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Fig. 1. The effects of Y27632 on the migration of SW480 and HT29 colon cancer cells.
The SW480 (A) and HT29 (B) cells (5x 10* per well) were seeded in the upper Boyden
chamber in DMEM containing 10% fetal calf serum, and after 24 h incubation, various
concentrations of Y27632 were added to the bottom chamber and cells were incubated
for an additional 48 h at 37 °C. Next, the remaining cells on the upper surface of the
membrane were mechanically removed, and the cells that had migrated to the lower
surface of the membrane were fixed and stained with hematoxylin. The average
number of migrated cells from 5 randomly chosen fields on the lower surface of the
membrane was counted. Each value represents the meanZSEM. of triplicate
independent determinations. * indicates a significant increase (P<0.05) compared
with the control (lane 1, respectively).

migration and vascular permeability, all of which can lead to
metastasis (Pourgholami and Morris, 2008). Therefore, we next
measured the VEGF concentration in the medium of SW480 cells to
determine whether these cells are able to produce VEGF. After
incubation of the cells in the medium containing 10% fetal calf serum,
they were cultured in fresh medium without serum for the indicated
periods. As a result, the VEGF concentration was gradually increased
(Fig. 2A, open circle), thus suggesting that SW480 cells can produce
VEGF.

Since we found that Y27632 caused the migration of colon cancer
cells (as described above; Fig. 1), we next investigated the effect of
Y27632 on VEGF release from SW480 cells. However, Y27632 did not
affect its release (Fig. 2A, closed circle). This suggests that the increase
in migration by the cells incubated with Y27632 is not due to an
increase in VEGF release from the SW480 cells.

3.3. Effect of exogenous VEGF on Rho-kinase activity in SW480 colon
cancer cells

We next examined the effect of exogenous VEGF on the levels of
phosphorylated MYPT-1, which is a component of myosin phospha-
tase and well known as a downstream substrate of Rho-kinase (Riento
and Ridley, 2003). We observed that MYPT-1 was phosphorylated
even in untreated SW480 cells (Fig. 2B, lane 1), which is consistent
with our previous study (Nakashima et al., 2010). However, when the
cells were exposed to exogenous VEGF, the phosphorylated levels of
MYPT-1 was not affected (Fig. 2B, lane 2 compared to lane 1). We also
examined the effect of various concentrations of VEGF for different
periods of time (up to 180 min) on the phosphorylation of MYPT-1,
but did not observe any increase in the phosphorylation level (data
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Fig. 2. (A) The effect of Y27632 on VEGF release in SW480 colon cancer cells. After
incubation in the medium containing 10% fetal calf serum, the cells were cultured in
fresh medium without serum and incubated for the indicated periods. The respective
media were then collected, and the VEGF concentration was measured by ELISA {see
Materials and Methods). Open circle (O): untreated control cells. Closed circle (®):
3 1M of Y27632-treated cells. Each value represents the mean=S.EM. of triplicate
independent determinations. (B) The effects of VEGF and Y27632 on the phosphor-
ylation of MYPT-1 in SW480 colon cancer cells. SW480 cells were pretreated with
various concentrations of Y27632 for 60 min, followed by exposure to 20 ng/mL of
VEGF or vehicle for 20 min. The extracts of cells were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were then subjected to the
Western blot analysis with antibodies against phospho-specific MYPT-1, MYPT-1 and
GAPDH.

not shown). However, we verified that Y27632 clearly suppressed the
phosphorylation of MYPT-1 at a concentration of 1uM or greater
(Fig. 2B, lanes 3 to 6), while Y27632 did not affect the total protein
levels of MYPT-1 (Fig. 2B, lower panel). Based on our findings, it is
most likely that Rho-kinase is generally in an activated state in
unstimulated SW480 cells, and exogenous VEGF therefore has little
effect on the activation of Rho-kinase in these cells.

3.4. Effect of Rho-kinase inhibitor on the localization of focal adhesion
components in SW480 colon cancer cells

We next performed an immunofluorescence microscopy study to
observe the abundance and localization of several cytoskeletal
proteins, such as vinculin, because cell migration involves changes
in the cytoskeleton and cell adhesion (Ridley et al.,, 2003). In untreated
SW480 cells, vinculin, which is a characteristic feature of focal
adhesion formation (Brew et al., 2009), was strongly stained on focal
adhesions around the cell periphery (Fig. 3, panel 1), where the stress
fiber terminates (Brew et al, 2009). When SW480 cells were
pretreated with Y27632, there was a marked loss in the size and
number of focal adhesions (as indicated by vinculin staining) around
the cell periphery (Fig. 3, panel 2 compared to panel 1). Moreover, the
expression and localization of phosphorylated caveolin-1, another
component of the focal adhesion complex (Joshi et al.,, 2008), were
similar to vinculin (Fig. 3, panel 3), and incubation with Y27632 also
caused the loss of the localization of phosphorylated caveolin-1
(Fig. 3, panel 4).

Several non-receptor protein kinases, including members of the
Src family and FAK, are involved in the organization of molecular
adhesion complexes (Burridge and Chrzanowska-Wodnicka, 1996;
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Fig. 3. The effect of Y27632 on the formation of focal adhesion complexes in SW480
colon cancer cells. SW480 cells grown on coverslip-bottom dishes were incubated with
(panels 2, 4 and 6) or without Y27632 (panels 1, 3 and 5) for 60 min at 37 °C. After
fixation, the cells were exposed to anti-vinculin antibodies (panels 1 and 2), anti-
phospho-caveolin-1 antibodies (panels 3 and 4) and anti-phosphotyrosine antibodies
(panels 5 and 6), followed by exposure to Alexa Fluor 488® conjugated secondary
antibodies and DAPI for 60 min. The cells were then examined by fluorescence
MiCcroscopy.

Humphries et al., 2007) and they regulate the signaling events that
occur at focal adhesions (Wozniak et al., 2004). To examine the effect
of Y27632 on the localization of tyrosine-phosphorylated proteins at
focal adhesions, we used antibodies against pan-phosphotyrosine. In
untreated SW480 cells, anti-phosphotyrosine staining was concen-
trated mostly at the cell edges, similar to that observed for vinculin or
phosphorylated caveolin-1. Y27632 also caused the loss of localization
of these tyrosine-phosphorylated proteins (Fig. 3, panels 5 and 6).
These results suggest that Y27632 causes a dramatic change in the
localization of focal adhesion components such as vinculin, phos-
phorylated caveolin-1 and tyrosine-phosphorylated proteins, thereby
supporting our findings that Y27632 induced the migration of colon
cancer cells as shown in Fig. 1.

3.5. Effect of Rho-kinase inhibitor on the Akt pathway in SW480 colon
cancer cells

We next investigated the effect of Y27632 on the Akt pathway in
SW480 cells. Y27632 markedly induced the phosphorylation of Akt in
a time-dependent manner (Fig. 4A). The effect of Y27632 on the
phosphorylation of Akt was observed within 1h and reached its
maximum at 3 h, and decreased thereafter. We also observed a similar
effect in the cells treated with another Rho-kinase inhibitor, fasudil
(Shimokawa and Rashid, 2007) (data not shown).

GSK-3R is a critical downstream element of the PI3K/Akt cell
survival pathway, and its activity can be inhibited by Akt-mediated
phosphorylation (Cross et al.,, 1995). Therefore, we next examined the
effect of ¥Y27632 on the level of phosphorylated GSK-3B. Y27632
caused the phosphorylation of GSK-3f within 30 min, which was
sustained for 24 h, and decreased thereafter (Fig. 4A). We further
confirmed that Y27632-induced phosphorylation of Akt was signifi-
cantly suppressed when the cells were treated with Akt inhibitor.

3.6. The involvement of the Akt pathway in the Y27632-induced
alteration of focal adhesion formation in SW480 and HT29 colon
cancer cells

As described earlier, we showed strong staining with vinculin in
the focal adhesions around the cell periphery in untreated SW480
cells (Fig. 3, panel 1), and that Y27632 caused a decrease in the size
and number of focal adhesions (Fig. 3, panel 2). Therefore, we next
investigated the involvement of Akt in focal adhesion formation. As
shown in Fig. 4C, the inhibition of Akt restored the size and number of
focal adhesions that stained for vinculin in the SW480 cells incubated
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Fig. 4. The involvement of Akt in SW480 cell migration. (A) The effect of Y27632 on the
phosphorylation of Akt and GSK-3f in SW480 colon cancer cells. Cells were pretreated
with 3 uM of Y27632 for the indicated periods, and the extracts of cells were then
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and a Western blot analysis with antibodies against phospho-specific Akt, Akt,
phospho-specific GSK-33, GSK-3p and GAPDH as a loading control. (B) The effect of
the Akt inhibitor on Y27632-induced phosphorylation of Akt in SW480 colon cancer
cells. The cells were pretreated with the indicated concentrations of Akt inhibitor for
60 min, and then were exposed to 3 M of Y27632 for 60 min. The extracts of cells were
then subjected to SDS-PAGE and a Western blot analysis with antibodies against
phospho-specific Akt, Akt and GAPDH as a loading control. The lower bar graph shows
the quantification data for the relative levels of phospho-Akt, after normalization
with respect to total Akt, as determined by densitometry. Each value represents the
mean+S.EM. of triplicate independent determinations. * indicates a significant
increase (P<0.05, compared with lane 1) and ** indicates a significant decrease
(P<0.05, compared with lane 2). (C and D) The effect of the Akt inhibitor on Y27632-
induced alteration of the localization of focal adhesion molecule, vinculin, in SW480 (C)
and HT29 (D) colon cancer cells. The cells grown on coverslip-bottom dishes were
pretreated with or without the Akt inhibitor (10 uM) for 60 min and then incubated
with or without Y27632 (3 uM) for 60 min at 37 °C. After fixation, the cells were then
exposed to anti-vinculin antibodies, followed by exposure to Alexa Fluor 488®
conjugated secondary antibodies and DAPI for 60 min. The cells were then examined by
fluorescence microscopy.
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with Y27632 (Fig. 4C, panel 4 compared to panel 2). Similarly, we
observed that the Akt inhibitor significantly restored the loss of focal
adhesion induced by Y27632 in HT29 cells (Fig. 4D). These results
suggest that the alteration of focal adhesion formation induced by
Y27632 is mediated through the Akt pathway in colon cancer cells.

