated and treated with high-dose glucose (600 mg/dl),
which increased glveogen levels (Fig. 84). Irmipramine, a
tricyclic antidepressant, causes proteolysis of the active
72-kDa ASM form, thus inhibiting ASM activity (30).
Pretreatment with imipramine inhibited high-dose glu-
cose-induced glycogen deposition (Fig, 84), as did the
knockout of ASM in mouse hepatocytes (Fig. 85). More-
over, high-dose glucose increased lipid droplets in pri-
mary hepatocytes, and imipramine or ASM deficiency
suppressed this effect (Fig. 8C, D). These results suggest
that high-dose glucose increases glucose uptake, resulting
in glycogen deposition and lipid accumulation in hepato-
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cytes. In contrast, ASM deficiency inhibits glucose uptake,

glymﬂf‘n deposition, and lipid acwmula.tzon resulting in
glucose intolerance. In ASM™ ™ mice, similar levels of
GSK38 phosphorylation were induced by food intake,
whereas GLUTZ induction was reduced in comparison to

the livers of ASM™ ¥ mice (Fig. 94). Reduction of AMPK
phosphorvlation and induction ef GLUTZ2 by high-dose
glucose were inhibited in ASM™/ hcp"stocg.“ces (ﬁg 9B,
whereas high-dose glucose did not affect AKT phosphor-
viation (data not shown). These results suggest that glu-
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Figure 6. ASM-induced glycogen deposition and lipid accunmulation are suppressed in SphK1777 hepaiocytes. A} Primary
cultred hepatocytes isolated from SphE1 ™" or SphK1™~ mice were infected with AdSGFP or Ad5ASM. Glycogen content in
hepatocytes was determined. B) Lipid droplets in SphiK1 or SphK1~ 7~ hepatocytes infected with AdBGFP or AASASM were
assessed by Oil Red O staining {original view X800). €) SphK1™" " or SphK17™' ™ mice were infected with AADGFP or AdBASM,
followed by assessment for hepatic lipid content by Qil Red O staining (left panel; original view X200) and triglyceride
meastrement (vight panel) in food-deprivation conditions at 7 d after the infection (original view X200). Results shown are
representative of =23 independent experiments. Dara are means I sp from =4 independent experiments. ¥P < 0.05.
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cose intolerance in ASM ™7 mice was due, at least in part,
to insufficient reduction of AMPK activity and induction

of GLUT2.

DISCUSSION

The present study addresses the contributions of ASM
to glucose and lipid metabolism in the liver. The
sphingomyelin/ceramide/S1P pathway is involved in
glucose metabolism (6-9, 12-14, 21). Food intake
reduced most sphingomyelin species in the mouse liver
(Supplemental Table 52). Likewise, high-dose glucose
reduced sphingomyelin species in primary cultured
hepatocytes (Supplemental Table 52), suggesting that
this pathway is velated to glucose metabolism in hepa-
tocytes. In our study using hepatocytes, ASM induced
insulin-like effects such as glucose uptake, glycogen
deposition, and lipid accumulation wvie S1P-mediated
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mouse hepatocytes from ASM™
normat or high-dose glucose for 8 h, Glycogen content in hepatocytes was
measured. C) Primary cultured rat hepatocytes were treated with normal or
high-dose glucose with or without imipramine for 24 h. D} Primary cultured
hepatocytes from ASM*/™ or ASM™"™ mice were treated with pormal or
high-dose glucose for 24 h. Lipid droplets were assessed by Oil Red O staining
in hepatocytes (original view X800}, Results shown are representative of =3
independent experiments. Data are means = sp from =4 independent
experiments. *P < 0.05.

(min) independent experiments. *F < 0.05.

AKT activation. Ceramide attenuates insulin signaling,
including AKT activation (14-16), thereby contribut-
ing to insulin resistance through multiple pathways (135,
15). In primary cultured hepatocytes, the effect of ASM
introduction on ceramide level was smaller than that in
sphingomyelin degradation, suggesting that the gener-
ated ceramide is further converted to S1P. Ceramide
and S1P often exert opposing effects; thus, the balance
between these two sphingolipids may be important for
AKT activation. During ASM activation, the balance is
inclined toward S1P, resulting in AKT activation. In-
deed, ASM did not activate AKT in SphK1™/™ hepato-
cytes, suggesting that ASM mediates insulin-like effects
via S1P tormation. S1P acts as a ligand for the S1PRs
and also as an intracellular second messenger (31, 32).
Among S1PRs, Gpassociated SIPRI (83) is mainly ex-
pressed in the liver (34), and PTX pretreatment inhib-
ited exogenous SiP-induced AKT phosphorylation in

