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Liver stem cells give rise to both hepatocytes and bile
duct epithelial cells also known as cholangiocytes.
During liver development hepatoblasts emerge from
the foregut endoderm and give rise to both cell types.
Colony-forming cells are present in the liver primor-
dium and clonally expanded cells differentiate into
either hepatocytes or cholangiocytes depending on cul-
ture conditions, showing stem cell characteristics. The
growth and differentiation of hepatoblasts are regulated
by various extrinsic signals. For example, periportal
mesenchymal cells provide a cue for bipotential hepato-
blasts to become cholangiocytes, and mesothelial cells
covering the parenchyma support the expansion of
foetal hepatocytes by producing growth factors. The
adult liver has an extraordinary capacity to regenerate,
and after 70% hepatectomy the liver recovers its ori-
ginal mass by replication of the remaining hepatocytes
without the activation of liver stem cells. However, in
certain types of liver injury models, liver stem/
progenitor-like cells, known as oval cells in rodents,
proliferate around the portal vein, while the roles of
such cells in liver regenmeration remain a matter of
debate. Clonogenic and bipotential cells are also pre-
sent in the normal adult liver. In this minireview we
describe recent studies on liver stem/progenitor cells
by focusing on extracellular signals.
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1,4-dihydro-collidine; DIk, Delta-like protein 1;
DPPIV, dipeptidyl peptidase IV; EpCAM, epithelial
cell adhesion molecule; FGF, fibroblast growth
factor; H-CFU-C, hepatic colony-forming unit in
culture; MC, mesothelial cell; OSM, oncostatin M;
PH, partial hepatectomy; STM, septum transversum
mesenchyme; TNF, tumour necrosis factor; Wtl,
Wilms’ tumour 1.

The liver is a central organ for homeostasis owing
to its numerous functions, including carbohydrate
metabolism, glycogen storage, biosynthesis of various
biochemical components including amino acids and
nucleotides, lipid metabolism, urea synthesis, drug
detoxification, production of plasma proteins and hor-
mones, and destruction of erythrocytes. Because the
liver is such an essential organ, liver diseases are
often fatal. Liver insults such as hepatitis viruses,
drugs, alcohol and genetic, metabolic and immune dis-
orders can lead to steatosis, hepatitis, fibrosis, cirrhosis
and cancer and liver disease is a major cause of death.
The liver is also known as a unique organ that can
regenerate, making it possible to transplant the liver
from a living donor. However, the molecular mechan-
isms underlying organogenesis, maintenance, patho-
genesis and regeneration of the liver are not well
understood. As the liver is a large organ with a variety
of functions, it has been used for many decades as a
source to purify numerous enzymes for biochemical
studies. By contrast, much progress has been made
relatively recently in the characterization of each type
of liver cell and analysis of their interactions. Those
studies have been facilitated by new technologies
such as genomics, mouse mutants and the develop-
ment of various tools to isolate the cells of interest.
In this review, we describe recent studies on liver
stem/progenitor cells together with the environments
that support their proliferation and differentiation
during development and pathogenesis.

Liver architecture and liver stem cells

The liver is divided into lobules and each lobule
consists of plates of hepatocytes lined by sinusoidal
capillaries that radiate towards a central efferent vein
(Fig. 1). Liver lobules are hexagonal and at each of six
corners there is a portal triad of vessels consisting of a
portal vein, hepatic artery and bile duct. Sinusoids are
composed of liver-specific capillaries with fenestrated
endothelial cells, hepatic stellate cells (Ito cells),
liver-resident macrophages (Kupffer cells) and large
granular lymphocytes (pit cells). The liver has a dual
blood supply, namely, via the portal vein and the hep-
atic artery. The portal vein delivers the venous blood
flowing from the intestines, pancreas and spleen. The
hepatic artery supplies oxygen to the liver. The blood
flows from a portal triad through a sinusoidal capillary
to a central efferent vein. Hepatocytes are major par-
enchymal cells carrying out most of the metabolic
functions and account for ~60% of the total liver
cell population and 80% of the volume of the organ.
Hepatocytes are highly polarized epithelial cells and
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Fig. 1 Liver architecture. In the liver, blood flows from portal blood vessels through sinusoids to central efferent veins. Sinusoids are
liver-specific capillaries with fenestrated endothelial cells, hepatic stellate cells (Ito cells) and blood cells such as liver-resident macrophages
(Kupffer cells). Hepatocytes are highly polarized epithelial cells forming cords, and plates of hepatocytes are lined by sinusoidal capillaries
that radiate towards a central efferent vein. Tight junctions formed between hepatocytes create a canaliculus that surrounds each hepatocyte.
Bile salts produced in hepatocytes are excreted into canaliculi that are linked to bile ducts. The region that connects the bile canaliculus and the

biliary tree is called ‘canals of Hering’.

form cords. Their basolateral surfaces face fenestrated
sinusoid endothelial cells, facilitating the transfer of
materials between hepatocytes and blood flows. Tight
junctions formed between hepatocytes create a canali-
culus that surrounds each hepatocyte. Bile salts pro-
duced in hepatocytes are excreted into canaliculi that
are linked to bile ducts at the portal triad. Bile ducts
are formed by a specialized type of epithelial cell called
a biliary epithelial cell or a cholangiocyte.

In general, stem cells are characterized by their abil-
ity to self-renew and differentiate to multiple lineages.
As hepatocytes and cholangiocytes, the two types of
liver epithelial cells, are derived from a common origin
during organogenesis, those cells with the potential to
proliferate and give rise to both types of liver epithelial
cells are considered to be liver stem cells. Although
there are many reports describing liver stem cells, the
definitions of stem cells are rather vague in many of
them. As it is not an easy task to distinguish stem cells
from progenitors because of the difficulty of proving
the unlimited self-renewal activity of stem cells in many
situations, we use the term stem/progenitor cells to
describe such cells in this review article.

The onset of liver development

Liver organogenesis begins at embryonic day (E) 8.5 in
the mouse from the foregut endoderm. The ventral
wall of the foregut endoderm faces the developing
heart by approximately E8 and receives inductive sig-
nals for hepatic fate, such as fibroblast growth factor
(FGF) from the heart (/—3) and bone morphogenetic
protein from the septum transversum mesenchyme
(STM) (4). Wnt2b is expressed in the lateral plate
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mesoderm adjacent to the endoderm destined to be
the liver and is essential for the onset of liver develop-
ment in zebrafish (5). By these signals, hepatoblasts
emerge from the foregut endoderm and migrate as
cords into the surrounding STM (6, 7). Analysis of
Flk1-deficient mouse embryos revealed that Flk1™
endothelial cells are required for proliferation of hepa-
toblasts (&). Because hepatoblasts proliferate and give
rise to both hepatocytes and cholangiocytes as
described below, they are considered to be embryonic
liver stem/progenitor cells.

Identification and characterization of
hepatoblasts

As cell sorting using antibodies is a powerful means
to isolate and characterize a specific cell type, efforts
have been made to search for specific cell surface anti-
gens on hepatoblasts (Fig. 2). Kubota and Reid (9)
showed that the RTIA1~ OX18'°% ICAM-1" fraction
of E13 rat foetal liver contained hepatoblasts. Suzuki
et al. (10) developed a single cell-based assay desig-
nated the hepatic colony-forming unit in culture
(H-CFU-C) and showed that the CD45~ TERI119™
c-Kit™ CD29" CD49f" and CD45~ TER119™ c-Kit~
c-Mett CD49f 'Y fraction of E13.5 mouse liver con-
tained hepatic progenitor/stem cells. They also showed
that CD45~ TER119™ ¢-Kit™ c-Met* CD49f /% cells
of E11.5 mouse liver had high H-CFU-C potential and
that clonally expanding cells reconstituted the liver,
pancreas and intestine in vivo. On the other hand,
Minguet et al. (II) reported that CD45~ TER119~
c-Kit'¥ cells in E11 mouse liver contained the earliest
hepatic progenitors, also displaying features of
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Fig. 2 Development of liver cells and expression of cell surface markers. The EpCAM*DLK 1" hepatoblasts emerge from EpCAM+ foregut
endoderm cells and form liver primordium. Then, the hepatob]asts dramatically reduce the expression of EpCAM. EpCAM is upregulated
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hepatocytic differentiation of hepatoblasts.