4. Discussion

Because metastasis is common among many types of cancer, and is
related to the prognosis of most cancers, researchers have expanded
their interests into the anti-invasive and anti-angiogenic compounds
that do not directly to kill tumor cells, such as matrix metallopro-
teinase (MMP) inhibitors or anti-vascular endothelial growth factor
(VEGF) antibodies (Egeblad and Werb, 2002; Kerbel and Folkman,
2002). In the present study, we investigated the role of Rho-kinase in
the migration of SW480 colon cancer cells. We have recently reported
that Rho-kinase negatively regulates EGF-induced cell proliferation at
a point upstream of Akt/GSK-3 in colon cancer cells (Nakashima
etal,, 2010). EGF-induced phosphorylation of Akt and GSK-38, and the
subsequent increase in the phosphorylation of the retinoblastoma
tumor suppressor protein, as well as an increase in the cyclin D1
protein expression level, were dose-dependently enhanced when the
cells were pretreated with Y27632 (Nakashima et al., 2010). In this
study, we found that the inhibition of Rho-kinase caused an increase
in cell migration (Fig. 1), thus suggesting that Rho-kinase is involved
not only in cell cycle progression, but also in the migration of colon
cancer cells.

VEGF has been previously shown to induce the migration of colon
cancer cells (Diaz-Rubio, 2006). Although SW480 cells can produce
VEGF (Fig. 2A), the cell migration induced by Y27632 was not due to an
increase in VEGF release from SW480 cells (Fig. 2A), thus indicating
that Rho-kinase is not involved in the process of VEGF release.
Moreover, it has recently been suggested that VEGF has both a positive
and a negative regulatory effect on tumor growth (Vecchiarelli-
Federico et al, 2010). Although we showed that Rho-kinase was
strongly activated at baseline in our colon cancer cell line, we speculate
that VEGF released in an autocrine manner from SW480 cells might
regulate the migration of these cells via suppression of Rho-kinase.

We next performed an immunofluorescence microscopy study to
observe the effect of Y27632 on the localization of focal adhesion
molecules, such as vinculin, caveolin-1 and tyrosine-phosphorylated
proteins (Fig. 3). We thus showed that Y27632 caused a marked loss
in the size and number of focal adhesions around the cell periphery, as
revealed by vinculin staining (Fig. 3, panel 2 compared to panel 1).
Staining with antibodies against phosphorylated caveolin-1 and
phosphotyrosine showed similar results (Fig. 3, panels 3-6). These
findings strongly suggest that the inhibition of Rho-kinase causes the
marked decrease in the formation of the focal adhesion complex,
indicating that Rho-kinase negatively regulates colon cancer cell
migration.

We further examined the mechanism underlying Y27632-induced
cell migration in colon cancer cells. We first found that Y27632
induced the activation of Akt and GSK-3p (Fig. 4). We also observed
that Y27632 failed to affect the phosphorylation of p44/p42 mitogen-
activated protein kinase (MAPK), p38 MAPK and stress-activated
protein kinase/c-Jun N-terminal kinase (data not shown). Y27632-
induced activation of Akt was suppressed by pretreatment with an
Akt-specific inhibitor (Fig. 4B). Interestingly, we demonstrated the
Y27632-induced loss of the localization of vinculin to be restored
when the cells were pretreated with the Akt inhibitor (Fig. 4C), thus
suggesting that Rho-kinase negatively regulates the formation of focal
adhesion via the Akt pathway in colon cancer cells. Moreover, we
observed similar results in HT29 cells (Fig. 4D), thus suggesting that
these results are not confined to a specific cell line. A schematic
representation of the involvement of Rho-kinase in the migration of
colon cancer cells is shown in Fig. 5.

The Rho/Rho-kinase pathway takes part in cancer progression by
regulating actin cytoskeleton reorganization. Since a specific Rho-
kinase inhibitor was found to suppress tumor growth and metastasis
(Itoh et al., 1999), it has been reported that the Rho/Rho-kinase
pathway may become a molecular target for the prevention of cancer
invasion and metastasis. In contrast, a recent study showed the

loss of localization of
focal adhesion components
(vinculin, caveolin etc.)

|

Cell migration

Fig. 5. A schematic representation of the involvement of Rho-kinase in the migration of
colon cancer cells. In unstimulated colon cancer cells, Rho-kinase is generally activated
at baseline, and suppresses the activation of Ak, which induces the loss of localization
of focal adhesion components (vinculin, caveolin, etc.) and leads to cell migration.
Therefore, the inhibition of Rho-kinase by Y27632 causes activation of Akt, indicating
that Rho-kinase negatively regulates the migration of colon cancer cells.
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activation of Rho-kinase to lead to an inhibition of motility in human
breast cancer cells (Brew et al.,, 2009). In this report, indole-3-carbinol
(I3C), a phytochemical derived from cruciferous vegetables, was
shown to decrease metastatic spread of tumors in experimental
animals, and 13C induced stress fibers and peripheral focal adhesions
in a Rho-kinase-dependent manner (Brew et al., 2009). In addition,
Y27632, a specific Rho-kinase inhibitor, reportedly interferes with
Ras-mediated transformation, and constitutively active form of
mutant Rho-kinase collaborate with activated Raf in transformation
assays in NIH3T3 fibroblastic cells (Sahai et al.,, 1999). On the other
hand, the inactivation of the Rho/Rho-kinase pathway has been
shown to promote oncogenic Ras-induced transformation in Rat1
fibroblast cells (Izawa et al., 1998), thus suggesting Rho-kinase to play
a negative role in oncogenic cells which is consistent with our
previous study (Nakashima et al.,, 2010). Although we demonstrated
that Rho-kinase regulates not only cell cycle progression (Nakashima
et al, 2010), but also cell migration in colon cancer cells, further
investigations are therefore required to clarify the precise role of Rho-
kinase in cancer metastasis.

In conclusion, Rho-kinase negatively regulates cell migration at a
point upstream of Akt/GSK-3p in colon cancer cells. This is the first
report to show that Rho-kinase is involved in the negative regulation
of colon cancer cell migration, thus providing important insight into
the future development of potential therapeutic approaches for colon
cancer patients. In other words, the regulation of Rho-kinase might be
considered to be a new clinical target for cancer management,
including the management of colon cancer.
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Nonalcoholic fatty liver disease is one of the most common
liver diseases. L-Tryptophan and its metabolite serotonin are
involved in hepatic lipid metabolism and inflammation. How-
ever, it is unclear whether L-tryptophan promotes hepatic stea-
tosis. To explore this issue, we examined the role of L-trypto-
phan in mouse hepatic steatosis by using a high fat and high
fructose diet (HFHFD) model. L.-Tryptophan treatment in com-
bination with an HFHFD exacerbated hepatic steatosis, expres-
sion of HNE-modified proteins, hydroxyproline content, and
serum alanine aminotransaminase levels, whereas L-tryptophan
alone did not result in these effects. We also found that L-tryp-
tophan treatment increases serum serotonin levels. The intro-
duction of adenoviral aromatic amino acid decarboxylase,
which stimulates the serotonin synthesis from L-tryptophan,
aggravated hepatic steatosis induced by the HFHFD. The fatty
acid-induced accumulation of lipid was further increased by
serotonin treatment in cultured hepatocytes. These results sug-
gest that L-tryptophan increases the sensitivity to hepatic stea-
tosis through serotonin production. Furthermore, L-tryptophan
treatment, adenoviral AADC introduction, and serotonin treat-
ment induced phosphorylation of the mammalian target of
rapamycin (mTOR), and a potent mTOR inhibitor rapamycin
attenuated hepatocyte lipid accumulation induced by fatty acid
with serotonin. These results suggest the importance of mTOR
activation for the exacerbation of hepatic steatosis. In conclu-
sion, L-tryptophan exacerbates hepatic steatosis induced by
HFHFD through serotonin-mediated activation of mTOR.