C
Control
Glucose (200) Glucose (600)
K3
)
Imipramine
Glucose

(600}

Figure 8. Inhibition of ASM impairs glucose uptake and glycogen deposition
in primary cultured hepatocytes, A} Primary cultured rat hepatocytes were
treated with normal (200 mg/di) or high-dose glucose (600 mg/dl) with or
without imipramine for the indicated periods of time. B) Primary cultured

" and ASM™'T mice were treated with
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GLUTZ2, and P-actin. Results shown ave representative of =8 independent experiments. *P < .05,

primary cultured hepatocytes {data not shown), sug
gesting that 81P may activate AKT through predomi-
nantly S1PR1. PTX treatment pan‘iallv inhibits ASM-
induced AKT activation, suggesting that the generated
S1P activates AKT at least partially vie SIPRs and may
also activate AKT through receptorindependent mech-
anisms,

In addition to AKT, AMPK also contributes to ghu-
cose metabolism. AMPK is a serine/threonine protein
kinase that senses the immediate availability of cellular
energy. Activated AMPK switches on catabolic pathways
and switches off protein, carbohydrate, and lipid bio-
synthesis (anabolic pathways; ref. 35). Activation of
AMPE in the liver reduces glycogen synthesis and
lipogenesis as well as expression of GLUT2 (3). Activa-
tion of AMPK by B-amino-4-imidazolecarboxamide ri-
boside diminishes GLUTZ expression in primary cul-
tured hepatocytes (36). Indeed, DN-AMPK increased
glycogen deposition and lipid accumulation in primary
hepatocytes and HepG2 cells (data not shown and ref.
87). Thus, in addition to increased AKT activation,
reduced AMPK activation may be associated with an-
other anabolic effect of ASM. Ceramide decreases (38)
but 51P increases (39) AMPK phosphorylation in en-
dothelial cells. In our study, ASM-induced AMPK inhi-
bition in hepatocytes was independent of SIP. Thus,
the decrease in AMPK activity may be due to ceramide
processed by ASM.

AdBASM-infected mice showed improved glucose
tolerance. Because adenovirus preferentially infects
hepatocytes, the decrease in blood glucose was due to a
variation of hepatic glucose metabolism, although sph-
ingolipids have roles in glucose metabolism in muscle
(40) and adipocytes (6-8). The ASM-induced decrease
in blood glucose may be attributed to increased uptake
of hepatic glucose rather than decreased production,
because introduction of ASM did not affect the activity
of adenylate cyclase, the glucagon target enzyme, in
primary cultured rat hepatocytes (data not shown). The
effects of ASM on hepatocytes are comparable to those
of insulin. However, the introduction of hepatic ASM
improved hyperglycemia in db/db mice with type 2
diabetes without increasing insulin levels (data not
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shown), indicating that ASM may reduce blood glucose
regardless of the presence of insulin resistance. Instead
of decreasing blood glucose, ASM increased hepatic
triglyceride content, suggesting that ASM stimulates
lipogenesis, in which transported glucose is converted
to triacylglycerol (41). The effects of exogenous ASM in
the liver are similar to the effects of deletion of hepatic
phosphatase and tension homolog on chromosome 10
(PTEN), which is a negative regulator of AKT. Deletion
of PTEN in the liver results in hyperphosphorylation of
hepatic AKT and improves glucose tolerance but in-
duces fatty liver in mice (42).

ASM™/™ mice are glucose intolerant. The abnormal-
ity is not due to inactivation of the AKT/GSK38 path-
way but is due, in part, to insufficient reduction of
AMPK activity and induction of GLUT2. In additon,
crosstalk may occur between ASM and various signaling
pathways, including those of glucose and lipid metab-
olism, because ASM regulates sphingolipids in lipid raft
microdomains that function as platforms for signal
transduction and pmtem sorting (18). For example,
cisruption of lipid raft microdomains or chronic etha-
nol exposure inhibits localization of TC10 to lipid rafts,

Insulin

Giu;ose

L4
Glycogen synthesis
Fatty acid synthesis

Figure 10. Hypothetical signals induced by ASM. Acid sphin-
gomyelinase regulates glucose and lipid metabolism through
AKT activation and AMPK suppression in hepatocytes. AKT
activation is induced through S1P formation. AMPK suppres-
sion increases GLUT2 expression.
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which induces GLUTH4 translocation and glucose intake
without affecting phosphatidylinositol-3 kinase/AKT
signaling in adipocytes (43, 44). Pretreatment with
imipramine inhibited high-dose glucose-induced lipid
accumulation in rat hepatocytes, as did the knockout of
ASM in mouse hepatocytes. As reported previously, the
ASM inhibitor desipramine attenuates triglyceride in-
crease by high~dose palmitic acid treatment in Hep(G2
cells (9). Moreover, a high-fat, high-cholesterol diet
does not induce hepatic triacylglyceride accumulation
in ASM™"" mice under LDL receptor-deficient condi-
tions (9). These observations further support the role
of ASM as a regulator of triglyceride synthesis in
addition to glucose uptake. Further studies will deter-
mine the precise mechanism underlying the anabolic
effects of ASM and its activation and ceramide/S1P
regulation (45). The hypothetical roles of ASM are
schematically summarized in Fig. 10,