liver-repopulating stem cells. Delta-like protein 1
(DIk1), also known as Pref-1, was strongly expressed
in liver buds as early as E10.5 in mice. DIk17" cells
isolated from E14.5 livers expressed albumin (ALB)
and formed colonies composed of the hepatocyte and
cholangiocyte lineages in the presence of hepatocyte
growth factor and epidermal growth factor, indicating
that liver stem cell activity is present in this population
(12). As in mouse foetal liver, DIk1 is also expressed
strongly in human foetal liver (/3, 14). Nierhoff et al.
showed that murine foetal liver alpha-fetoprotein
(AFP)*/ALB" cells were positive for DIkl and
E-cadherin and that purified E-cadherin® epithelial
cells formed clusters in cell culture and differentiated
along the hepatocytic lineage. Interestingly, AFP™/
E-cadherin™ epithelial cells were Sca-17*, but showed
no expression of c-Kit. In order to examine their in vivo
capacity, wild-type E12.5 mouse liver epithelial cells
were transplanted into adult dipeptidyl peptidase IV
(DPPIV) knockout mice, and DPPIV expression was
used as a marker to discriminate the donor from
recipient cells. This resulted in incorporation of the
DPPIV™ donor-derived cells into the hepatic paren-
chymal cords of the recipient liver, showing a repopu-
lation and differentiation capacity of the EI2.5
E-cadherin™ cells (15).

Epithelial cell adhesion molecule (EpCAM) is ex-
pressed in HNF4o™" hepatoblasts of liver buds as
early as E9.5 in mice (Fig. 2). Colony-forming assays
using sorted E11.5 liver cells revealed that the
EpCAM™ DIk1" cell population contained in vitro
colony-forming cells, indicating that liver stem cell ac-
tivity is present in this population. EpCAM expression
declined by EI3.5 in mouse liver, while DIkl

expression was sustained by E16.5 (/6). In humans,
Dan et al. (17) reported that multipotent progenitor
cells derived from human foetal liver expressed
EpCAM,and Schmelzer et al. (18) reported that pluri-
potent precursors of hepatoblasts expressed EpCAM
and were located in ductal plates in human foetal liver.
CD13 (aminopeptidase N) was detected on the cells of
the DIk1™ hepatic stem/progenitor fraction. Colony
formation assays revealed that hepatic stem/progenitor
cells were enriched in the CD13" fraction, compared
with the DIk1% fraction, of non-haematopoietic cells in
foetal liver (19).

Characteristics of foetal liver
stem/progenitor cells

DIk1" cells contain some clonogenic cells named
hepatic progenitor proliferating on laminin that
continuously proliferate on laminin-coated plates and
differentiate to both hepatocytes and cholangiocytes
depending on culture conditions, suggesting that they
are liver stem cells (20). Bipotential cell lines, referred
to as bipotential mouse embryonic liver cell (BMEL),
were also obtained after a long latency in culture of
foetal liver cells and they were shown to give rise to
both hepatocytes and cholangiocytes in recipient mice,
although the origin of BMEL was unknown (21).
These cell lines are used to study the mechanisms of
hepatocytic and/or cholangiocytic differentiation from
liver stem cells.

In the past decade, a number of cell surface markers
for foetal liver cells have been found and used to pro-
spectively isolate and to localize them in the liver.
While some studies used transplantation assays to
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investigate the repopulation capacity, the ability to
form a colony and differentiate to both lineages
in vitro is a practical criterion to evaluate hepatoblasts
in most of these studies. In the case of haematopoietic
stem cells, a single purified stem cell can be shown to
propagate and give rise to all kinds of haematopoietic
cells for the long term in an irradiated recipient mouse,
providing clear evidence for stemness in vivo, that is
self-renewal ability and multi-lineage differentiation.
By contrast, as liver repopulation assays require a
large number of cells to be transplanted to demon-
strate engraftment capacity, rigorous proof of stem-
ness in vivo is difficult. Nonetheless, there is little
doubt that hepatoblasts possess capacities of liver
stem cells on the basis of numerous previous works
as described above (9—12, 15—19).

Differentiation of hepatoblasts to
cholangiocytes

Bile ducts are formed only around the portal vein, sug-
gesting that regionally specific signals induce cholangio-
cytes from hepatoblasts. Indeed, two signalling
pathways, TGFB/Activin and Notch, are specifically
activated in hepatoblasts near the portal vein. TGFf2
and TGFB3 are predominantly expressed in the portal
region (22), and the Onecut family of transcription
factors, HNF6 (OC-1) and OC-2, promote expression
of o2-macroglobulin and follistatin, inhibitors of the
TGFB/Activin pathway, in the parenchymal region
(23). DIkl™ hepatoblasts express Notch2, whereas
p75NTR™ periportal fibroblasts express Jagged-1 (24).
Forced expression of Notch intracellular domain in
DIk1* hepatoblasts resulted in differentiation to cho-
langiocytes (25). These results strongly suggest that
cholangiocyte differentiation is induced by Notch sig-
nalling in the periportal region. Although differen-
tiation of hepatoblasts to cholangiocytes by TGFpB
and Notch signalling occurs in mid-gestation, surpris-
ingly, hepatocytes turned to cholangiocytes and formed
ectopic duct structures in the parenchyma by Notch
activation after birth (26). These results indicate that
not only hepatoblasts but also hepatocytes are compe-
tent to differentiate to cholangiocytes at least by the
neonatal period (Fig. 2).

Immature cholangiocytes form a ductal plate, a
single cell layer, around the portal vein. Tubular
morphogenesis of bile ducts proceeds through the
rearrangement of a single layer of the ductal plate.
Recent studies on mice lacking Sox9, a transcription
factor, or Notch 2 in the liver indicated the second
wave of cholangiocyte differentiation adjacent to the
initial single layer of the ductal plate, which was regu-
lated by TGFB and Notch pathways and involved in
tubular morphogenesis. In a model proposed on the
basis of those studies, after the initial induction of
cholangiocytes near the portal vein, cholangiocyte dif-
ferentiation and tubular morphogenesis progress in
parallel (22, 26—30). However, the precise mechanisms
of bile duct morphogenesis have not been completely
understood.
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In addition, studies using mutant mice have impli-
cated transcription factors including HESI, HNF6,
HNF18, Tbx3, FoxA2 and A3, FoxM1b, Hex and
Sall4 in bile duct differentiation and/or morphogenesis
(31-38) (Fig. 3). Although a network of these tran-
scription factors and a link between transcription fac-
tors and Notch/TGFB pathways are being uncovered
(39), studies on gene expression and histology of
mutant mice are insufficient to understand how these
factors regulate complicated processes of tubulogen-
esis. As an alternative approach, in vitro culture
systems allowing hepatoblasts to form bile duct struc-
tures are helpful to understand the lineage commit-
ment of hepatoblasts and tubular morphogenesis
(22, 25, 40, 41).

Proliferation and differentiation of
hepatocytes in foetal liver

At an early stage of hepatogenesis, endothelial cells
contribute to the proliferation of hepatoblasts (8)
and the vast majority of hepatoblasts become paren-
chymal hepatocytes at a later stage. The liver paren-
chyma is covered with the mesothelium consisting of
the surface mesothelial cell (MC) layer, ALCAM ™ sub-
mesothelial cells and fibroblasts (42). At a later stage of
hepatogenesis, MCs seem to contribute to the expan-
sion of hepatoblasts (43). Foetal liver MCs are char-
acterized by the expression of a sialomucin, PCLPI,
and become adult liver MCs expressing mesothelin.
Comparison of the gene expression profiles between
foetal and adult MCs revealed that foetal PCLP1™
MCs express various growth factors for hepatocytes
such as Midkine and Pleiotrophin, and co-culture of
DIk1™" foetal hepatocytes with PCLP17 foetal MCs in
a transwell enhanced hepatocyte proliferation. Wilms’
tumour 1 (Wtl) knockout mice were embryonic lethal,
exhibiting impaired liver development. Cytokine pro-
duction by Wtl knockout MCs was reduced, while
proliferation of DIk1™ cells from Wtl knockout em-
bryos was normal in a co-culture with wild-type MCs,
indicating that defects in liver development of Wtl

Lineage determination Tubular morphogenesis
Biliary tree

Hepatoblast Biliary epithelial cell

Notch signal Tbx3 HNF1p HES1 Sox9

TGFB Hex R ? /TT

Sall4 0C-1/0C-2 Notch TGFB

Fig. 3 Bile duct development. There are two steps in bile duct
development. First, hepatoblasts are induced to differentiate to
biliary epithelial cells around the portal vein. This step is promoted
by TGFB and Notch signals as well as a transcription factor, Sall4,
whereas it is inhibited by two transcription factors, Tbx3 and Hex.
Biliary epithelial cells then undergo tubular morphogenesis and form
the biliary tree. Three transcription factors, HNF1B, HES-1 and
Sox9, are involved in tubular morphogenesis. The Notch signal is
upstream of all the three transcription factors, whereas OC-1 and
OC-2, and the TGF signal are upstream of HNF1B and Sox9,
respectively.
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knockout mouse are due to MCs. MCs were also
shown to delaminate and give rise to mesenchymal
cells in the liver (44). These results indicate that the
mesothelium is not only a protective sheet covering
the liver parenchyma but also actively involved in
liver organogenesis (Fig. 2).