Nonalcoholic fatty liver disease (1) is a component of meta-
bolic syndrome and a spectrum of liver disorders ranging from
simple steatosis to nonalcoholic steatohepatitis (NASH),?
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which may cause liver cirrhosis and cancer. Hepatic steatosis
occurs when the amount of imported and synthesized lipids
exceeds the export or catabolism in hepatocytes. An excess
intake of fat or carbohydrate is the main cause of hepatic stea-
tosis. Changes in the dietary nutrient components also modu-
late hepatic steatosis. Nonalcoholic fatty liver disease patients
consume 27% more meat protein from all types of meat (high
fat meat, such as beef, liver, sausage, hot dog, and lamb, and low
fat meat, such as chicken and turkey), which are sources of
dietary tryptophan (2), as well as protein from fish, although
less in comparison (3). These reports indicate that hepatic ste-
atosis is also associated with the type of dietary protein con-
sumed in addition to carbohydrate and fat.

Previous studies have shown involvement of amino acids in
lipid metabolism in liver. L-Tryptophan is an essential aromatic
amino acid and has important roles in protein synthesis and as
a precursor of various bioactive compounds, such as serotonin,
melatonin, kynurenine, nicotinamide adenine dinucleotide
(NAD), and NAD phosphate (NADP). Although L-tryptophan
has been widely used as an over-the-counter, natural remedy
for depression, pain, insomnia, hyperactivity, and eating disor-
ders (4), various adverse effects of excess tryptophan supple-
mentation have been reported, including fatty liver (2). Oral
administration or injection of L-tryptophan induces liver stea-
tosis and increases hepatic fatty acid synthesis in rats (5-7). In
mice, the expression of genes associated with the metabolism of
L-tryptophan is significantly affected by a high fat diet (8), sug-
gesting the involvement of L-tryptophan in lipid metabolism in
the liver. In addition to L-tryptophan itself, its metabolites are
also involved in the development of steatosis and steatohepati-
tis (9, 10).

L-Tryptophan is the precursor in two important metabolic
pathways: serotonin synthesis and kynurenine synthesis. Sero-
tonin is synthesized from L-tryptophan by the enzymes trypto-
phan hydroxylase and aromatic amino acid decarboxylase
(AADC), and it regulates physiological functions in the hepato-
gastrointestinal tract (11). Tryptophan hydroxylase exists in the
gastrointestinal tract (12), and AADC exists in the small intes-
tine (13), appendix (13), and liver (14). In a NASH model

HFHFD, high fat and high fructose diet; HNE, 4-hydroxy-2-nonenal; AMPK,
AMP-activated protein kinase; ROS, reactive oxygen species; 1DO,
indoleamine 2,3-dioxygenase; HBSS, Hanks' balanced salt solution.
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induced by a choline-methionine-deficient diet, serotonin-de-
ficient tryptophan hydroxylase knock-out mice showed
reduced hepatocellular injury and less severe inflammation (9).
Liver steatosis induced by lymphocytic choriomeningitis virus
infection is also serotonin-dependent (10), suggesting the
involvement of serotonin in liver steatosis. Meanwhile, L-kyn-
urenine is synthesized by indoleamine 2,3-dioxygenase (IDO)
from L-tryptophan, which accounts for ~90% of tryptophan
catabolism (4). L-Leucine is a branched amino acid and is
involved in liver protein synthesis. L-Leucine deprivation
induces liver steatosis in Gen2 knock-out mice (15), whereas
L-leucine supplementation reduced hepatic steatosis induced
by high fat diet (16), suggesting a possible protective role of
L-leucine against liver steatosis.

The mammalian target of rapamycin (mTOR) is a serine/
threonine kinase and forms protein complexes that induce lipo-
genic gene expression (17). mTOR is activated in the livers of
obese rats fed a high fat and high sucrose diet (18). The mTOR
complex is important in the stimulation of lipogenesis in the
liver (19), and the mTOR kinase inhibitor rapamycin reduces
hepatic steatosis induced by a high fat diet (20). mTOR is also a
master regulator of autophagy (21, 22), which is the process
of degradation of intracellular components and distribution
of nutrients under starving conditions. Upon food intake,
amino acids and insulin inhibit autophagy through the
mTOR and/or AKT-dependent pathways (23). Importantly,
hepatic autophagy induces the breakdown of lipids stored in
lipid droplets and regulates the lipid content in the liver (24,
25).

In the present study, we investigate the effects of L-trypto-
phan in hepatic steatosis. Our results suggest that L-tryptophan
exacerbates hepatic steatosis induced by a high fat and high
fructose diet (HFHFD) through serotonin and the activation of
mTOR.

EXPERIMENTAL PROCEDURES

Animal Experiments—The experiments were conducted in
accordance with the institutional guideline of Gifu University.
Male wild-type C57BL/6] mice at 4 weeks of age were obtained
from Japan SLC (Shizuoka, Japan). The mice were kept on a
12-h day/night cycle with free access to food and water. Hepatic
steatosis was induced by feeding the animals HFHFD (a high fat
diet (62.2% of calories from fat) (Oriental Yeast, Tokyo, Japan;
HFD-60) and drinking water containing 30% fructose (Wako,
Osaka, Japan)) for 8 weeks. Control mice were fed a normal diet
(12.6% of calories from fat) (CLEA Japan, Tokyo, Japan; CE-2)
with plain water. L-Tryptophan or L-leucine (Sigma-Aldrich)
was administered in the drinking water at a concentration of
0.25% (w/v) (L-tryptophan) and 1% (L-leucine), respectively, ata
dose of ~400 and 1600 mg/kg/day. Control animals were
treated with bovine serum albumin (BSA) (Wako, Osaka,
Japan) in the drinking water at a concentration of 0.25%. At the
end of the study period, the animals were deprived of food for
18 h, and the drinking water was changed to plain water without
fructose, L-tryptophan, or L-leucine. After recording body
weight, the mice were anesthetized and humanely killed by
withdrawal of blood. The liver was immediately removed and
washed in ice-cold phosphate-buffered saline (PBS). Subse-
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quently, weight measurements of liver were taken, and a part of
the dissected liver tissue was frozen in liquid nitrogen. Serum
alanine aminotransaminase was measured using an automatic
analyzer (JEOL Ltd., Tokyo, Japan; BM2250).

Cell Culture and Treatments—Male wild-type C57BL/6]
mice (8 —12 weeks old) were anesthetized, and then hepatocytes
were isolated by a nonrecirculating in situ collagenase perfu-
sion of livers cannulating through the inferior vena cava as
described previously (26) with minor modifications. Livers
were first perfused in situ with 0.5 mm EGTA containing calci-
um-free salt solution, followed by perfusion with solution con-
taining collagenase (0.65 mg/ml) (Wako). The livers were then
gently minced on a Petri dish and filtered with nylon mesh
(Tokyo Screen, Tokyo, Japan; N-No.270T). Hepatocytes were
washed three times with Hanks’ balanced salt solution (HBSS).
Cell viability was consistently >90%, as determined by trypan
blue exclusion. Cells were plated on 6-well plates (1 X 10° cells/
well) coated with rat tail collagen type I (BD Biosciences; Bio-
Coat) in Waymouth medium (Invitrogen) containing 10% fetal
bovine serum supplemented with penicillin and streptomycin
(Invitrogen) for 4 h. Hc hepatocytes (normal human fetal hepa-
tocytes) and cell culture medium (CS-C complete) was
obtained from Applied Cell Biology Research Institute and Cell
Systems, respectively. Hc hepatocytes were cultured in CS-C
complete medium supplemented with penicillin and strepto-
mycin and maintained at 37 °C in a 5% CO,, atmosphere. Cells
were plated on 6-well plates (1 X 10° cells/well) and were incu-
bated in the medium for 24 h. Primary cultured mouse hepato-
cytes and Hc hepatocytes were then washed twice with PBS,
and the medium was changed to serum-free RPMI 1640 con-
taining 0.5% BSA and the antibiotics. After a 1-h incubation, the
cells were treated with or without 100 uMm serotonin (Sigma-
Aldrich) and/or fatty acid mixture (100 uM linoleic acid and 100
uM oleic acid) (Sigma-Aldrich; L9655) for 2 h for protein
extraction and 18 h for Oil Red O staining and triglyceride
measurement. When necessary, the cells were pretreated with
100 nm rapamycin (Sigma-Aldrich) dissolved in DMSO for 30
min before treatment with serotonin and/or fatty acids. For
induction of autophagy in Hc hepatocytes, cells were washed
twice with PBS, and the medium was changed to HBSS with or
without rapamycin. After a 0.5-h incubation, the cells were
treated with or without serotonin and incubated for an addi-
tional 3 h. For control, the cells were cultured in RPMI1640
medium containing 10% FBS.