In conclusion, overexpression of ASM in the liver
mmproves glucose tolerance in both wild-type and
diabetic db/db mice. ASM stimulates glucose uptake,
glycogen deposition, and lipid accumulation in hepa-
tocytes vig AKT and GSK3B phosphorylation, which
requires 51P formation. In addition, ASM decreases
AMPK phosphorylation through ceramides, leading
to GLUT2 up-regulation. Indeed, inactivation of
ASM produces glucose intolerance in hepatocytes.
Targeting ASM may become a new therapeutic strat-
egy in type 2 diabetes. F
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Increased levels of serum leptin are a risk factor
for the recurrence of stage /il hepatocellular
carcinoma after curative treatment
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GChesity and related adipocytokine disbalance increase the risk of
hepatoceliular carcinoma. To determine the impact of increased
levels of leptin, an obesity-related adipocytokine, on the recurrence
of hepatocellular carcinoma, we conducted a prospective case-series
analysis. Eighty-five consecutive primary hepatocellular carcinoma
patients at our hospital from January 2006 to December 2008
were analyzed. Serum leptin level significantly correlated with
Body Mass Index, total body fat, and the amount of subcutaneous
fat. They included 33 with stage Vll, who underwent curative
treatment. The factors contributing to recurrence of hepato-
cellular carcinoma, including leptin, were subjected to univariate
and multivariate analyses using the Cox proportional hazards
model. Body Mass index (p = 0.0062), total body fat (p = 0.0404),
albumin (p =0.0210), o-fetoprotein (p =0.0365), and leptin
{p = 0.0003) were significantly associated with the recurrence of
hepatocellular carcinoma in univariate analysis. Multivariate
analysis suggested that leptin (hazard ratic 1.25, 95% <! 1.67-1.49,
p = 0.0035) was a sole independent predictor. Kaplan-Meier analysis
showed that recurrence-free survival was lower in patients with
greater serum lepiin concentrations (>5 ng/mL, p = 0.0221). These
results suggest that the serum leptin level is a useful biomarker
for predicting the early recurrence of hepatoceliular carcinoma.

Key Words: hepatocellular carcinoma, carcinogenesis, leptin,
obesity, insulin resistance

epatocellular carcinoma (HCC) is the fifth most common
malignancy worldwide and is estimated to cause approxi-
mately 500,000 deaths annually.®? HCC frequently develops and
in many cases recurs in cirrhotic livers due to persistent hepatitis
B virus (HBV) and hepatitis C virus (HCV) infection; this is
strongly associated with poor prognosis for this particular
malignancy.® Therefore, careful surveillance of high-risk groups
for HCC is important to improve prognosis. Hence, there is a
critical need to identify useful risk factors for the development
of HCC. Infection with HBV and HCV, alcohol consumption,
aflatoxin exposure, and immune-related hepatitis are accepted as
significant risk factors for the development of primary HCC.®
Male gender, the presence of cirrhosis, high a-fetoprotein (AFP),
large tumor foci, multiplicity of tumors, pathologically high-grade
atypia of tumor cells, and the presence of portal venous invasion of
tumors also raise the risk for HCC recurrence.t®
In addition to these factors, recent studies demonstrate that
obesity® and related metabolic abnormalities—especially diabetes
mellitus (DM) and insulin resistance®!V—are important risk
factors for the development of HCC. For instance, insulin resis-
tance significantly raises the risk of the recurrence of stage I HCC
after curative treatment.!® Several pathophysiological mecha-
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nisms linking obesity and HCC development have been proposed
and include the emergence of insulin resistance and a state of
chronic inflammation.* Adipocytokine disbalance might also
be involved in obesity-related liver carcinogenesis.!¥ Among the
adipocytokines, it is well known that the serum levels of leptin,
which regulate the homeostasis of glucose and lipid metabo-
fism,"9 are elevated in obese individuals.®® In addition, both in
vitro and in vivo studies indicate that leptin might play a role in the
development of several types of human malignancies, including
HCC.07%2% These findings suggest that the dysregulation of serum
leptin levels may be a critical link between obesity and lver
carcinogenesis. However, whether leptin is a significant bio-
marker for predicting the development and/or recurrence of HCC
has not been explored.

In this study, we measured the serum leptin concentration in
patients with HCC and examined whether it is correlated with
obesity and insulin resistance. In addition, we designed a prospec-
tive case-series analysis to examine the recurrence-free survival in
consecutive patients with stage I/It HCC, who received curative
treatment by surgical resection or radiofrequency ablation (RFA),
stratified by serum leptin concentrations.