Foetal liver is a major tissue for haematopoiesis, and
hepatocytes acquire various metabolic functions at
perinatal and postnatal stages. Mice lacking gp130,
the common receptor subunit of the IL-6 family cyto-
kines, develop liver with impaired functions, indicating
that some of the IL-6 family cytokines are required for
functional maturation of the liver (45). Oncostatin
M (OSM), a member of the IL-6 family, strongly
enhanced differentiation of foetal hepatocytes, while
liver development is normal in OSM-deficient mice,
suggesting that another member of the family may
play a similar role. In the foetal liver, immigrating
haematopoietic stem cells proliferate and produce
numerous blood cells with the help of liver cells includ-
ing hepatocytes and endothelial cells. Haematopoietic
activity in foetal liver declines with hepatocyte differ-
entiation (Fig. 2). As OSM is secreted from haemato-
poietic cells proliferating in the foetal liver and induces
differentiation of hepatocytes, it is likely that OSM
plays a role for coordination of liver development
and haematopoiesis (46).

Adult liver stem/progenitor cells

Adult liver has a potential to regenerate under condi-
tions of severe parenchymal loss, although hepatocytes
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and cholangiocytes are mitotically dormant under
normal conditions. Hepatocytes themselves have a
remarkable ability to self-replicate to restore liver
mass (47) and are capable of at least 80 doublings by
serial transplantation (48), allowing the liver to regen-
erate. Thus, the contribution of liver stem cells to
regeneration after partial hepatectomy (PH) seems to
be minimal if any. However, in liver injury that limits
this pathway there is an accompanying expansion of a
potential stem cell compartment in the periportal area,
which is known as ductular reaction (49—51) (Fig. 4).
These proliferating epithelial cells are often referred
to as oval cells in rodents because of their oval nucleus
(52). Upon activation of oval cells, they expand into
liver parenchyma from the portal area, and selective
damage of the periportal zone reduces oval cell prolif-
eration, supporting the notion that oval cells are
derived from the periportal region, in particular
canals of Hering that connect the bile canaliculus
and the biliary tree (53). In addition, an extrahepatic
origin of oval cells such as bone marrow was also sug-
gested (54); however, the exact origin of oval cells still
remains to be established. While oval cells have been
most extensively studied in rodents, similar cells have
been found in various human liver diseases, such as
chronic viral hepatitis, alcoholic liver disease, nonalco-
holic fatty liver disease and fulminant hepatitis, and
also implicated in tumourigenesis (55, 56). Oval cells
express both ALB and cytokeratin 19, which are hepa-
tocytic and cholangiocytic markers, respectively, and
are believed to differentiate to hepatocytic and biliary
lineages, similar to hepatoblasts in the embryonic liver.
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Fig. 4 Induction of oval cells. Oval cells and Thyl™ cells are simultaneously induced in severe liver damage conditions. The origin of oval cells is
still under debate. FGF7 is produced by Thyl™ cells in response to liver damage conditions, and oval cells receive its signal.
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Thus they are thought to be facultative stem/progeni-
tor cells in the adult liver (Fig. 4).

The nature of oval cells as liver stem cells was
debated in numerous reports of studies using various
rodent models. The 2-acetylaminofluoren (2-AAF)/PH
model, ie. blocking hepatocyte proliferation by
2-AAF prior to PH, has been extensively used to char-
acterize oval cells in rat (57, 58). However, the same
procedure does not induce oval cells in mice, and
alternative protocols such as a choline-deficient,
ethionine-supplemented (CDE) diet and 3,5-diethoxy-
carbonyl-1,4-dihydro-collidine (DDC) diet have been
developed to induce oval cells in mice (59—61).
Although the proliferating epithelial cells in the peri-
portal region upon injury by various insults are collect-
ively referred to as oval cells, it remains unclear
whether or not the oval cells in different species by
different protocols have common characteristics. A
major problem in characterizing oval cells was the
lack of appropriate cell surface markers to identify
and isolate the oval cell compartment.

In the rat 2-AAF/PH model, Dabeva et al. reported
that EpCAM™ oval cells are bipotential adult hepatic
progenitors (62, 63). Suzuki er al. (64) reported that
CD1337 cells isolated from DDC-treated mouse liver
could form large colonies in culture. These large
colony-forming cells gave rise to both hepatocytes
and cholangiocytes, while maintaining undifferentiated
cells by self-renewing cell divisions. In order to isolate
and characterize mouse oval cells, Okabe et al. (65)
searched for cell surface molecules expressed on oval
cells in mouse fed DDC diet. EpCAM was expressed in
both mouse normal cholangiocytes and oval cells, and
its related protein TROP2 was expressed exclusively in
oval cells, establishing TROP2 as a novel marker to
distinguish oval cells from normal cholangiocytes (65).
Some of the EpCAM™ cells isolated from injured liver
proliferate to form colonies in vitro, and the clonally
expanded cells differentiate into hepatocytes and
cholangiocytes, suggesting that the oval cell fraction
contains potential liver stem cells.

Interestingly, such cells with liver stem cell charac-
teristics are also found in EpCAM™ cells of the normal
liver. Intriguingly, comparison of the colony formation
of EpCAM™ cells between normal and injured livers
revealed little difference in the frequency of poten-
tial liver stem cell activity between them, strongly sug-
gesting that most of the proliferating mouse oval cells
represent transit-amplifying cells rather than stem
cells. Bipotential clonal cell lines can be obtained
from the healthy liver of adult mice and participate
in liver regeneration in severe combined immune-
deficient mice expressing urokinase-type plasminogen
by the ALB promoter, where they differen-
tiate in clusters of hepatocytes and occasionally bile
ducts (66). Kamiya et al. (67) found progenitor cells
in the CD137CD49f"CD133" subpopulation of non-
haematopoietic cells derived from postnatal livers.
These results demonstrate the existence, in normal
adult mouse liver, of a pool of clonogenic cells that
are (or can become) bipotential.

As mentioned above, oval cells are induced in liver
with severe or chronic damage. Chronic injury
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conditions in the liver are usually associated with in-
flammation, and the roles of lymphocytes and inflam-
matory responses in oval cell regulation have also been
suggested (68, 69). In accordance with this notion, sev-
eral kinds of inflammatory cytokines, such as tumour
necrosis factor (TNF)-a,, lymphotoxin-f, interferon-y
and IL-6, have been shown to modulate oval cell
response (70, 71). Perhaps the best established inflam-
matory cytokine to be involved in oval cell response
is a TNF family member ligand, TNF-like weak
inducer of apoptosis (Tweak). Thus, transgenic mice
overexpressing this cytokine in the liver exhibit peri-
portal oval cell hyperplasia, while administration of a
blocking anti-Tweak monoclonal antibody signifi-
cantly reduced oval cell response in mice fed DDC
diet (72). Furthermore, in mice lacking Fnl4, the
cognate receptor for Tweak, induction of oval cells
was attenuated in both DDC diet and CDE diet
models (72, 73). These inflammatory cytokines are
considered to function as part of the innate immune
system sensing damage to the tissue and serve as
the earliest signals for triggering the process of liver
regeneration (Fig. 4).