Histological Analysis—The livers were fixed with 10% forma-
lin, and paraffin blocks were sectioned and stained with hema-
toxylin and eosin (H&E). Collagen deposition was stained with
Sirius Red (saturated picric acid containing 0.1% DirectRed 80
and 0.1% FastGreen FCF) as reported previously (27). For fro-
zen liver sections, the fixed livers were soaked in 15% sucrose in
PBS for 12 h following with 30% sucrose for 24 h at 4 °C under
constant agitation and were then embedded in OTC com-
pound. For 4-hydroxy-2-nonenal (HNE) staining, the frozen
liver sections were cut at a thickness of 5 um with a cryostat and
stained with anti-HNE antibody (Alpha Diagnostic Interna-
tional; HNE11-S).

Oil Red O Staining—For lipid droplet staining, the frozen
liver sections were cut at a thickness of 5 um using a cryostat
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and were subsequently stained with Oil Red O (Muto Pure
Chemicals, Tokyo, Japan) working solution. Hematoxylin was
used for counterstaining. For cells, the Hc hepatocytes were
fixed with 10% formalin and then stained with Oil Red O.

Measurement of Triglyceride—Triglyceride content in the
serum, liver tissue, and cells was measured using a triglyceride
E-test kit (Wako). For liver tissues, the frozen liver tissues were
homogenized in PBS, and methanol was added to the lysate. For
cells, the Hc hepatocytes were washed with PBS and scraped
with methanol. The lipids were extracted by the Bligh and Dyer
method.

Western Blot—For the preparation of total cell proteins,
cells or frozen liver tissues were sonicated in radioimmuno-
precipitation assay buffer (50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 10 mm EGTA, 1% Triton-X, 0.1% SDS) containing pro-
tease inhibitors and phosphatase inhibitors (Roche Applied
Science; PhosSTOP phosphatase inhibitor mixture and
Complete protease inhibitor mixture tablets). The proteins
were separated by SDS-PAGE and were electrophoretically
transferred onto nitrocellulose membrane. The membranes
were first incubated with the primary antibodies, anti-HNE,
phospho-mTOR (Ser?**®) (Cell Signaling Technology; cata-
logno. 2971), mTOR (Cell Signaling; catalog no. 2972), phos-
pho-p70S6K (Thr®®*°) (Cell Signaling; catalog no. 9234),
p70S6K (Cell Signaling; catalog no. 2708), phospho-AKT
(Ser®”®) (Cell Signaling; catalog no. 9271), AKT (Cell Signal-
ing; catalog no. 9272), phospho-AMP-activated protein
kinase @ (AMPKa) (Thr'”?) (Cell Signaling; catalog no.
2531), AMPKa (Cell Signaling; catalog no. 2603), p62 (MBL;
PMO045), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Cell Signaling; catalog no. 2118) antibodies. Then
the membranes were incubated with the horseradish perox-
idase (HRP)-coupled secondary antibodies (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA). Detection was performed
with ImmunoStar LD (Wako), and the protein bands were
quantified by densitometry using the Image] program
(National Institutes of Health, Bethesda, MD),

Quantitative Real-time RT-PCR—Extracted RNA from the
liver was reverse-transcribed by a high capacity cDNA reverse
transcription kit (Applied Biosystems), and quantitative real-
time PCR was performed using SYBR premix Ex Taq (Takara,
Shiga, Japan) with ABI Prism 7000 (Applied Biosystems). The
changes were normalized based on 18 S rRNA. PCR primer
sequences were listed as follows: transforming growth factor
(TGF)-Bl, GTGGAAATCAACGGGATCAG (forward) and
ACTTCCAACCCAGGTCCTTC (reverse); collagen «l(I),
TAGGCCATTGTGTATGCAGC (forward) and ACATGTT-
CAGCTTTGTGGACC (reverse); 18 S, AGTCCCTGCCCTT-
TGTACACA (forward) and CGATCCGAGGGCCTCACTA
(reverse).

Hydroxyproline Measurement—Hydroxyproline was mea-
sured for assessment of collagen content. The extracted liver
protein was hydrolyzed in 6 M HCI (100 °C, 24 h). The samples
were neutralized with LiOH, and hydroxyproline content was
measured using a high performance liquid chromatographic
analyzer (Jasco, Hitachi, and Shimazu).

Recombinant Adenoviruses—The recombinant replication-
deficient adenoviruses Ad5IDO and Ad5AADC, expressing
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IDO and AADC, respectively, were constructed by the
AdEasy™ adenoviral vector system (Stratagene) as described
previously (28). Briefly, the full length of mouse IDO and AADC
c¢DNA was amplified by PCR with the following primers: IDO,
ATAGGTACCGCCGCCATGGCACTCAGTAAAATATCT-
CCTACAGAAGGTTC (forward) and ATACTCGAGCTAA-
GGCCAACTCAGAAGAGCTTTCTCGGTTGTATCTTT
(reverse); AADC, ATAGGTACCGCCGCCATGGATTCCC-
GTGAATTCCGGAGGAGAGGCAAGGA (forward) and
ATACTCGAGTCATTCTTTCTCTGCCCTCAGCACACT-
GCTTGCTAG (reverse). The cDNA fragment was subcloned
into pAdTrack-CMYV adenoviral vector. The plasmid DNA was
prepared by the alkaline lysis method and transfected into
BJ5183-AD-1 electroporation-competent cells. The virus was
grown in 293 cells and purified by banding twice on CsCl gra-
dients and then dialyzed and stored at —20°C. Mice were
infected with the adenoviruses (5 X 10® pfu/mouse) by intrave-
nous injection 7 days before sacrifice. Gene expressions by the
adenovirus vectors were preferentially observed in the liver
(mainly in the hepatocytes) but not in the muscle and adipose
tissue (data not shown), as reported previously (28, 29). The
adenovirus Ad5GFP, which expresses green fluorescent pro-
tein, was used as infection control.

Measurement of L-Tryptophan, L-Kynurenine, and Serotonin—
Serum L-tryptophan and L-kynurenine were measured by
HPLC with a spectrophotometric detector (Tosoh, Tokyo,
Japan; Tosoh ultraviolet-8000) or fluorescence spectrometric
detector (Hitachi, Tokyo, Japan) as described in a previous
report (30). Serum serotonin was measured by Serotonin FAST
ELISA (DRG International, Marburg, Germany).

Statistical Analysis—The results shown are representative of
at least three independent experiments. Data are expressed as
mean * S.D. from at least four independent experiments. Data
between groups were analyzed by Student’s ¢ test. A value of p <
0.05 was considered statistically significant.

RESULTS

L-Tryptophan Exacerbates Hepatic Steatosis and Fibrosis—
Hepatic steatosis was induced by HFHFD in mice. The HFHFD
caused an increase in body weight (Fig. 14) and induced hepatic
steatosis (Fig. 1, B and C), whereas the body/liver weight ratio
was decreased (Fig. 14). To examine the effect of L-tryptophan
on hepatic steatosis, mice fed with HFHFD were treated with
L-tryptophan or BSA. To confirm the specific effect of L-tryp-
tophan, L-leucine was used as a control amino acid. Although
L-tryptophan alone did not induce hepatic steatosis, a combi-
nation of L-tryptophan and HFHFD exacerbated hepatic stea-
tosis and reversed the reduction of the body/liver weight ratio
(Fig. 1, A-C) without changing food and water intake, blood
glucose, or serum triglyceride levels (data not shown). L-Tryp-
tophan treatment with HFHFD significantly increased serum
alanine aminotransaminase levels (Fig. 24) and formation
of reactive oxygen species (ROS) as assessed by expression of
HNE-modified proteins (Fig. 2B). Although expression of
fibrogenic gene collagen «a1(l), but not TGF-B, was up-reg-
ulated in HFHFD-fed animals (Fig. 2C), L-tryptophan treat-
ment further increased the expression of TGF-8 and colla-
gen al(l) in the livers of mice treated with HFHFD (Fig. 2C).
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FIGURE 1. L-Tryptophan exacerbates hepatic steatosis. Mice were fed a normal diet or HFHFD supplemented with or without L-tryptophan or L-leucine for
8 weeks. The animals were humanely killed under fasting conditions (18 h of food deprivation). A, body weight (left) and liver weight were measured, and the
body/liver weight ratio was calculated (right). B, liver sections were stained with H&E (original magnification, X 100 and X400 (insets)). C, hepatic lipid content
was assessed by Oil Red O staining (left; original magpnification, X200) and triglyceride measurement (right). Results shown are representative of at least three
independent experiments. Data are means * S.D. from at least four independent experiments. *, p < 0.05. NS, not significant.
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FIGURE 2. L-Tryptophan induces hepaticfibrosis in steatotic liver. Mice were fed a normal diet (N) or HFHFD supplemented with or without L-tryptophan or
L-leucine for 8 weeks. A, serum alanine aminotransaminase levels were compared. B, expression of HNE-modified proteins in liver tissue was examined by
immunohistochemistry (left; original magnification, X400). Protein extracts from liver tissue were subjected to SDS-PAGE, and immunoblotting was performed
with anti-HNE and GAPDH antibodies (right). C, mRNA levels of TGF-B1 and collagen a1(l) in liver tissue were determined by quantitative real-time RT-PCR.
D, collagen deposition was assessed by Sirius Red staining (left; original magnification, X200) and measurement of hydroxyproline content (right). Results
shown are representative of at least three independent experiments. Data are means = S.D. from at least four independent experiments. *, p < 0.05. NS, not
significant.