Materials and Methods

Patients. From January 2006 to December 2008, 85 primary
HCC patients underwent initial treatment at our hospital. We
measured visceral and subcutaneous fat volume using computed
tomography (CT) scans at the umbilical level according to a
previously reported technique (fatAnalyses and EV Insite R, PSP
Corporation, Tokyo, Japan).® Tumor stage was defined according
to the staging system of the Liver Cancer Study Group of Japan
(LCSG).®» HCC nodules were detected by imaging modalities
including abdominal ultrasonography (US), dynamic CT, dynamic
magnetic resonance imaging (MRI), and abdominal arteriography.
The diagnosis of HCC was made from a typical hypervascular
tumor stain on angiography and a typical dynamic-study finding
of enhanced staining in the early phase and attenuation in the
delayed phase.

Treatment, follow-up, and determination of recurrence.
Fifteen patients were treated with surgical resection, 41 with RFA,
19 with transarterial chemoembolization (TACE), and 10 with
transarterial infusion (TAI). Among them, we selected 33 curative
cases that met the following criteria: tumor stage classified as [ or
1I; and surgical resection or RFA conducted for the initial HCC
treatment. In all 33 cases, therapeutic effects were judged to be
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Table 1. Baseline demographic and dinical characteristics

Variable Total patients (n = 85)
Sex (male/female) 54131

Age {years) 73 [36-87]
BMI (kg/m?) 23.2 [17.5-30.7]

Total body fat {cm?)

Amount of visceral fat (cm?)
Amount of subcutaneous fat (cm?)
Etiology (B/C/8 + Uother)*
Child-Pugh dlassification (A/B/C)
Ascites on CT imaging (present/absent)
ALB {g/dL)

PLT (x10%ul)

FPG (mg/dL)

FIR (uU/mL)

HOMA-IR

HbAw (%)

Leptin (ng/mL)

Stage (MIVII/AVA/IVB)

Initial treatment for HCC (resection/RFA/TACE/TAL)

AFP (ng/mL)
PIVKA-II (mAU/mL)
Follow-up period (days)

188.81 [12.93-501.8]
76.43 [3.82-359.83]
105.66 [9.11-265.26]
8/55/2/120
60/23/2
7/78
3.5{2.2-4.5]
11.7 [3.0-76.4]

97 [67-271]
8.115 {1.21-90.2]
2.245 [0.27-28.28]

5.3 [3.7-10.3]

5.0 {1.4-26.6]

19/26/27/10/3

15/41/1910

48 {0-222000]

170 {7-474000]
484 [14-1429)

Values are median [rangel. *B means positive for hepatitis B surface antigen and C means positive
for hepatitis C virus antibody. AFP, g-fetoprotein; B, hepatitis B virus; BMI, body mass index;
C, hepatitis C virus; FPG, fasting plasma glucose; FIRl, fasting immunoreactive insulin; HbAs,
hemoglobin Ax; HCC, hepatocellular carcinoma; HOMA-IR, homeostasis model assessment of
insulin resistance; PIVKA-H, protein induced by vitamin K absence or antagonists-il; RFA, radio-
frequency ablation; TACE, transarterial chemoembolization; TAJ, transarterial infusion.

curative using dynamic CT or MRI exhibiting a complete dis-
appearance of the imaging characteristics of HCC described above.

Patients were thereafter followed up on a monthly outpatient
basis using serum tumor markers every month, such as AFP and
proteins induced by vitamin K absence or antagonists-I1 (PIVKA-
i1}, and by abdominal US, dynamic CT scanning, or dynamic MRI
every 3 months. Recurrent HCC was diagnosed, using the imaging
modalities described earlier, by the appearance of other lesions
differed from the primary lesions. The follow-up period was
defined as the interval from the date of initial treatment until the
date of diagnosis of recurrence or until April 2009 if HCC did not
recur,

Statistical analysis. The Pearson product-moment correla-
tion coefficient was used for measuring the linear correlation
between 2 continuous variables. Recurrence-free survival was
estimated using the Kaplan-Meier method, and differences between
curves were examined with a log-rank test. Baseline characteristics
were compared using Student’s ¢ test for continuous variables
or the ¥? test for categorical variables. There were 17 possible
predictors for the recurrence of HCC after the initial curative
treatment: sex, age, body mass index (BMI), total body fat,
amounts of both visceral and subcutaneous fat, the presence of
HCV-antibodies (HCV-Ab), Child-Pugh classification, serum
albumin concentration, platelet count, homeostasis model assess-
ment of insulin resistance (HOMA-IR = fasting plasma glucose
(mg/dL) x fasting immunoreactive insulin (WU/mL)/405), hemo-
globin Aic (HbA:c), serum tumor markers (AFP and PIVKA-ID),
initial treatment for HCC, tumor stage, and serum leptin concen-
tration. Parameters that were significant as determined by
univariate analysis were then subjected to multivariate analyses
using the Cox proportional hazards model. Statistical significance
was defined as p<0.05.