Mesenchymal cells such as stellate cells have long
been suggested to physically interact with oval cells
and thus considered to induce some signals in them
(53). Recent studies using several rat and mouse
models have demonstrated that a population of mes-
enchymal cells expressing thymus cell antigen-1
(Thy-1; also known as CD90) resides in close prox-
imity to and expands in parallel with oval cells (74)
(H. Takase, T. Itoh and A. Miyajima, unpublished
observation). Furthermore, these Thylt cells were
found to express FGF7, and its cognate receptor
FGFR2b was detected in oval cells. FGF7 knockout
mice showed a defect in oval cell response, while over-
expression of FGF7 in vivo in normal mouse liver
led to induction and proliferation of cells with markers
of oval cells in the periportal area. Together, these
results strongly suggest that FGF7 plays a key role
in adult liver stem/progenitor cell response as well as
that the Thyl™ cells may serve as the niche for oval
cells by providing this cytokine (Takase, H., Itoh, T.
and Miyajima A., unpublished observations). As a
signal related to oval cell response, several recent
studies have implicated the canonical Wnt/B-catenin
pathway in oval cell regulation (75—78) (Fig. 4). The
Wnt/B-catenin pathway is well known to play import-
ant roles in stem cell regulation including self-renewal
in various other organs and tissues, and also in car-
cinogenesis including liver tumours. In both rat and
mouse models, expression of some Wnt ligands in
damaged liver and concomitant activation of the
B-catenin pathway in oval cells were observed. In con-
ditional knockout mice lacking B-catenin in both hep-
atocytes and cholangiocytes, DDC diet-induced oval
cell response in the liver was significantly reduced, al-
though not completely abrogated. While several fac-
tors have been shown to be involved in oval cell
response, the precise modes of their actions and their
relationship are currently unclear and should be
determined.
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Concluding remarks

Traditionally, research on liver biology mostly relied
on relatively crude cell separation methods based on
cell density and centrifugation. In the last decade, iden-
tification of specific cell surface markers for each of
the liver cell types, production of corresponding mono-
clonal antibodies and cell sorting techniques have
together revolutionized the field and enabled us to per-
form much more detailed characterization of liver
cells, particularly non-parenchymal cells including the
stem/progenitor cells. It has also become possible to
analyse the modes of interaction among different
types of these cells in vivo by means of combinatorial
use of specific markers/antibodies as well as in vitro
with co-culture systems using the isolated viable cell
populations. Elucidation of the molecular basis for
the signals that regulate development, proliferation
and differentiation of liver stem/progenitor cells
should not only advance our understanding of the
basic pathophysiology of the liver but also help to es-
tablish better protocols to generate mature hepatocytes
and other liver cells in vitro for cell-based therapy,
transplantation and drug discovery.
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Antiobesity Effect of Eicosapentaenoic Acid in
High-Fat/High-Sucrose Diet-Induced Obesity

Importance of Hepatic Lipogenesis
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OBJECTIVE—Given the pleiotropic effect of eicosapentaenoic
acid (EPA), it is interesting to know whether EPA is capable of
improving obesity. Here we examined the anti-obesity effect of
EPA in mice with two distinct models of obesity.

RESEARCH DESIGN AND METHODS—Male C57BL/6J mice
were fed a high-fat/high-sucrose diet (25.0% [w/w] fat, 32.5%
[w/w] sucrose) (HF/HS group) or a high-fat diet (38.1% [w/w] fat,
8.5% [w/w] sucrose) (HF group) for 4-20 weeks. A total of 5%
EPA was administered by partially substituting EPA for fat in the
HF/HS + EPA and HF + EPA groups.

RESULTS—Both the HF/HS and HF groups similarly developed
obesity. EPA treatment strongly suppresses body weight gain
and obesity-related hyperglycemia and hyperinsulinemia in HF/
HS-fed mice (HF/HS + EPA group), where hepatic triglyceride
content and lipogenic enzymes are increased. There is no appre-
ciable effect of EPA on body weight in HF-fed mice (HF + EPA
group) without enhanced expression of hepatic lipogenic en-
zymes. Moreover, EPA is capable of reducing hepatic triglyceride
secretion and changing VLDL fatty acid composition in the
HF/HS group. By indirect calorimetry analysis, we also found
that EPA is capable of increasing energy consumption in the
HF/HS + EPA group.

CONCLUSIONS—This study is the first demonstration that the
anti-obesity effect of EPA in HF/HS-induced obesity is associated
with the suppression of hepatic lipogenesis and steatosis. Be-
cause the metabolic syndrome is often associated with hepatic
lipogenesis and steatosis, the data suggest that EPA is suited for
treatment of the metabolic syndrome. Diabetes 59:2495-2504,
2010

he metabolic syndrome has been defined as a
cluster of visceral fat obesity, impaired glucose
metabolism, atherogenic dyslipidemia (high
plasma triglyceride and low HDL cholesterol),
and hypertension (1). There is considerable evidence that
visceral fat obesity is a key etiological factor in the
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metabolic syndrome (2). Enhanced hepatic lipogenesis
and hepatic steatosis also appear to play an important role
in the pathogenesis of the metabolic syndrome (3). Indeed,
nonalcoholic fatty liver disease may constitute the com-
mon features of the metabolic syndrome.

Numerous epidemiological studies and clinical trials
have revealed that fish oil and n-3 polyunsaturated fatty
acids (PUFAs) reduce the risk of coronary heart disease
(4). Eicosapentaenoic acid (EPA), one of the major n-3
PUFAs contained in fish oil, has a variety of pharmacolog-
ical effects such as lipid-lowering (5), anti-platelet (6),
anti-inflammatory (7), and anti-atherogenic effects (8,9).
Recently, the Japan EPA Lipid Intervention Study (JELIS),
a large-scale prospective randomized clinical trial, demon-
strated that EPA delays the onset of cardiovascular events
via cholesterol-independent mechanisms (10,11), but the
molecular mechanisms remain to be elucidated. In a
recent sub-analysis of the JELIS, EPA had a great risk
reduction of coronary artery events of 53% in patients with
high triglycerides and low HDL cholesterol (11), suggest-
ing that EPA may be effective to reduce the incidence of
atherosclerosis in the metabolic syndrome. These findings
are supported by our recent observations that EPA admin-
istration results in decreases in remnant-like particle-
triglyceride, small dense LDL, and C-reactive protein and
an increase in adiponectin in patients with the metabolic
syndrome (12,13).

Given the pleiotropic effect of EPA it is interesting to
know whether highly purified EPA is capable of improving
obesity. There is currently a controversy as to the anti-
obesity effect of EPA; it has been effective (13,14), has
been ineffective (15), or has even increased visceral fat
accumulation (16). On the other hand, it is noteworthy that
EPA suppresses hepatic lipogenesis and steatosis by re-
ducing mRNA and active protein of sterol regulatory
element binding protein-1¢ (SREBP-1c¢) (17-19). We, there-
fore, examined the impact of hepatic lipogenesis on the
anti-obesity effect of highly purified EPA.

Here, we demonstrate that EPA strongly suppresses
body weight gain and obesity-related hyperglycemia and
hyperinsulinemia in high-fat (HF)/high-sucrose (HS)-in-
duced obese mice with enhanced hepatic lipogenesis but
not in HF-induced obese mice without enhanced hepatic
lipogenesis. This study is the first demonstration that the
anti-obesity effect of EPA is related to the suppression of
hepatic lipogenesis. Given that the metabolic syndrome is
often associated with hepatic lipogenesis and steatosis,
the data of this study suggest that EPA is suited for the
treatment of the metabolic syndrome.
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RESEARCH DESIGN AND METHODS

Highly purified EPA ethyl ester (purity >98%) was obtained from Nippon
Suisan Kaisha (Tokyo, Japan). Ethyl palmitate (purity >95%) was purchased
from Wako (Tokyo). Nine-week-old male C57BL/6J mice were obtained from
CLEA Japan (Tokyo) and acclimated for 1 week before the experiment. Mice
were housed under controlled temperature and lighting (0730-1930 light,
1930-0730 dark cycle) with free access to water and a fish meal-free diet (fish
meal-free F1: 44% fat; Funabashi Farm, Funabashi, Japan). All experiments
were carried out in accordance with the guidelines for the use and care of
laboratory animals of Mochida Pharmaceutical (numbers 1523, 1524, 2354,
and 2389).