Interestingly, although a combination of the L-tryptophan
and HFHFD treatments induced liver fibrosis, neither treat-
ment alone induced liver fibrosis (Fig. 2D). In contrast, L-leu-
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cine treatment did not enhance HFHFD-mediated steatosis,
liver injury, and fibrosis (Fig. 2, A and D). These results sug-
gest that the L-tryptophan increases hepatic steatosis, ROS
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FIGURE 3. Exogenous introduction of AADC aggravates hepatic steatosis. A, mice were fed a normal diet supplemented with or without L-tryptophan or
t-teucine for 8 weeks (top panels). Mice were infected with Ad5GFP, Ad5IDO, or AdSAADC (5 X 10 pfu/mouse) and were humanely killed 7 days after the
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7 days after the adenoviral infection under fasting conditions (18 h of food deprivation). Liver sections were stained with H&E (original magnification, X 100 and
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significant.

production, liver injury, and fibrosis induced by excessive fat
and fructose intake.

Exogenous AADC or Serotonin Aggravates Hepatic Steatosis—
To investigate the mechanisms by which vi-tryptophan
enhances HFHFD-induced hepatic steatosis, serum levels of
L-tryptophan and its metabolites L-kynurenine and serotonin
were measured. L-Tryptophan intake did not affect serum levels
of L-tryptophan or L-kynurenine (Fig. 34). Importantly, serum
serotonin levels were significantly increased by treatment with
L-tryptophan but not by L-leucine treatment (Fig. 34). Adeno-
viral AADC introduction also increased serum serotonin levels
without decreasing L-tryptophan levels (Fig. 3A) in addition to
increased hepatic steatosis and triglyceride levels in HFHFD-
fed animals (Fig. 3, B and C). Ad5IDO-infected mice with
increased levels of serum t-kynurenine showed similar levels of
lipid accumulation compared with control adenovirus-infected
mice (Fig. 3A). This indicates synthesis of serotonin but not
kynurenine as a crucial component of hepatic steatosis
enhanced by L-tryptophan treatment. Subsequently, we inves-
tigated the effect of serotonin on lipid accumulation in vitro
using primary cultured hepatocytes and Hc hepatocytes. The
serotonin treatment in addition to fatty acid (linoleic acid and
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oleic acid) amplified the effects, such as accumulation of lipid
droplets and increase of triglycerides, seen in fatty acid-treated
cells (Fig. 4, A and B). In contrast, serotonin alone did not
induce lipid accumulation. These results indicate that sero-
tonin exacerbates lipid accumulation in hepatocytes. This fur-
ther suggests that L-tryptophan treatment aggravates hepatic
steatosis through serotonin.

mTOR Activation Is Crucial for r-Tryptophan-mediated
Exacerbation of Hepatic Steatosis—To investigate the mecha-
nisms underlying the effect of L-tryptophan on hepatic steatosis,
we assessed the activation of mTOR, AKT, and AMPK, which are
key molecules in the regulation of lipogenesis (17, 28). L-Trypto-
phan treatment induced phosphorylation of mTOR and p70S6K, a
downstream target of mTOR in mouse livers under food-deprived
conditions (Fig. 54 and supplemental Fig. 14). In contrast, L-leu-
cine treatment did not affect phosphorylation of mTOR or
p70S6K. Although the HFHFD alone increased AKT and
decreased AMPK phosphorylation, L-tryptophan or L-leucine
treatment did not affect AKT or AMPK phosphorylation. Adeno-
viral AADC introduction also increased the phosphorylation of
mTOR and p70S6K (Fig, 5B and supplemental Fig. 14), suggesting
that increased serotonin levels induce mTOR and p70S6K phos-
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phorylation. Importantly, serotonin treatment increased mTOR
and p70S6K phosphorylation in both primary cultured mouse
hepatocytes and He hepatocytes (Fig. 6, A and B, and supplemental
Fig. 1B). These results led to the hypothesis that mTOR activation
contributes to the L-tryptophan/serotonin-mediated exacerbation
of hepatic steatosis. Therefore, we investigated the role of sero-
tonin-mediated mTOR activation by inhibiting mTOR activation
using rapamycin, a potent inhibitor of mTOR. Rapamycin suc-
cessfully inhibited the serotonin-mediated phosphorylation of
mTOR and p70S6K (Fig. 6, A and B, and supplemental Fig, 1B) and
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FIGURE 4. Serotonin exacerbates lipid accumulation in hepatocytes. Pri-
mary cultured mouse hepatocytes (A) or Hc hepatocytes (B) were treated with
or without fatty acids (100 M linoleic acid and 100 um oleic acid) in the
presence or absence of 100 um serotonin for 18 h. Lipid droplets were
assessed by Oil Red O staining (left panels; original magnification, X400). Tri-
glyceride levels in hepatocytes were determined (right panel). Results shown
are representative of at least three independent experiments. Data are
means = S.D. from at least four independent experiments. *, p < 0.05.
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lipid accumulation (Fig. 6, C and D). The requirement of mTOR
activation in L-tryptophan/serotonin signaling for hepatic steato-
sis was also examined i# vivo. Treatment with rapamycin signifi-
cantly inhibited the phosphorylation of mTOR and p70S6K induc-
tion by L-tryptophan in mouse livers (supplemental Fig. 2A4).
Normal body weight increase following HFHFD was also dimin-
ished in rapamycin-treated mice (supplemental Fig. 2B) without
change in the food or water intake (data not shown), as reported
previously (20). Moreover, rapamycin treatment attenuated
hepatic steatosis (supplemental Fig. 2, C and D), levels of alanine
aminotransaminase (supplemental Fig. 2E), hepatic expression of
HNE-modified proteins (supplemental Fig. 2F), and hepatic
hydroxyproline content (supplemental Fig. 2G) in HFHFD and
L-tryptophan-treated mice. These results suggest requirement of
mTOR activation for the exacerbation of hepatic steatosis, liver
damage, ROS formation, and liver fibrosis in the HFHFD- and
L-tryptophan-treated animals.

Hepatic Autophagy Is Suppressed by L-Tryptophan/Serotonin
Treatment—A high fat diet inhibits hepatic autophagy in mice
(31), and the inhibition of autophagy in cultured hepatocytes
and mouse livers showed an increase in triglyceride storage
(25), suggesting that inhibited hepatic autophagy is involved
in liver steatosis. Because mTOR is a master regulator of
autophagy (21, 22) and an L-tryptophan/serotonin activated
mTOR (Figs. 5 and 6), we examined the role of L-tryptophan/
serotonin in hepatic autophagy by assessing LC3 aggregation
and p62 degradation, which are hallmarks of autophagy.
Although food deprivation induced LC3 aggregation and p62
degradation in the liver (supplemental Fig. 34), HFHFD treat-
ment suppressed the LC3 aggregation and p62 degradation
(Fig. 7), indicating that autophagy is induced by cellular starva-
tion but inhibited in steatotic hepatocytes. We found that
L-tryptophan treatment suppressed LC3 aggregation and p62
degradation in mice with food deprivation (supplemental Fig.
34), suggesting the inhibition of hepatic autophagy by L-tryp-
tophan. Similarly, exogenous AADC expression, but not GFP or
IDO expression, also suppressed LC3 aggregation and p62 deg-
radation after food deprivation (supplemental Fig. 3B), suggest-
ing that serotonin synthesis by introduction of AADC inhibits
fasting-induced autophagy. As described above (supplemental
Fig. 2), rapamycin improved hepatic steatosis. Similarly, rapa-
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FIGURE 5. L-Tryptophan induces mTOR activation. A, mice were fed with normal diet (N) or HFHFD supplemented with or without L-tryptophan or L-leucine
for 8 weeks. B, mice were infected with Ad5GFP, Ad5IDO, or AdSAADC (5 X 10° pfu/mouse) and were humanely killed on 7 days after the adenoviral infection.
Protein extracts from liver tissue or hepatocytes were subjected to immunoblot for phospho-mTOR, mTOR, phospho-p7056K, p705S6K, phospho-AKT, AKT,
phospho-AMPK, or AMPK, respectively. Results shown are representative of at least three independent experiments. The results of densitometric analysis are
shown in supplemental Fig. 1A.
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FIGURE 6. Rapamycin improves lipid accumulation in hepatocytes. Primary cultured mouse hepatocytes (A and C) or Hc hepatocytes (B and D) were
pretreated with or without 100 nv rapamycin for 30 min. A and B, the hepatocytes were treated with or without 100 uM serotonin for 2 h. Protein extracts from
hepatocytes at 2 h after the serotonin treatment were subjected to immunoblot for phospho-mTOR, mTOR, phospho-p70S6K, and p70S6K, respectively. Cand
D, the hepatocytes were treated with or without fatty acids (100 umlinoleic acid and 100 um oleic acid) in the presence or absence of 100 um serotonin for 18 h.
Lipid droplets were assessed by Oil Red O staining (left panels; original magnification, X400). Triglyceride levels in hepatocytes were determined (right panel).
Results shown are representative of at least three independent experiments. Data are means = S.D. from at least fourindependent experiments. *, p < 0.05. The

results of densitometric analysis are shown in supplemental Fig. 18.
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FIGURE 7. Serotonin inhibits p62 degradation. Hc hepatocytes were pre-
treated with or without rapamycin in HBSS. After 0.5 h of incubation, the cells
were treated with or without serotonin and incubated for an additional 3 h. As
a control, the cells were cultured in RPMI1640 medium containing FBS. Pro-
tein extracts were subjected to immunoblot for p62 or GAPDH, respectively.
Results shown are representative of at least three independent experiments.