154

Results

Baseline characteristics and laboratory data of patients.
The baseline characteristics and laboratory data of 85 patients
(54 men and 31 women, median age 73 years) are shown in
Table 1. The median follow-up period was 484 days (range, 14—
1,429 days). Median BMI was 23.2 kg/m?, which was classified in
the normal range according to the WHO classification of obesity
(http//www.who.int/bmi). Median free plasma glucose (FPG),
free immunoreactive insulin (FIRI), HOMA-IR, and HbA. were
97 mg/dL, 8.115 pU/mL, 2.245, and 5.3%, respectively. The
median serum leptin concentration was 5.0 ng/mL (range 1.4-26,6).

Association of the serum leptin concentration with obesity
and insulin resistance. Four obesity-related factors were tested
for possible association with the serum leptin concentration:
BMI, total body fat, and the amounts of visceral and subcutaneous
fat (Fig. 1). For BMI analysis, we excluded 7 patients with CT-
detected ascites. The Pearson product-moment correlation coeffi-
cient and p values of BMI and the total body fat with serum leptin
concentration were r=0.4559 and p<0.0001, and »= 03560
and p = 0.0008, respectively; indicating that these 2 factors were
significantly correlated with the serum leptin concentration. The
amount of subcutaneous fat (» =0.5174 and p<0.0001) was also
strongly correlated with the serum leptin level, whereas the
amount of visceral fat (»=10.0987 and p = 0.3776) was not. In
addition, no significant correlations were noted between the
serum leptin concentration and insulin resistance-related factors,
including FPG (r = —0.0816 and p = 0.4579), FIRI (= 0.1049 and
p=10.3378), HOMA-IR (= 0.0506 and p = 0.6385), and HbA
(r=10.0194 and p = 0.7820).

Possible risk factors for the recurrence of HCC, In all 33
curative cases of stage I/II HCC, 12 patients experienced recur-
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rence in the liver, but none exhibited distant metastasis, The 1-year
recurrence-free survival in the 33 patients was 79% (Fig. 2a).
Fig. 2b shows Kaplan-Meier curves for recurrence-free survival
divided into 2 subgroups on the basis of median serum leptin
concentration (<5 or >5 ng/mL), which results in a significant
difference (p = 0.0221).

The Cox proportional hazards model was used to analyze risk
factors for the recurrence of stage Il HCC afier curative
treatments using the 17 variables listed in Table 2. BMI (hazard
ratio 1.30, 95% C1 1.08-1.56, p = 0.0062), total body fat (hazard
ratio 1.00, 95% CI 1.00-1.01, p=10.0404), serum albumin
concentration (hazard ratio 0.26, 95% CI 0.08-0.81, p = 0.0210),
AFP (hazard ratio 0.99, 95% CI 0.99-0.99, p = 0.0365), and serum
leptin concentration (hazard ratio 129, 95% CI 1.12-1.50,
p = 0.0003) were identified as significant risk factors by univariate
analysis. Multivariate analysis only identified serum leptin
concentration (hazard ratio 1.25, 95% CI 1.07-1.49, p = 0.0033)
as significant independent risk factor for the recurrence of HCC
(Table 3).

Table 4 shows the baseline characteristics and laboratory data
of patients divided on the basis of the serum leptin concentration
(<5 and >5ng/ml). No significant differences were noted
between the 2 subgroups, except the amount of subcutaneous
fat (p = 0.0461).

Discussion

Leptin regulates body weight by signaling information to the
brain regarding the availability of energy stored as fat; this

N. Watanabe et al.

negative feedback loop is disrupted in most obese individuals and
results in a state known as leptin resistance.(%*? Consistent with
the results of previous studies,"®* the serum leptin concentration
was significantly correlated with BMI and total body fat in the
present study (Fig.1 a and b). These parameters were also
significant risk factors for the recurrence of HCC as determined
by univariate analysis (Table 2); however, the serum Ieptin
concentration was the most significant biomarker (p = 0.0003).

In addition, we clearly showed for the first time that patients
with greater serum leptin concentrations were susceptible to HCC
recurrence (Fig. 2b); thus, increased serum leptin levels are a
significant independent risk factor for the recurrence of this
malignancy (Table 3). This finding indicates that increased serum
leptin concentration, which might link obesity with liver carcino-
genesis, is a preferable and useful biomarker for screening high-
risk groups for the recurrence of HCC. We previously reported
that a state of insulin resistance associated with obesity is an
independent risk factor for the recurrence of HCC after curative
treatment.!” Furthermore, no significant correlations between
serum leptin levels and insulin resistance-related factors were
noted in the present study, suggesting these two conditions might
be independent from each other in HCC patients. Therefore, a
combination evaluation for both the serum leptin level and insulin
resistance would be more effective for screening high-risk groups
for HCC, and requires future confirmation.