Diets. The outline of experiments and composition of diets are in supplemen-
tary Tables 1 and 2, respectively (available in an online appendix at
http://diabetes.diabetesjournals.org/cgi/content/ful/db09-1554/DC1).

Plasma analysis. Blood samples were collected via the retro-orbital sinus of
nonfasted mice under light anesthesia every 2 weeks. Plasma glucose, total
cholesterol, triglycerides, free fatty acid, and insulin were determined by
commercially available kits. Plasma concentrations of leptin and adiponectin
were measured with the respective enzyme-linked immunosorbent assay kits
(leptin: Morinaga, Yokohama, Japan; adiponectin: R&D Systems, Minneapolis,
MN).

Hepatic triglyceride content. Liver lipids were extracted by the method of
Folch et al. (20). Hepatic triglyceride content was measured with a reagent
from Wako.

Gene expression analysis. Expression levels of some genes were deter-
mined by quantitative real-time PCR using primers and probes shown in
supplementary Table 3. Expression of other genes was determined using
TagMan gene expression assays (Applied Biosystems, Foster City, CA). The
assay IDs of TagMan (R) gene expression assays are shown in supplementary
Table 4. 18s rRNA was measured using TagMan (R) rRNA control reagents
(Applied Biosystems) as a control.

Enzymatic activities. Acyl-CoA oxidase, fatty acid synthase (FAS), and
hydroxyacyl-CoA dehydrogenase activities were measured spectrophoto-
metrically (21-23).

Cytoplasmic and nuclear protein extracts and Western blot analysis.
Cytoplasmic and nuclear proteins were extracted as described (24,25) with
slight modifications. The samples were equally pooled from all the mice of
each group (rn = 7-10), and then 30 pg protein per lane was separated by
SDS-PAGE. Western blot analysis was performed using anti-SREBP-1 anti-
body (H160; Santa Cruz Biotechnology, Santa Cruz, CA). We used anti-f-actin
(Cell Signaling Technology, Beverly, MA) and anti-TATA binding protein
(TBP) (Abcam, Cambridge, U.K.) antibodies as cytoplasmic and nuclear
controls, respectively. The blots were visualized with the ECL Western
blotting analysis system (GE Healthcare, Buckinghamshire, U.K.).

Indirect calorimetry analysis. The volumes of consumed O, (VO,) and
produced CO, (VCO,) were measured by indirect calorimetry using an
Oxymax system (Columbus Instruments, Columbus, OH). The O, and CO,
contents were recorded every 10 min from 1130 to 0900. Mice had unrestricted
access to food and water. The respiratory exchange ratio (RER) was calcu-
lated by VCO,/VO.,.

Glycerol release from white adipose tissue. Glycerol release from the
epididymal fat ex vivo was measured according to the method of Schweiger et
al. (26) with slight modifications.

Hepatic triglyceride secretion rate. A dose of 500 mg/kg tyloxapol (also
known as Triton WR-1339; Sigma-Aldrich, St. Louis, MO) in saline was injected
intravenously. Mice were fasted overnight before the injection. Immediately
before and 1 h after the injection, blood samples were collected and plasma
triglyceride concentrations were determined as described above. The hepatic
triglyceride secretion rate was calculated as described by Steiner et al. (27).
Fatty acid composition of VLDL. Blood samples were collected via the
inferior vena cava of mice 4 h after the tyloxapol injection. Plasma was
isolated, and VLDL fraction was obtained by ultracentrifugation, according to
the method of Werner et al. (28). Fatty acid composition was analyzed by gas
chromatography.

Statistical analysis. Data are presented as means * SE. ANOVA using a
split-plot model was used for the line plots of indirect calorimetry analysis
(Fig. 6C and E). Other data were assessed by a t test. P < 0.05 was considered
a significant difference.

RESULTS

Effect of EPA on HF/HS- and HF-induced obesity.
Both HF/HS and HF groups gained weight with increases
in the mesenteric, epididymal, retroperitoneal, and subcu-
taneous white adipose tissue (WAT) weights relative to the
control group after a 20-week feeding (experiments 1 and
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2) (Fig. 1A-D). There were no appreciable differences
between HF/HS and HF groups. The HF/HS-induced in-
creases in body weight and WAT weights were markedly
suppressed by treatment with EPA (HF/HS + EPA group).
By contrast, EPA treatment did not affect an HF-induced
increase in body weight and WAT weights (HF + EPA
group). In the HF/HS group, obesity-induced WAT inflam-
mation was evident, as revealed by elevated expression of
mRNAs for F4/80, monocyte chemoattractant protein-1
(MCP-1), and tumor necrosis factor-a. EPA treatment
markedly reduced F4/80 and MCP-1 mRNA expression in
WAT (Fig. 1E). In WAT from the HF group, expression of
F4/80, MCP-1, and tumor necrosis factor-a mRNAs was
elevated, which was not affected by EPA (Fig. 1F). In this
study, caloric intake in the HF/HS group was roughly
equivalent to that in the HF/HS + EPA group (Table 1).
Effect of EPA on HF/HS- and HF-induced metabolic
abnormalities. In experiment 1, the HF/HS group devel-
oped obvious hyperinsulinemia, hyperglycemia, and he-
patic steatosis, which were significantly improved by EPA
(HF/HS + EPA group) (Fig. 24, C, and E). The liver
weights after a 20-week feeding were 1.33 = 0.03, 3.10 =
0.30, and 1.42 = 0.06 g in the control, HF/HS, and HF/HS +
EPA groups, respectively (n = 10 for the control and
HF/HS groups, n = 7 for the HF/HS + EPA group; P < 0.01
for the control group versus HF/HS group and the HF/HS
group versus HF/HS + EPA group). Similarly, the HF
group developed hyperglycemia and hyperinsulinemia,
however, EPA had a marginal impact on HF-induced
hyperglycemia and hyperinsulinemia (Fig. 2B and D).
Although EPA treatment ameliorated hepatic steatosis in
the HF group (Fig. 2F), liver weight was not decreased by
EPA (data not shown). Plasma leptin concentrations were
markedly elevated in the HF/HS group relative to the
control group and were significantly reduced by EPA (P <
0.01) (Table 1). Although HF/HS did not affect plasma
adiponectin concentration, EPA treatment resulted in an
~1.5-fold elevation of plasma adiponectin (Table 1), which
is consistent with our previous report (13).

Effect of EPA on gene expression in the HF/HS group.
Enhanced expression of genes related to B-oxidation (29),
uncoupling proteins (UCPs) (30), and glucose oxidation
(31) are known to suppress obesity. However, they were
not reduced or rather elevated in the liver and WAT from
the HF/HS group relative to the control group (Fig. 3A and
E). Moreover, in the skeletal muscle, except UCP-3, gene
expression was not increased by EPA treatment (HF/HS +
EPA group) relative to the HF/HS group (Fig. 3C). These
observations suggest that enhancement of B-oxidation,
UCPs, and glucose oxidation does not play a major role in
the anti-obesity effect of EPA.

Enhanced lipolysis may promote the degradation of
triglycerides accumulated in WAT, thereby leading to
the suppression of obesity. Expression of mRNAs for
hormone-sensitive lipase and adipose triglyceride lipase in
WAT from the HF/HS group did not differ significantly
from that in the control group. On the other hand, expres-
sion of mRNAs for the B3-adrenergic receptor (B3-AR),
triglyceride hydrolase (TGH)-1, and TGH-2 in the HF/HS
group was significantly lower than in the control group
(P < 0.01), which was reversed in the HF/HS + EPA group
(Fig. 3E).