mycin treatment induced LC3 aggregation and p62 degrada-
tion in L-tryptophan-treated mice. These results demon-
strated that inhibition of mTOR by rapamycin reversed
L-tryptophan-mediated inhibition of autophagy (supple-
mental Fig. 3C), suggesting the ability of L-tryptophan to
inhibit autophagy through mTOR. Subsequently, we exam-

34806 JOURNAL OF BIOLOGICAL CHEMISTRY

ined whether serotonin suppresses autophagy through
mTOR activation in hepatocytes. Hc hepatocytes were cul-
tured in HBSS, amino acid-free conditions, for autophagy
induction, and we assessed the levels of p62 (Fig. 7). In the Hc
hepatocytes with starvation, autophagy was induced, as dem-
onstrated by p62 degradation. Starvation-induced p62 degrada-
tion was inhibited by serotonin treatment, whereas rapamycin
treatment induced p62 degradation in serotonin-treated cells.
These results suggest that the inhibitory effects of L-tryptophan
and serotonin on autophagy were reversed by inhibition of
mTOR. This further suggests the suppression of hepatic
autophagy as one of the possible mechanisms by which hepatic
steatosis is enhanced by L-tryptophan/serotonin.

DISCUSSION

The present study examined the contribution of L-trypto-
phan to hepatic steatosis. L-Tryptophan has been reported to
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induce hepatic steatosis in rats (5, 6). However, a conflicting
report indicates that L-tryptophan does not cause fatty liver
(32). In the present study, L-tryptophan treatment did not
induce hepatic steatosis under normal diet conditions but had a
stimulatory effect on hepatic steatosis when combined with
HFHEFD. HFHFD increased body weight, whereas the body/
liver weight ratio was decreased. This indicates the accumula-
tion of excess fat as body fat rather than visceral fat. In contrast,
the combination of L-tryptophan and HFHFD exacerbated
hepatic steatosis and reversed reduction of the body/liver
weight ratio, which suggests that L-tryptophan induces accu-
mulation of excess fat as visceral fat. This further suggests
the overconsumption of L-tryptophan-rich protein (e.g milk,
cheese, meat, and sausage) as a possible cause of an aggravation
of hepatic steatosis induced by excessive intake of fat and
carbohydrate.

In addition to its role as a substrate for protein synthesis,
L-tryptophan is the precursor of kynurenine and serotonin.
Exogenous introduction of IDO by adenovirus or intraperi-
toneal administration of the IDO inhibitor 1-methyl-pL-
tryptophan did not affect the lipid content of the liver (data
not shown), suggesting a minor role of the kynurenine syn-
thesis pathway in L-tryptophan-mediated biology on hepatic
steatosis. ’

Adenoviral AADC introduction increased serum serotonin
levels without decreasing L-tryptophan levels. In the serotonin
synthesis pathway, a part of L-tryptophan is converted to 5-hy-
droxy-L-tryptophan by tryptophan hydroxylase and further
converted to serotonin by AADC. L-Tryptophan is mostly used
as material for protein synthesis, and a part of L-tryptophan may
be used for serotonin synthesis. Thus, AADC increased sero-
tonin levels without any changes in serum levels of tryptophan.
Both L-tryptophan treatment and exogenous introduction of
AADC increased lipid accumulation in the livers of mice fed
with HFHFD. Moreover, an in vitro experiment using hepato-
cytes demonstrated that fatty acid-induced accumulation of
lipid droplets and triglyceride synthesis were further increased
by the treatment of serotonin. These findings suggest that sero-
tonin is an essential component in the exacerbation of hepatic
steatosis in L-tryptophan-treated mice.

Liver injury and fibrosis were induced in mice treated with
HFHFD and L-tryptophan. Treatment with rapamycin attenu-
ated liver injury and fibrosis with reduced hepatic steatosis.
ROS formation plays a central role in the pathogenesis of liver
damage and fibrosis in NASH (33). We found that L-tryptophan
treatment significantly increased ROS production in the stea-
totic livers, which may be one of the central mechanisms by
which L-tryptophan aggravates liver damage and fibrosis. A
previous report demonstrated that serotonin-deficient trypto-
phan hydroxylase knock-out mice have reduced ROS, inflam-
mation, and hepatocellular injury in NASH induced by a cho-
line-methionine-deficient diet (9). This report is consistent
with the other reports demonstrating that serotonin induces
oxidative stress and mitochondrial toxicity in NASH (9). In
addition, tryptophan itself can also induce oxidative stress (34).
In the present study, L-tryptophan induced ROS formation in
the steatotic livers, suggesting that L-tryptophan-mediated
ROS formation requires lipid accumulation. In rat cerebral cor-
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tex tissue, L-tryptophan treatment reduces total radical-trap-
ping antioxidant potential, total antioxidant reactivity, and glu-
tathione levels (35). This suggests that suppression of
antioxidants by L-tryptophan may one of the mechanisms of
increased ROS formation in steatotic livers.

L-Tryptophan treatment increased hepatic mTOR phosphor-
ylation after food deprivation (Fig. 5). Inhibition of mTOR by
rapamycin reversed hepatic steatosis enhanced by L-trypto-
phan, suggesting that mTOR activation is a key for L-trypto-
phan-mediated exacerbation of hepatic steatosis. AKT is an
upstream kinase in mTOR signaling (36) and is a key molecule
for glucose and lipid metabolism. Sustained AKT activation in
PTEN (phosphatase and tensin homolog on chromosome 10)-
deleted livers induces fatty liver (37). In our model, food intake
increased AKT and mTOR phosphorylation in mouse livers
(data not shown). The HFHFD induced AKT phosphorylation
but not mTOR phosphorylation under food-deprived condi-
tions. In contrast, L-tryptophan treatment did not affect AKT
phosphorylation, suggesting that L-tryptophan-mediated
mTOR activation is not induced by AKT activation.

It has been reported that leucine regulates mTOR signaling,
and acute administration of leucine induces phosphorylation of
S6Kin the liver (38) and the adipose tissue (39). Thus, we had to
examine the specificity of the effect by L-tryptophan. We used
L-leucine as a control amino acid. In contrast to L-tryptophan,
phosphorylation of mTOR and S6K was not observed after
L-leucine treatment. Our data are consistent with another pre-
vious report showing that chronic administration of leucine
does not change S6K phosphorylation in the livers of rats (40)
and neonatal pigs (41). Thus, L-tryptophan, but not L-leucine,
induces activation of mTOR signaling.

Autophagy is activated by nutrient deprivation but inhibited
by amino acids and/or released insulin after food intake (23).
LC3 aggregation and p62 degradation, markers for autophagy,
were induced in the liver after fasting. In contrast, the levels of
LC3 aggregation and p62 degradation were suppressed in mice
fed with HFHFD. This may be explained by hyperinsulinemia in
mice fed a high fat diet (31). We also found L-tryptophan to have
an inhibitory effect on hepatic autophagy (supplemental Fig,. 3).
Because L-tryptophan did not increase serum insulin level (data
not shown), the effect of L-tryptophan may not be due to hyper-
insulinemia. Instead, serotonin production was found to be
crucial for L-tryptophan-mediated mTOR activation in the liver
(Fig. 5). In combination with the previous report that serotonin
treatment suppresses autophagy in hepatocellular carcinoma
cells (42), our data suggest that L-tryptophan suppresses
hepatic autophagy through serotonin production and mTOR
activation. Because mTOR strongly inhibits autophagy and
autophagy is important for regulating the breakdown of stored
lipids (25), hepatic autophagy inhibited by L-tryptophan may be
one of the mechanisms in the aggravation of hepatic steatosis.