Several studies report that leptin is a risk factor for carcino-
genesis at various organ sites, including the liver."™20 Leptin can
stimulate cellular proliferation in various types of cancer cells
such as HCC cells.*2129 [n addition, when focusing on the liver,
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Table 2. Univariate analyses of possible risk factors for recurrence-free survival of HCC using the Cox proportional hazards model

Variable 95% 4

HR* fower upper P value
Sex {male vs fernale) 0.9 0.28 3.09 0.87286
Age {years) 0.96 0.89 1.03 0.277
BMI (kg/m?) 1.3 1.08 1.56 0.0062
Total body fat {cm?) 1 1 1.01 0.0404
Amount of visceral fat {(an?) 1 0.99 1.01 0.0809
Amount of subcutaneous fat (cm?) 1 0.99 1.01 0.0601
The presence of HCV-Ab (yes vs no) 0.42 0.12 1.98 0.2501
Chitd-Pugh dassification (B + C vs A) 1.33 0.35 4.3 0.6482
ALB (g/dL) 0.26 0.08 0,81 0.021
PLT {(x10%nL) 0.87 0.75 1.01 0.0714
HOMA-IR 1.03 0.94 1.1 0.4
HbA (%) 0.87 0.37 1.6 0.7108
AFP {ng/mL) 0.99 0.99 0.99 0.0365
PIVKA-I (mAU/mL) 0.99 .89 1 0.7448
Initial treatment for HCC (RFA vs resection) 1.61 0.42 10.5 0.5128
Stage {(llvs ) 1.08 0.32 3.78 0.89
Leptin (ng/ml) 1.28 1.12 1.5 0.0003

*HR represents the values with a unit increase in continuous variables. AFP, o-fetoprotein; BMI, body mass index; Ci, confidence interval; HbAx,
hemoglobin A HCC, hepatocellular carcinoma; HCV-Ab, hepatitis C virus antibody; HOMA-IR, homeostasis model assessment of insulin resistance;
HR, hazard ratio; PIVKA-l, protein induced by vitamin K absence or antagonists-il; RFA, radiofrequency ablation.

leptin is a potent profibrogenic cytokine and thus plays a key role
in the progression of cirrhosis,®® which is a precancerous
condition of HCC. Indeed, increased serum leptin concentration
has been documented in cirrhotic patients.?® Moreover, increased
leptin expression is associated with increased intratumor micro-
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vascutar density. Consequently, it is hypothesized that leptin plays
a stimulatory role in the development of HCC via neovasculariza-
tion.®” In addition fo wsing leptin as a biomarker for the risk of
HCC recurrence, the present findings suggest that targeting leptin
might be an effective strategy for the prevention and treatment of

— 232 —

doi: 10.3164/cbn.10-149
©2011 JCBN



Table 3. Multivariate analyses of possible risk factors for recurrence-free survival of HCC using the Cox proportional hazards model

Variable 95%

HR* lower upper p value
BMI (kg/m?) 1.2 0.83 1.81 0.3278
Total body fat (cm?) 1 0.99 1.01 0.8003
ALB (g/dL) 0.54 0.12 2.28 0.4018
AFP (ng/mlL) 0.99 0.99 1 0.1416
Leptin (ng/mL) 1.25 1.07 1.49 0.0035

*HR represents the values with a unit increase in continuous variables. AFP, a-fetoprotein; BMI, body mass index; C, confidence

interval; HR, hazard ratio.

Table 4. Baseline demographic and clinical characteristics of patients classified on the basis of the serum leptin concentration

Variable Leptin < 5 ng/mL (n = 18} Leptin > 5 ng/mL (0 = 15} p value
Sex (male/female) 13/5 6/9 0.0604
Age (years) 72.5 [59-871 70 [50-85] 0.2565
BMI (kg/m¥) 21.5 [17.8-30.7] 24.5 [18.5-27.7] 0.1111
Total body fat (am?) 167.5 {73.9-490.9] 207.3 [112.2-350.8] 0.2591
Amount of visceral fat (cm?) 69.4 [19.9-294.4] 98.9 [21.9-181.6] 0.9479
Amount of subcutaneous fat (cm?) 90.2 [42.0-232.3] 134.3 [79.6-242.5] 0.0461
Etiology (C/others) 14/4 11/4 0.767

Child-Pugh classification (A/B/C) 15/3/0 10/5/0 0.2657
ALB (g/dL) 3.6 [2.6-4.2] 3.3[2.4-4.4] 0.2708
PLT (<10%ulL) 12.45 [7.7-26.1] 9.5 {3.0-20.6] 0.0895
FPG (mg/dL) 97.5 [83-271} 105 {75154} 0.7424
FIRE {(ulimb) 6.05 [2.57-65.2] 14.2 [7.3-27.4] 0.3657
HOMA-IR 1.51[0.53-24.8] 3.41 [1.45-9.40] 0.641