It is also possible that enhanced lipogenesis promotes
energy accumulation through triglyceride synthesis from
diet-derived carbohydrates and fatty acids, thereby stimu-
lating obesity and WAT accumulation. In WAT, there was
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FIG. 1. Effect of EPA on HF/HS- and HF-induced obesity. A and B: Body weight change. C and D: WAT weights. E and F: Proinflammatory gene
expression in the epididymal WAT. n = 7-10. P < 0.05; P < 0.01 vs. control group. **P < 0.01 vs. HF (/HS) group.

no appreciable difference in acetyl-CoA carboxylase
(ACC)-1 and FAS mRNA expression between the HF/HS
and control groups. Expression of ACC-1 and FAS mRNAs
was not increased in the HF/HS + EPA group relative to
the HF/HS group. Stearoyl-CoA desaturase (SCD)-1 mRNA
expression in the HF/HS group was elevated relative to the
control group, which was unaffected by EPA treatment
(Fig. 3E). In the liver, ACC-1, FAS, and SCD-1 mRNA
expression in the HF/HS group was elevated relative to the
control group, which was reduced by EPA treatment
(HF/HS + EPA group) (Fig. 3A). In this study, hepatic
SREBP-1 protein, a master regulator of lipogenic enzymes,
was also increased in the HF/HS group, which was re-
duced by EPA treatment (Fig. 3F).

diabetes.diabetesjournals.org

Effect of EPA on enzymatic activity in the HF/HS
group. In this study, elevated enzymatic activities of
hepatic FAS and acyl-CoA oxidase in the HF/HS group
were reduced by EPA treatment (Fig. 3B). Elevated activ-
ities of hydroxyacyl-CoA dehydrogenase in the skeletal
muscle from the HF/HS group was also reduced by EPA
treatment (Fig. 3D).

Effect of EPA on gene expression and enzymatic
activity in the HF group. We next examined mRNA
levels and activities of lipogenic enzymes in the HF group,
where EPA did not improve obesity and WAT accumula-
tion (Fig. 1B and D). Notably, expression of mRNA for
lipogenic enzymes and FAS activity in the liver were not
elevated in the HF group relative to the control group (Fig.
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TABLE 1

Food intake and plasma parameters in experiment 1 and 2 at 18 weeks of feeding

Experiment 1

Experiment 2

Control HF/HS HF/HS + EPA Control HF HF + EPA
Food intake (kcal/day/mouse) 8.56 11.15 10.58 9.84 12.72 13.96
Leptin (ng/ml) 4.60 = 0.82  44.60 = 543+ 1546 * 2.74%* 6.46 = 0.67 47.02 = 5.391F  36.24 = 5.55
Adiponectin (pg/ml) 10.05 = 0.59 10.78 + 0.51 15.00 = 1.45*% 10.85 = 0.92 14.51 = 0.767+ 15.33 = 1.03
Total cholesterol (mg/dl) 96.8 = 5.8 2364 + 9.671  104.6 = 5.5%* 101.6 = 3.7 193.6 = 7.3+%  109.2 * 7.2%*
Triglyceride (mg/dl) 157.2 = 9.2 105.6 = 8.1%+ 80.6 = 3.7* 143.6 = 11.6 1132 + 124 88.0 = 4.6
Free fatty acid (mEq/1) 0.695 = 0.060 0.771 = 0.053  0.593 + 0.038*  0.670 = 0.022  0.681 = 0.059  0.663 + 0.025

Data are means + SE (n = 7-10), except for food intake. The results of the food intake are presented as means of two cages. P < 0.01

vs. the control group; *P < 0.05; **P < 0.01 vs. the HF (/HS) group.

4A and B). Moreover, the hepatic nuclear SREBP-1 protein
was reduced by a HF diet (Fig. 4F), suggesting that HF diet
induces obesity without enhancement of hepatic lipogen-

esis. Although EPA reduced FAS activity, mRNA of lipo-
genic enzymes was not affected by EPA (Fig. 44 and B).
Treatment with EPA did not affect the activities of B-oxi-
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FIG. 2. Effect of EPA on HF/HS- and HF-induced metabolic abnormalities. A and B: Plasma insulin. C and D: Plasma glucose. E and F: Hepatic
triglyceride content. TP < 0.05; t1P < 0.01 vs. control group. *P < 0.05; **P < 0.01 vs. HF (/HS) group.

2498 DIABETES, VOL. 59, OCTOBER 2010

diabetes.diabetesjournals.org

— 170 —




A. SATO AND ASSOCIATES

A HF/HS uep B 4.
201 Ll
5¢ L ' M
g 3. Lipogenesis i o
o ! S
2 301 p-oxidation o i Z 15
Q 25¢f Glucose oxidation @
X £
o E 1.0
2 :
T 2 0.5
3
2 :
= i SRR - ‘ - 0.0
o -
$2: 358¢% 38 2 Ao Fas
« O F o o v o
= g >y 2
B-Oxidation UCPs
5§ 25¢ . * ‘E 20t *
w0 o
(7] R
o 2.0+ tt Tt Q V‘"l
a 1t $ 1.5}
x _—
15} J Glucose oxidation =
< P Vi >1.0]
< \ \ \ N
z o\ N A 5
€ \ \ \ 2 05}
0.5H N \ N c
2 \ N \ @
it 1 :
@ ool NN \ \ = 0.0
= o] Q © o n = o © HAD
¢ § & & % E 5 8
= % o = =
E UCPs E
i
_E 5t Lipogenesis L Wi B e | Pre SREBP-1
§ 4} B-Oxidation " 5 ctin
o w ’
<3t Lipolysis
; 2t t 11 e “‘ Mature SREBP-1
{ . . ]
% | 11 ] | Tep
T o LNLINIIN \ \ Al ' . Control HF/HS HF/HS
£'%8s ez 17 f:lds
< 9 O 0O O ; I
= 2 - 2 5 53 a o <

OControl B HF/HS BHF/HS+EPA
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dation enzymes in the liver and muscle or the mRNA
expression of lipogenesis or lipolysis-related proteins in
WAT from the HF group (Fig. 4B-D). Expression of
mRNAs for B3-AR and TGH-1 in WAT from the HF group
was lower than in the control group. TGH-2 mRNA expres-
sion tended to be low relative to the control group, but the
difference was not statistically significant (Fig. 4D).

Effect of EPA on triglyceride secretion and VLDL
fatty acid composition in the HF/HS group. In the liver,
triglycerides are synthesized via lipogenesis and secreted
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as VLDL, which in turn delivered to peripheral tissues such
as WAT. Evidence has suggested that some species of fatty
acids affect triglyceride accumulation in adipocytes (32).
We therefore examined hepatic triglyceride secretion and
VLDL fatty acid composition in the HF/HS group (experi-
ment 3). We found the enhanced secretion of triglycerides
in the HF/HS group relative to the control group (Fig. 54).
Analysis of VLDL fatty acid composition revealed that
palmitic (C16:0), palmitoleic (C16:1 n-7), and oleic acids
(C18:1 n-9) are increased and stearic acid (C18:0) is
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decreased in the HF/HS group relative to the control group
(Fig. 5B). In this study, EPA (C20:5 n-3) was markedly
increased in VLDL obtained from the HF/HS + EPA group
relative to the HF/HS and control groups. Increased he-
patic triglyceride secretion and the aberrant VLDL fatty
acid composition in the HF/HS group were all reversed by
EPA treatment (Fig. 54 and B). Linoleic acid (C18:2 n-6)
was markedly decreased in both HF/HS and HF/HS + EPA
groups relative to the control group.

Effect of EPA on WAT lipolysis in the HF/HS group.
Because reduced expression of B3-AR, TGH-1, and TGH-2
mRNAs in WAT from the HF/HS group was restored by
EPA treatment (Fig. 3F), we examined the effect of EPA
on WAT lipolysis in the HF/HS group (experiment 4).
There was no significant difference in glycerol release ex
vivo between HF/HS and control groups (Fig. 6A). Treat-
ment with isoproterenol, a B-AR agonist, stimulated glyc-
erol release in the control group, which was markedly
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FIG. 4. Effect of EPA on energy metabolism-related genes in the HF groups. A
and B: Liver. C: Skeletal muscle. D: Epididymal WAT. E: Hepatic SREBP-1
protein in the HF group. n = 10. P < 0.05; 1P < 0.01 vs. control group. **P <
0.01 vs. HF group. ACO, acyl-CoA oxidase.