In conclusion, L-tryptophan exacerbates hepatic steatosis by
producing serotonin that activates mTOR signaling in mice fed
with HFHED. In addition to a calorie-restricted diet, targeting
L-tryptophan may become a new therapeutic strategy for non-
alcoholic fatty liver disease patients.
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Acid sphingomyelinase regulates glucose and lipid
metabolism in hepatocytes through AKT activation
and AMP-activated protein kinase suppression
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ABSTRACT Acid sphingomyelinase (ASM) regulates the
homeostasis of sphingolipids, including ceramides and sph-
ingosine-1-phosphate (S1P). Because sphingolipids regulate
AKT activation, we investigated the role of ASM in hepatic
glucose and lipid metabolism. Initially, we overexpressed
ASM in the livers of wild-type 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 cultured hepato-
cytes, we confirmed that ASM increased glucose uptake,
glycogen deposition, and lipid accumulation through activa-
tion of AKT and glycogen synthase kinase-3f3. In addition,
ASM induced up-regulation of glucose transporter 2 accom-
panied by suppression of AMP-activated protein kinase
(AMPK) phosphorylation. Loss of sphingosine kinase-1
(SphK1) diminished ASM-mediated AKT phosphorylation,
but exogenous S1P induced AKT activation in hepatocytes.
In contrast, SphKIl deficiency did not affect AMPK activa-
tion. These results suggest that the SphK/S1P pathway is
required for ASM-mediated AKT activation but not for
AMPK inactivation. Finally, we found that treatment with
high-dose glucose increased glycogen deposition and lipid
accumulation in wild-type hepatocytes but not in ASM ™/~
cells. This result is consistent with glucose intolerance in
ASM™/" mice. In conclusion, ASM modulates AKT activa-
tion and AMPK inactivation, thus regulating glucose and
lipid metabolism in the liver.—Osawa, Y., Seki, E., Kodama,
Y., Suetsugu, A., Miura, K., Adachi, M., Ito, H., Shiratori, Y.,
Banno, Y., Olefsky, J. M., Nagaki, M., Moriwaki, H.,
Brenner, D. A., Seishima, M. Acid sphingomyelinase regu-
lates glucose and lipid metabolism in hepatocytes through
AKT activation and AMP-activated protein kinase suppres-
sion. FASEB ]. 25, 11331144 (2011). www.fasebj.org

Key Words: sphingosine-I-phosphate - glucose intolerance + glu-
cose transporter 2+ glycogen synthase kinase-33

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

0892-6638/11/0025-1133 © The Author(s)

portal vein and increase glycogen and triacylglyceride
synthesis. AKT is a key molecule for insulin signaling
and glucose metabolism. On AKT activation, glucose
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 GLUT? is located at
the plasma membrane even in the absence of insulin
stimulation; glucose uptake by GLUT2 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
(8). Therefore, both AKT and AMPK are involved in
glucose metabolism.

Acid sphingomyelinase (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~/7) under an LDL receptor-
deficient condition (9). ASM hydrolyzes sphingomyelin
to ceramide and phosphorylcholine. Ceramide has
been identified as a bioactive mediator in various
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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 PKC-{ (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 ceramide 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 S1P by
sphingosine kinase (SphK; ref. 18). SIP stimulates AKT
activation in human (19) and rodent hepatocytes (20)
through the SI1P receptor (SIPR). SI1P signaling also
increases glucose uptake via the insulin receptor and
production of reactive oxygen species in G2C12 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 that ASM
stimulates glucose uptake, glycogen deposition, and
lipid accumulation via S1P formation and subsequent
AKT 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 wild-type
(C57BL/6]), ASM™~, SphKl-deficient (SphK1~/"; refs. 20,
22), and obese and diabetic db/db mice (C57BL/6 back-
ground) were used for this study.

Mice

ASM™~ mice (C57BL/6 background) and SphK1™/~ mice
(C57BL/6 background) (23), which lack the putative lipid
kinase catalytic domain, were bred for studies. Obese and
diabetic db/db mice (C57BL/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 8 to 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. Serum insulin content was measured
with a mouse insulin ELISA kit (Shibayagi, 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 in situ collagenase perfusion of livers
cannulating through the portal vein of rats or inferior vena
cava of mice. Livers were first perfused in situ with 0.5 mM
EGTA containing calcium-free salt solution, followed by per-
fusion with solution containing 0.02% collagenase D (Roche
Diagnostics, Indianapolis, IN, USA). 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 were 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 I in Waymouth medium (Invitrogen, Carlsbad,
CA, USA) containing 10% fetal bovine serum with antibiotics
(plating medium).

Cell treatment

After isolation 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 glucose (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 antibiotics, and the cells were incu-
bated for an additional 16 h. Before stimulation with ASM (1
IU/ml; Sigma-Aldrich, St. Louis, MO, USA), SIP (1 pM;
Sigma-Aldrich), or high-dose glucose (600 mg/dl), the cells
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 staining and
triglyceride measurement. The experimental design is shown
in Supplemental Fig. S1A.

Recombinant adenoviruses

The adenovirus 5 (Ad5) variants Ad5GFP, Ad5CA-AKT, Ad5SDN-
AKT, Ad5CA-AMPK, and AdSDN-AMPK express green fluores-
cent protein (GFP), constitutively active (CA)-AKT encoding an
amino-terminal myristylation signal, dominantnegative (DN)-
AKT, c-myeCA-AMPK, and c-mycDN-AMPK, respectively (20,
24). The recombinant replication deficient adenovirus AASASM
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 into 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 gradients, then dialyzed and stored at
—20°C. The pTrack plasmid contains a GFP sequence driven
under a CMV promoter, and the Ad5ASM expresses both ASM
and GFP. Mice were infected with the adenoviruses (5X10°
PFU/mouse) by intravenous injection. IPGTT was performed
on 3 d after the infection. The animals were humanely killed at
3 d for glycogen and protein extraction and at 7 d for Oil Red O
staining and triglyceride measurement.

Glucose uptake

Primary cultured hepatocytes were treated with or without
ASM for 2 h or infected with Ad5ASM or AdSGFP, and then
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Q—deoxy-D—[l-gH]glucose (2 nCi/ml; Amersham Biosciences,
Piscataway, NJ, USA) was added to the culture medium. After
a further 1-h incubation, cells were washed 3 times with
ice-cold PBS and lysed in 1% SDS and 200 mM NaOH. The
amount of labeled glucose taken up was determined by
scintillation counting.

Measurement of glycogen content

After the treatment 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 glycogen 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 glycogen content was determined by anthrone
reagent (2 mg anthrone/ml sulfuric acid). Glucose solution
was used as a standard.

Oil Red O staining

For lipid droplet staining, the cells were fixed with 10%
formalin and stained with Oil Red O working solution.
Hematoxylin was used for counterstaining. For liver tissue,
the frozen liver sections were cut at a thickness of 5 wm on a
cryostat 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 tissue, frozen liver tssues
were homogenized in PBS, and methanol was added to the
lysate. The lipids were extracted by the method of Bligh and
Dyer (25), and triglyceride content was measured using a
triglyceride 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 radioimmunoprecipitation assay
buffer (50 mM Tris-HCI, pH 8.8; 150 mM NaCl; 10 mM
EGTA; 1% Triton-X; 0.1% SDS; 1% deoxycholic acid; 0.3 mM
PMSF; 1 mM sodium orthovanadate; 10 mM sodium fluoride;
0.1 mM sodium molybdate; and 0.5 mM 4-deoxypyridoxine).
The proteins were separated by SDS-PAGE and were electro-
phoretically transferred onto nitrocellulose membrane. The
membranes were first incubated with the primary antibodies,
anti-phosphorylated-AKT (Ser-473; 9271; Cell Signaling Tech-
nology, Danvers. MA, USA), AKT (9272; Cell Signaling),
phosphorylated-GSK3B (Ser-9, 9336; Cell Signaling), GSK38
(610201; BD Biosciences, San Jose, CA, USA), phosphorylated-
AMPEKa (Thr-172, 2531; Cell Signaling), AMPKa (2603; Cell
Signaling), GLUT2 (sc-9116; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), ASM (sc-11852; Santa Cruz Biotech-
nology), and B-actin (Sigma-Aldrich) antibodies. 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 bands were quantified by
densitometry using the Image] program (U.S. National Insti-
tutes of Health; http://rsb.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 18S ribosomal RNA (Applied Biosystems, Foster City, CA,
USA) was performed using TagMan analysis (ABI Prism 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 rat hepatocytes were incubated with [*H]serine (2
wCi/ml)-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 system of I-butanol/acetic acid/water (60:20:
20, v/v). The radiolabeled S1P spot was scraped off from the
plates, and the radioactivity was measured in a liquid scintil-
lation counter.