HbAx (%) 5.3 [4.5-10.3] 5.2 {3.7-6.8] 0.3351
Stage (/1) 711 9/6 0.2253
Initial treatment for HCC (resection/RFA) 6/12 2/13 0.1726
AFP (ng/mL) 8 [0-20500} 28 [1-2530] 0.1687
PIVKA-Il (mAU/mL) 22.7 [8-201000] 26 [7-29800] 0.4385

Values are median [range]. AFR, o-fetoprotein; C, hepatitis C virus; FPG, fasting plasma glucose; FIRl, fasting immunoreactive insulin; HbAx,
hemoglobin Asx; HCC, hepatocellular carcinoma; HOMA-IR, homeostasis model assessment of insulin resistance; PIVKA-II, protein induced by viterin

K absence or antagonists-ll; RFA, radiofrequency ablation.

HCC. Ribatti er ol state that anti-leptin antibodies reduce the
angiogenic response in HCC biopsy specimens.®® Decreases in
serum leptin are also associated with the prevention of obesity-
related liver tumorigenesis in obese and diabetic mice models.(%

In conclusion, we report that patients with high serum leptin
concentrations are susceptible to HCC recurrence in stage I/I1
cases curatively treated by surgical resection or RFA. Increased
serum leptin concentration may be a useful biomarker for pre-
dicting the recurrence of HCC in high-risk patients.
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AFP g-fetoprotein

BMI body mass index

cT computed tomography
DM diabetes mellitus

FPG fasting plasma glucose
FIRL fasting immunoreactive insulin
HbA hemoglobin Aie

HBV hepatitis B virus

HCC hepatocellular carcinoma
HCV hepatitis C virus

HOMA-IR homeostasis model assessment of insulin resistance

LCSGI

Liver Cancer Study Group of Japan
MRI magnetic resonance imaging
protein induced by vitamin K absence or antagonists-I1

PIVKA-II

RFA radiofrequency ablation

TACE transarterial chemoembolization
TAIL transarterial infusion

us ultrasonography
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Abstract

Background The outcomes of sequential therapy with
lamivudine followed by interferon have been unsatisfac-
tory in Japanese patients with hepatitis B envelope antigen
(HBeAg)-positive chronic hepatitis B. However, the effi-
cacy of sequential therapy with entecavir and interferon
remains unclear.

Methods Twenty-four HBeAg-positive patients (23 men
and 1 woman; mean age 39 & 7 years) received entecavir
0.5 mg alone for 36-52 weeks, followed by entecavir plus
interferon-o for 4 weeks, and lastly by interferon-¢ alone
for 20 weeks. Twenty-three patients had genotype C
infection, and one had genotype A infection.

Results No entecavir-resistant mutant variants emerged in
any patient. Hepatitis flare occurred in three patients during
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interferon-c. treatment after the withdrawal of entecavir,
but none had hepatic decompensation. Serum hepatitis B
surface antigen levels did not change during or after ther-
apy. Serum hepatitis B core-related antigen levels were
significantly decreased at the start (P < 0.0001) and at the
end of interferon-uo treatment (P < 0.0001), but returned to
baseline levels after treatment. Twenty-four weeks after the
completion of the sequential therapy, a sustained bio-
chemical, virological, and serological response was
achieved in 5 (21 %) patients. The proportion of patients in
whom HBeAg was lost during entecavir treatment was
significantly higher among those with a sustained response
than among those with no response (P = 0.015).
Conclusions The rate of response to sequential therapy
with entecavir and interferon-o in Japanese patients with
HBeAg-positive chronic hepatitis B was not higher than the
rate in previous studies of lamivudine followed by
interferon.

Keywords Chronic hepatitis B - Genotypes - Interferon-o -
Entecavir - Sequential therapy

Introduction

Infection with hepatitis B virus (HBV) remains an impor-
tant public health problem and a leading cause of liver-
related morbidity worldwide [1, 2]. The natural course of
chronic HBV infection acquired perinatally or during
infancy consists of three distinct phases: ‘immune tolerant’,
‘immune reactive’, and ‘inactive carrier’. During the
immune-reactive phase, rises in alanine aminotransferase
(ALT) are attributable to the host’s immune response to
HBYV, and the occurrence of hepatitis will eventually be
followed by spontaneous seroconversion from hepatitis B
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envelope antigen (HBeAg) to anti-HBe. HBeAg serocon-
version usually results in clinical remission and a life-long
inactive state; however, patients with persistently detect-
able HBeAg and high HBV DNA levels who have recur-
rent hepatitis flares are at increased risk of developing
cirrhosis and hepatocellular carcinoma [3, 4].