reduced in the HF/HS group. Interestingly, glycerol release
with or without isoproterenol stimulation was higher in
the HF/HS + EPA group than in the HF/HS group (Fig. 6A).
Effect of EPA on energy consumption in the HF/HS
group. There was a marked difference in energy accumu-
lation between HF/HS and HF/HS + EPA groups, despite
similar caloric intake (Fig. 1 and Table 1). However,
except UCP-3 in the skeletal muscle, gene expression of
B-oxidation enzymes and UCPs were unchanged by EPA
treatment (Fig. 3A, C, and E). Furthermore, the activities
of B-oxidation-related enzymes were reduced by EPA
(Fig. 3B and D). We, therefore, examined the effect of EPA
on O, consumption and RER using indirect calorimetry
(experiment 4). HF/HS feeding increased O, consumption
and significantly reduced RER 6 weeks after the experi-
ment (Fig. 6C-F). In this study, EPA treatment signifi-
cantly increased the HF/HS-induced O, consumption and
inhibited the HF/HS-induced decrease in RER throughout
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FIG. 5. Effect of EPA on triglyceride secretion rate (TGSR) and VLDL
fatty acid composition in the HF/HS group. A: TGSR. B: VLDL fatty acid
composition. n = 6. TP < 0.05; {tP < 0.01 vs. control group. *P < 0.05;
**P < (.01 vs. HF/HS group.

the experimental period (P < 0.01; 130 data points per
mouse) (Fig. 6C and E). The mean values of RER for the
light and dark cycles in the HF/HS + EPA group were
significantly higher than those of the HF/HS group (P <
0.01) (Fig. 6F), whereas there was no significant difference
in mean values of VO, between HF/HS and HF/HS + EPA
groups (Iig. 6D). EPA also significantly increased O,
consumption 2 weeks after the experiment (P < 0.01)
(data not shown).

After 8 weeks of feeding, expression levels of mRNA of
UCP-1 in brown adipose tissue (BAT) were unchanged by
the HF/HS and HF/HS + EPA groups (Fig. 6B). There was
no significant difference in UCP-3 mRNA expression in the
skeletal muscle among control, HF/HS, and HF/HS + EPA
groups (data not shown). EPA also suppressed body
weight gain (control group, 28.47 *+ 0.64 g; HF/HS group,
35.73 = 0.99 g; HF/HS + EPA group, 30.78 = 0.59 g) and
epididymal WAT accumulation (control group, 0.36 =
0.04 g; HF/HS group, 1.51 *= 0.14 g; HF/HS + EPA group,
0.80 = 0.07 g) (experiment 4). There was no appreciable
difference in caloric intake among control, HF/HS, and
HF/HS + EPA groups (control group, 14.48 * 2.03 kcal/
day/mouse; HF/HS group, 13.76 = 0.24 kcal/day/mouse;
HF/HS + EPA group, 12.36 = 0.67 kcal/day/mouse).

DISCUSSION

This study demonstrates that hepatic steatosis is more
severe in the HF/HS group than in the HF group. Hyper-
insulinemia also develops more rapidly in the HF/HS group
than in the HF group, although both HF/HS and HF groups
similarly develop obesity and WAT accumulation. In this
study, we found that EPA ameliorates HF/HS-induced
obesity, WAT inflammation, fatty liver, hyperinsulinemia,
and hyperglycemia. By contrast, there is no effect of EPA
on obesity in the HF group. These observations indicate
the differential effect of EPA on metabolic parameters
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between HF/HS and HF groups. Expression and activities
of hepatic lipogenic enzymes are increased in the HF/HS
group, which are abolished by EPA treatment. By contrast,
expression of hepatic lipogenic enzymes is not increased
in the HF group, where EPA is ineffective against visceral
fat accumulation and obesity. It seems that the lower
expression of SREBP-1 in the HF/HS + EPA group results
in the reduction of hepatic lipogenic enzymes. These
observations, taken together, suggest that suppression of
enhanced hepatic lipogenesis contributes to the anti-
obesity effect of EPA. It is noteworthy that mice with
liver-specific disruption of SCD-1 are resistant to high-
carbohydrate diet-induced obesity but are sensitive to HF
diet-induced obesity (33). In this study, we confirmed that
EPA markedly reduces hepatic lipogenic enzymes includ-
ing SCD-1. The phenotypic effect of liver-specific defi-
ciency of SCD-1 is similar to that observed in this study,
thereby supporting the concept that EPA exerts the anti-
obesity effect at least in part through the suppression of
hepatic lipogenesis.

Deficit of lipogenic enzymes or administration of lipo-
genic enzyme inhibitors has been reported to inhibit
obesity. For instance, administration of FAS inhibitors
lowers body weight by reducing food intake (34). Global
deficiency of ACC-2 (35) or SCD-1 (36) or administration
of antisense oligonucleotide against SCD-1 (37) also shows
resistance to obesity through enhanced expression of
B-oxidation enzymes or UCPs. On the other hand, neither
anorectic effect nor upregulation of B-oxidation enzymes
or UCPs has been reported with EPA. Then, how does
reduced hepatic lipogenesis inhibit obesity or triglyceride
accumulation in WAT? Here, we demonstrated that EPA
markedly suppresses the HF/HS-induced hepatic triglycer-
ide secretion and palmitic, palmitoleic, and oleic acids in
VLDL. In this study, despite the enhanced hepatic lipogen-
esis and triglyceride secretion, plasma triglyceride concen-
trations are reduced in the HF/HS group relative to the
control group. This may be because of HF/HS-induced
activation of lipoprotein lipase in WAT, as suggested
elsewhere (38). Previous studies with mice lacking VLDL
receptor or apolipoprotein E demonstrated that VLDL
metabolism is closely related to obesity (39,40). There are
also several previous reports showing the relationship
between triglycerides delivered from the liver and fat
accumulation in the adipose tissue. For instance, obese
subjects have exhibited enhanced VLDL-triglyceride secre-
tion from the liver (41). Moreover, adenoviral overexpres-
sion of diacylglycerol-acyl transferase-1, which catalyzes
the final step of hepatic triglyceride synthesis, has resulted
in enhanced VLDL-triglyceride secretion and thus obesity
(42). On the other hand, there is a report that triglyceride
accumulation in WAT is enhanced by a certain species of
fatty acids such as oleic and palmitic acids, among which,
oleic acid tends to induce triglyceride accumulation in
3T3-L1 adipocytes (32). Moreover, plasma content of
palmitoleic acid is positively correlated with obesity in
humans (43,44). In this study, we showed that hepatic
expression of SCD-1 is enhanced in the HF/HS group and
is markedly suppressed by EPA. SCD-1 is known to
catalyze the conversion from stearic and palmitic acids to
oleic and palmitoleic acids, respectively. Increased oleic
and palmitoleic acids in VLDL and hepatic gene expression
of SCD-1 in the HF/HS group are both suppressed by EPA.
It is, therefore, conceivable that increases in the quantity
(i.e., secretion rate) and quality (i.e., fatty acid composi-
tion) of triglycerides delivered from the liver contribute to
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triglyceride accumulation and thus obesity in the HF/HS
group. Collectively, we speculate that the anti-obesity
effect of EPA is due at least in part to its impact on the
quantity and quality of triglycerides through the suppres-
sion of hepatic lipogenesis.

Lipogenesis is an efficient means to transform the energy
accumulated in the body but not to consume energy. Because
EPA results in marked reduction of body weight and fat
accumulation in the HF/HS group, it is obligatory that EPA
consumes energy. Here, we demonstrated that EPA en-
hances energy consumption and reverses the decreased RER
in the HF/HS group. In this regard, Rustan et al. (45) reported
that treatment with docosahexaenoic acid + EPA increases
RER, but they did not show increased energy consumption.
These observations suggest that energy accumulated not as

2502 DIABETES, VOL. 59, OCTOBER 2010

triglycerides is consumed inside and/or outside the liver.
Enhanced energy consumption accompanied by enhanced
expression of B-oxidation enzymes and UCPs was reported
in SCD-1 knockout mice (36) and mice treated with antisense
oligonucleotides of SCD-1 (37). In this study, although EPA
strongly suppresses hepatic SCD-1 mRNA expression, it does
not enhance {3-oxidation enzymes and UCPs. There are
appreciable changes in gene expression, which suggests the
EPA-induced increase in energy consumption. Expression of
B-oxidation and glucose oxidation genes in the liver, skeletal
muscle, and WAT is not increased by EPA treatment. More-
over, activities of acyl-CoA oxidase and hydroxyacyl-CoA
dehydrogenase in the liver and skeletal muscle, respectively,
were reduced by EPA, suggesting a minor contribution of
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B-oxidation to enhanced energy consumption. This discus-
sion is also supported by increased RER by EPA.