Statistical analysis

The results shown are representative of =3 independent
experiments. Data are expressed as means % sD 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 AASASM into mice, ASM was preferentially
expressed in the liver but not in muscle and adipose
tissue (Supplemental Fig. S1B, C). As a result, ASM
activity in the liver was increased (Supplemental Fig.
S1D). Sufficient expression and activity of ASM in
Ad5ASM-infected primary cultured hepatocytes were
confirmed. This activity efficiently suppressed the level
of sphingomyelins in hepatocytes (Supplemental Fig.
S1Eand 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 Ad5ASM, indicating that
ASM improves glucose tolerance. Then, we used pri-
mary cultured hepatocytes to investigate the effect of
ASM on glucose uptake. Exogenous administration or
adenoviral introduction of ASM increased glucose up-
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TABLE 1. Changes in the sphingolipid profile in
Ad5ASM-infected hepatocytes

Species Ad5GFP Adb5ASM
C14-SphM 315 £0.1 22.2 = 1.8*
C16-SphM 6626.5 = 261.3 4376.0 = 210.8*
C18-SphM 2053.2 + 65.0 1108.7 = 53.4*
C18:1-SphM 260.9 = 5.8 168.7 = 5.1*
C20-SphM 1062.2 = 20.0 564.4 * 84.2%
C20:1-SphM 130.0 = 2.6 79.3 = 5.5%
C22-SphM 8397.5 = 538.7 5223.5 + 688.8*
C22:1-SphM 1221.8 = 60.2 696.0 = 109.1*
C24-SphM 24,630.7 = 115.6 16,310.1 * 2479.5%
C24:1-SphM 17,194.4 = 630.6 10,981.6 = 1385.0*
Cl14-Cer 58 = 0.6 71x15
C16-Cer 1815 =75 185.3 = 4.3
C18-Cer 39.3 £ 5.5 50.4 = 1.3*
C-18:1-Cer 8.4+ 09 10.1 = 0.1*
C20-Cer 33.0 £5.1 428 1.5
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 cultured rat hepatocytes were infected with Ad5GFP or
Ad5ASM. Sphingomyelin and the different ceramide species were
examined by mass spectrometric analysis. Results are expressed as
picomoles lipid per milligram protein; they represent means * sp
from 3 independent experiments. SphM, sphingomyelin; Cer, cer-
amide; Sph, sphingosine. *P < 0.05.

take in hepatocytes (Fig. 1C), suggesting that ASM
improves glucose tolerance by increased hepatic glu-
cose uptake. Next, we examined the role of ASM in
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glycogen synthesis. Exogenous ASM expression in-
creased hepatic glycogen content in vivo (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
vivo. 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 glycogen and triglyceride in the liver.

ASM induces AKT activation

AKT is 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 (Ad5DN-AKT and
AdBCA-AKT, respectively). DN-AKT inhibited insulin-in-
duced phosphorylation of AKT, thereby inhibiting glyco-
gen deposition and lipid accumulation 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.
S2A), resulting in increased glycogen deposition and lipid
accumulation (Supplemental Fig. S2B and data not
shown). AKT is therefore crucial for glucose and lipid
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Figure 1. AABASM improves glucose tolerance in mice. A, B) Wild-type (A) or diabetic db/db mice (B) were infected with Ad5GFP
or Ad5ASM (5X10° PFU/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 calculated (right panels).
C) Primary cultured rat hepatocytes were treated with ASM (1 U/ml) for 2 h (left panel) or infected with AA5GFP or Ad5ASM
(10 PFU/cell; right panel), followed by measurement of 2-deoxy-p-[1-°H]glucose uptake after a 1-h incubation period.
D) Hepatic glycogen content in wild-type mice was determined under food-deprivation conditions at 3 d after the adenoviral
infection. E) Glycogen content was determined in rat hepatocytes at 8 h after ASM treatment (left panel) or normal (200 mg/dl)
and high-dose glucose (600 mg/dl) (right panel) treatment with Ad5GFP or Ad5ASM infection. Data are means * sp from =4

independent experiments. *P < 0.05.
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Figure 2. ASM stimulates lipid accumulation. A) Wild-type mice were infected with Ad5GFP 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 triglycerides
were determined in food-deprived wild-type mice at 7 d after the infection. C) Primary cultured rat hepatocytes were
infected with Ad5GFP or Ad5ASM (10 PFU/cell). 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 GSK3 phosphorylation in mouse liver (Fig. 34).
Introduction of exogenous ASM increased AKT activation
under food-deprivation conditions and further increased
under feeding conditions (Fig. 3A) without increasing
serum insulin levels (data not shown) in comparison with
control 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 GSK3pB phosphorylation in pri-
mary cultured rat hepatocytes (Fig. 3B, left panel).
High-dose glucose did not affect AKT and GSK3p
phosphorylation in primary hepatocytes (Fig. 3B, 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 GSK3f 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 via activation of AKT.

ASM REGULATES GLUCOSE AND LIPID METABOLISM

ASM decreases AMPK phosphorylation and increases
GLUT?2 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-AMPK and reduced by CA-AMPK
(Supplemental Fig. S2C, D) with no observed effects on AKT
and GSK3§ phosphorylation (data not shown), indicating
that AMPK activation reduced glycogen synthesis; this result
is consistent with previous studies (3). Then, we assessed the
role of AMPK in ASM-mediated effects. In the control
virusinfected livers, food intake did not affect AMPK phos-
phorylation (Fig. 44), consistent with a previous report (27).
In contrast, introduction of ASM reduced AMPK phosphor-
ylation in response to food intake (Fig. 44). ASM also
increased food intake-related GLUT?2 protein expression in
the liver (Fig. 44). A previous study gave indirect evidence
that high glycogen content represses AMPK activation in
skeletal muscle (28). However, our data demonstrated that
AMPK phosphorylation was reduced by ASM in primary
cultured hepatocytes under normal glucose conditions (Fig.
4B), in which the glycogen content was lower than that in
AdbBGFP-infected cells cultured in high-dose glucose me-
dium (Fig. 1E). These results suggest that the AMPK inacti-
vation by ASM is not mediated by a response to increased
intracellular glycogen. In primary cultured hepatocytes,
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introduction. A) Wild-type mice were infected with
Ad5GFP or AdBASM (5X10° 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 immunoblot for phosphor-
ylated (p)-AKT, AKT, p-GSK3f, and GSK3f. Relative
densitometric intensity of p-AKT and p-GSK3B was
determined for each protein band and normalized

to AKT and GSK3B, respectively (bottom panels). B) Primary cultured rat hepatocytes infected with AA5GFP or
AdBASM (10 PFU/cell) were further infected with Ad5GFP or AdSDN-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-GSK38, and GSK3B. C) Primary cultured rat hepatocytes infected with Ad5GFP or
Ad5ASM plus AdBGFP or AASDN-AKT were treated with or without high-dose glucose. Glycogen content was
determined in hepatocytes at 8 h after the high-dose glucose treatment. D) Primary cultured rat hepatocytes were
infected with AASGFP or Ad5ASM plus AA5GFP or Ad5DN-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 *

sD from =4 independent experiments. *P < 0.05.

high-dose glucose slightly reduced AMPK phosphorylation
(Fig. 4B), as shown in a previous report in HepG2 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. 4B, C). CA-AMPK partially
inhibited glycogen deposition and lipid accumula-
tion induced by ASM (Fig. 4D, E). These results
suggest that reduced AMPK activation is also crucial
for ASM-mediated glucose metabolism.

ASM activates AKT through the SphK/S1P pathway

ASM hydrolyzes sphingomyelin into ceramide, which is
further hydrolyzed and phosphorylated by ceramidase
and SphK to form S1P. Because SI1P activates AKT in
hepatocytes (20), we investigated the contribution of
S1P generation to ASM-mediated glucose and lipid
metabolism. The ASM-induced phosphorylation of
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AKT and GSK3 was reduced in SphK1 ™/~ hepatocytes
(Fig. 54). Of note, SIP formation was inhibited in
SphK17™/~ cells (Fig. 5B, left panels). Overexpression of
neutral ceramidase (NCD) or exogenous S1P activated
AKT (Fig. 5B, middle and right panels) in hepatocytes,
as we reported previously (20). These results suggest
that S1P generated by the breakdown of sphingomyelin
contributes to ASM-induced AKT activation. We then
examined the involvement of S1PR. Hepatocytes were
treated with PTX because S1PRs coupled with G; are
sensitive to PTX. ASM-mediated AKT activation was
reduced by PTX treatment (Fig. 5C), indicating that
ASM generates SIP, which further activates AKT, at
least partially via S1IPRs. ASM-induced glycogen 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,
SphK17™/~ mice did not show hepatic steatosis by
exogenous ASM introduction (Fig. 6C). In contrast to
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at 3 d after the adenoviral in-
fection. Primary cultured rat
hepatocytes infected with

Ad5GFP or AA5ASM (10 PFU/cell) were cultured in normal (200 mg/dl) or high-dose glucose (600 mg/dl) conditions for 8 h. Left
panels: protein extracts from the liver tissue (A) or the hepatocytes (B) were subjected to immunoblot for phosphorylated (p)-AMPK,
AMPK, GLUT?2, and B-actin. Right panels: relative densitometric intensity of p-AMPK and GLUT2 was determined for each protein
band and normalized to AMPK and B-actin, respectively. C). mRNA levels of GLUT2 in hepatocytes were determined by quantitative
real-time RT-PCR and normalized by 18S ribosomal RNA. D) Primary cultured rat hepatocytes infected with Ad5GFP or Ad5CA-AMPK
were further infected with AASGFP or AdSASM. Cells were then incubated in normal or high-dose glucose conditions for 8 h. Glycogen

content in hepatocytes was determined. E) Primary cultured rat

hepatocytes were infected with Ad5GFP, Ad5CA-AMPK, and/or

Ad5ASM. 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 *+ sp from =4 independent experiments. *P < 0.05.

AKT, AMPK was not affected by S1P administration or
NCD overexpression (Fig. 5B, middle panel). As in
wild-type mice, SphK1 ™/~ mice expressing exogenous
ASM showed decreased phosphorylation of AMPK (Fig.
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
reduction were observed in hepatocytes isolated from
ASM™’" mice (Supplemental Table S1). Blood glucose
levels in 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 glycogen levels (Fig. 84). Imipramine, 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. 8B). 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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