Currently available antiviral treatment for chronic hep-
atitis B includes nucleos(t)ide analogues such as lamivu-
dine, adefovir, entecavir, and tenofovir, and the
immunomodulator interferon [5-7]. The direct, potent
antiviral effects of nucleos(t)ide analogues induce bio-
chemical and virological responses in most patients, but
viral relapse and exacerbations of hepatitis commonly
occur after discontinuation of treatment. Long-term use of
nucleos(t)ide analogues is associated with the emergence
of drug-resistant variants possessing mutations in the HBV
polymerase gene. In contrast, interferon-induced remission
of chronic hepatitis B is durable, but is achieved in only a
minority of patients. In randomized controlled trials, con-
comitant treatment with lamivudine and interferon-o has
offered little clinical benefit, in terms of the rates of sus-
tained therapeutic response, as compared with interferon-o
alone [8, 9].

Serfaty et al. [10] reported that sequential therapy with
lamivudine followed by interferon-o was effective in
patients with chronic hepatitis B. In their pilot study in
France, sustained virological and biochemical response
was achieved in 8 (57 %) of the 14 patients who received
lamivudine 100 mg alone for 20 weeks, followed by
interferon-o0 5 MU 3 times/week plus lamivudine for
4 weeks, and lastly by interferon-o alone for 24 weeks
[10]. Some other groups have studied similar protocols for
sequential therapy, but results have been conflicting [11-
17]. The inconsistent results may have been caused, at least
in part, by differences in the included HBV genotypes
among studies, because HBV genotypes have specific
geographic distributions and can affect the response to
interferon [18, 19]. In our previous study [14], the rate of
response to sequential therapy with lamivudine and inter-
feron in 24 Japanese HBeAg-positive patients with chronic
HBYV genotype C infection was 29 %, considerably lower
than the rate reported by Serfaty et al. [10].

Randomized controlled trials have shown that entecavir
has higher antiviral activity against HBV than lamivudine
[20, 21]. Among licensed nucleos(t)ide analogues, ente-
cavir is used as a first-line treatment of choice for chronic
hepatitis B, similar to tenofovir disoproxil fumarate [22].
Use of a potent nucleoside analogue before the initiation of
interferon may improve the outcomes of sequential
therapy.

In this study, we evaluated the efficacy of sequential
therapy with entecavir and interferon-o in Japanese patients
with HBeAg-positive chronic hepatitis B. In addition to the
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monitoring of serum HBeAg and HBV DNA levels, serum
hepatitis B surface antigen (HBsAg) and hepatitis B core-
related antigen (HBcrAg) [23, 24] levels were monitored
during and after sequential therapy. The clinical charac-
teristics of patients who had a sustained response to the
sequential therapy were compared with those of patients
who had no response.

Patients and methods
Patients

The subjects were 24 Japanese patients with HBeAg-
positive chronic hepatitis B (23 men and 1 woman; mean
age 39 =4 7 years) who had received sequential therapy
with entecavir alone and then entecavir plus interferon-o
followed by interferon-o alone between September 2006
and August 2011. The inclusion criteria were as follows:
(1) persistent or fluctuating elevations of serum ALT levels
for at least 6 months before the start of therapy; (2) pres-
ence of HBsAg in serum; (3) presence of HBeAg and
absence of anti-HBe; (4) presence of HBV DNA
>10° copies/mL (equivalent to 20,000 IU/mL); (5) no use
of corticosteroids or immunomodulatory drugs, including
interferon, within 1 year before the start of therapy; (6) no
use of nucleos(t)ide analogues, such as lamivudine, within
1 year before the start of therapy; (7) absence of resistance
to nucleos(t)ide analogues; (8) absence of antibodies to
hepatitis C virus and other likely causes of chronic liver
disease; and (9) no clinical signs of decompensated cir-
rhosis or hepatocellular carcinoma. The study procedures
were in accordance with the Helsinki Declaration of 1975
(1983 revision) and were approved by the ethics committee
of each participating center. Written informed consent was
obtained from each patient. This study was registered in the
UMIN Clinical Trials Registry (registration ID number,
UMIN000000808).

Treatment

Patients were treated with entecavir alone for
36-52 weeks, followed immediately by both entecavir and
interferon-a for 4 weeks, and lastly by interferon-o alone
for 20 weeks. Entecavir (Baraclude; Bristol-Myers, Tokyo,
Japan) was given orally at a dose of 0.5 mg once daily.
Natural interferon-oo (Otsuka Pharmaceutical, Tokyo,
Japan) was given by intramuscular injection, at a dose of
5 MU, three times a week for 24 weeks (a protocol com-
monly used in Japan during the study period). All patients
were followed up for at least 24 weeks after the completion
of treatment, and responses to therapy were assessed as
follows: biochemical response was defined as a decrease in
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