Expression of mRNAs for UCPs except UCP-3 in the
skeletal muscle is not also increased when treated with
EPA. Although UCP-3 mRNA expression in the skeletal
muscle is only slightly increased by EPA (experiment 1),
EPA fails to enhance expression of UCP-3 mRNA in the
skeletal muscle as well as UCP-1 mRNA in BAT in exper-
iment 4, suggesting a minor contribution of UCPs to
EPA-induced energy consumption. In this regard, our
preliminary data show no significant increase in O, con-
sumption in the HF + EPA group relative to the HF group
(data not shown). These observations, taken together,
suggest that the suppressed hepatic lipogenesis is related
to enhanced energy consumption in the HF/HS + EPA
group. The molecular mechanisms by which EPA en-
hances energy consumption remain to be elucidated. We
also found that EPA only partly restores the otherwise
reduced WAT lipolysis in the HF/HS group. Similar to the
HF/HS group, B3-AR, TGH-1, and TGH-2 mRNA expression
is reduced in the HF group, but EPA fails in the restoration
of the reduced gene expression. These observations sug-
gest that EPA restoration of lipolysis is the consequence of
the anti-obesity effect of EPA.

The mechanism underlying the anti-obesity effect of
EPA has not been extensively studied, and the anti-obesity
effect of EPA reported so far is somewhat controversial.
Indeed, there is a report showing that EPA does not
prevent visceral fat accumulation in rats with HF/HS-
induced obesity, where EPA was administered for a much
shorter period of time (15). On the other hand, Oh-i et al.
(16) reported that EPA promotes body weight gain in rats
fed an HF diet through the reduction of brain leptin
transport or leptin resistance. The authors used diet
without carbohydrate such as sucrose and fructose, when
EPA may not exert the anti-obesity effect. In this study, the
fatty acid composition was different between the HF/HS
and HF diets used. Although the difference might modify
the phenotype of our models, this would not invalidate our
conclusion on the association between the anti-obesity
effect of EPA and suppression of hepatic lipogenesis. In
analyzing the anti-obesity effect of EPA, we should be
careful of the doses of EPA administered, period of
administration, species of animals used, etc., in addition to
the proportion of sucrose versus fat in the diet.

Given that hepatic lipogenesis in the HF group was
roughly comparable to that in control group, it is likely
that hepatic lipogenesis is less associated with HF-induced
obesity. This may be related to no appreciable anti-obesity
effect of EPA in the HF group, even with a downregulation
of hepatic lipogenic genes. In this regard, Kuda et al. (46)
reported that treatment with fish oil tends to prevent
HF-induced body weight gain, although not with statistical
significance. This may be because of the potential differ-
ence in the anti-obesity effect between EPA used in this
study and fish oil or the doses of administration. On the
other hand, EPA reduced hepatic triglyceride in both the
HF/HS and HF groups. Rustan et al. (47) reported that EPA
inhibits incorporation of other fatty acids into triglyceride,
which may explain the EPA-induced reduction of hepatic
triglyceride accumulation in the HF group.

In conclusion, this study is the first demonstration that
EPA prevents visceral fat accumulation and obesity, possibly
through the suppression of hepatic lipogenesis and enhance-
ment of energy consumption (Fig. 7). Because the metabolic
syndrome is often associated with enhanced lipogenesis and
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FIG. 7. Possible mechanism underlying the anti-obesity effect of EPA.
EPA prevents WAT accumulation in HF/HS-induced obese mice possi-
bly through the suppression of hepatic lipogenesis and enhancement of
energy consumption.

steatosis or nonalcoholic fatty liver disease, this study sug-
gests that EPA may be effective to improve visceral fat
accumulation and hepatic steatosis in patients with the
metabolic syndrome. Our data also suggest that EPA is suited
for the treatment of the metabolic syndrome.
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ABSTRACT

The adipose tissue secretes a large number of bioac-
tive substances, adipocytokines, which may be in-
volved in a variety of physiologic and pathologic pro-
cesses. Unbalanced production of pro- and anti-inflam-
matory adipocytokines seen in visceral fat obesity
contributes critically to the development of the meta-
bolic syndrome. Evidence has accumulated indicating
that obesity is associated with a state of chronic, low-
grade inflammation, suggesting that inflammation may
be a potential mechanism, whereby obesity leads to in-
sulin resistance. Indeed, obese adipose tissue is char-
acterized by adipocyte hypertrophy, followed by in-
creased angiogenesis, immune cell infiltration, extra-
cellular matrix overproduction, and thus, increased
production of proinflammatory adipocytokines during
the progression of chronic inflammation. The dynamic
change found in the adipose tissue can be referred to
as “adipose tissue remodeling,” in which stromal cells
change dramatically in number and cell type during the
course of obesity. Among stromal cells, infiltration of
macrophages in the adipose tissue precedes the de-
velopment of insulin resistance in animal models, sug-
gesting that they are crucial for obesity-related adipose
tissue inflammation. We have demonstrated that a
paracrine loop involving saturated fatty acids and TNF-«
derived from adipocytes and macrophages, respec-
tively, aggravates obesity-induced adipose tissue in-
flammation. Notably, saturated fatty acids, which are
released from hypertrophied adipocytes via the mac-
rophage-induced lipolysis, serve as a naturally occur-
ring ligand for TLR4 complex, thereby activating mac-
rophages. Understanding the molecular mechanism
underlying adipose tissue remodeling may lead to the
identification of novel, therapeutic strategies to pre-
vent or treat obesity-induced adipose tissue inflam-
mation. J. Leukoc. Biol. 88: 33-39; 2010.

Abbreviations: ATF3=activating transcription factor 3, CLS=crown-

ike structure, DAMP=damage-associated molecular pattern, EPA=
eicosapentaenoic acid, ER=endoplasmic reticulum, HMGB1=high-mobility
group box-1, MKP-1=MAPK phosphatase-1, PAMP=pathogen-associated
molecuar pattern , PPARYy/8=peroxisome proliferator-activated receptor
v/8, PRR=pattern-recognition receptor, SI00A8/A2=5100 calcium-binding
protein A8/A9, SVF=stromal vascular fraction
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Introduction

The metabolic syndrome is a constellation of visceral fat obe-
sity, impaired glucose metabolism, atherogenic dyslipidemia,
and blood pressure elevation, which all increase independently
the risk of atherosclerotic diseases, such as ischemic heart dis-
ease and cerebral stroke [1-5]. The molecular basis for the
clustering of such independent risks of atherosclerosis has not
been fully elucidated, and visceral fat obesity is considered
most important [1-5]. Evidence has accumulated indicating
that obesity is associated with a state of chronic, low-grade in-
flammation, suggesting that inflammation may be a potential
mechanism, whereby obesity leads to insulin resistance [1-4].

Adipose tissue secretes a large number of adipocytokines
such as leptin, MCP-1, and adiponectin, which may be in-
volved in a variety of physiologic and pathologic processes
[1-3, 5, 6]. Unbalanced production of pro- and anti-inflamma-
tory adipocytokines seen in visceral fat obesity critically con-
tributes to the development of many aspects of the metabolic
syndrome [1-5]. There is considerable evidence that obese
adipose tissue is markedly infiltrated by macrophages; they
may participate in the inflammatory pathways that are acti-
vated in the adipose tissue [7-9]. Notably, macrophage infiltra-
tion and inflammation-related gene expression in the adipose
tissue precede the development of insulin resistance in animal
models [7, 8], suggesting that infiltrated macrophages are an
important source of inflammation in the adipose tissue. This
review summarizes the role of macrophages in adipose tissue
inflammation.

ADIPOSE TISSUE REMODELING

In addition to lipid-laden, mature adipocytes, the adipose tis-
sue is composed of various cell types; the remaining SVF in-
cludes preadipocytes, endothelial cells, fibroblasts, and im-

mune cells [10]. In contrast to “acute inflammation,” which
resolves by an active termination program [11], “chronic in-
flammation” is characterized by sustained interaction between

1. Correspondence: Department of Molecular Medicine and Metabolism,
Medical Research Institute, Tokyo Medical and Dental University, 1-5-45
Yushima, Bunkyo-ku, Tokyo 113-8510, Japan. E-mail: ogawa.mmm@mri.
tmd.ac jp

Volume 88, July 2010 Journal of Leukocyte Biology 33

— 177 —



