ONCOLOGY REPORTS 23: 1709-1714, 2010

—8=— AsPci
20 - <A = BxPc3

Relative cell viability (%)
8

0 |
0.001 0.01 0.1 1 10 100 1000 (nM)

B AsPc1
EGFR =5 aup e @D S SN = -

phosphO-EGFR (Ser1046/7) s e com o —
GAPDH e e au s s
17-AAG(100nM) 0 10 30 1 3 6 24 48

min hour
c BxPc3
EGFR S ammain tiisaiy s -

phospho-EGFR (Ser1046/7) e T
GAPDH = cm cue e e o o> o

17-AAG (100nM) 0 10 30 1 3 6 24 48

min hour
D KP3
EGFR " e 4» an «s 4 o» ~
phospho-EGFR (Ser1046/7) = == & & & w o

GAPDH el e av e < e
17-AAG (100nM) 0 10 301 2 3 6 24 48

min hour

Figure 1. (A) Inhibition of cell growth by 17-AAG in pancreatic cancer
cells. Cell viability assay was performed using the MTT cell proliferation kit I.
Results are expressed as percentage of growth with 100% representing
control cells treated with vehicle alone. Bars designate SD of triplicate
assays. (B-C) 17-AAG caused desensitization of EGFR and phosphorylation
of EGFR at Ser1046/7 in KP3 (A), BxPc3 (B) and AsPcl (C) pancreatic
cancer cells. The indicated cells were treated with 17-AAG at a dose of
100 nM, respectively, for the indicated periods and protein extracts were
then harvested and examined by Western blotting using anti-EGFR, anti-
phospho-EGFR at Ser1046/7 and anti-GAPDH antibodies.

shown in Fig. 1A, the ICs, values of 17-AAG in KP3 cells
was 70 nM, whereas those in BxPc3 and AsPcl were 300
and 400 nM, respectively. These results suggest that 17-AAG
has potent anti-cancer effect in pancreatic cancer cells.

17-AAG caused desensitization of EGFR, concurrently
inducing phosphorylation of EGFR at Ser1046/7 in pancreatic
cancer cells. We next examined the effect of 17-AAG on the
desensitization of EGFR in these pancreatic cancer cells.
As shown in Fig. 1B-D, when the cells were treated with
17-AAG, the protein level of EGFR was time-dependently
decreased, respectively (Fig. 1B-D, upper panels). In addition,
we examined the effects of 17-AAG on the phosphorylation
of EGFR at Ser1046/7, since this phosphorylation has been
reported to play an important role in EGFR desensitization
(20,25). Interestingly, 17-AAG induced phosphorylation of
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Figure 2. (A) Geldanamycin and 17-DMAG caused inhibition of cell growth
in KP3 pancreatic cancer cells. Cell viability assay was performed using
the MTT cell proliferation kit I. Results are expressed as percentage of
growth with 100% representing control cells treated with vehicle alone. Bars
designate SD of triplicate assays. (B) Geldanamycin and 17-DMAG caused
desensitization of EGFR and phosphorylation of EGFR at Ser1046/7 in
KP3 pancreatic cancer cells KP3 cells were treated with the indicated com-
pounds at a dose of 100 nM, respectively, for the indicated periods and protein
extracts were then harvested and examined by Western blotting using anti-
EGFR, anti-phospho-EGFR at Ser1046/7 and anti-GAPDH antibodies.

EGFR at Ser1046/7 at a peak of 30 min to 1 h (Fig. 1B-D,
middle panel, respectively). Significant effect by 17-AAG on
this phosphorylation was observed within 10 min in these
types of pancreatic cancer cells. Since EGFR proteins were
concurrently decreased, it seems that phosphorylation of
EGFR at Ser1046/7 induced by 17-AAG correlates with its
desensitization in these pancreatic cells.

Other HSP90 inhibitors also caused EGFR desensitization
concurrently inducing phosphorylation of EGFR at
Ser1046/7. To prove that these results (Fig. 1) are not
confined to 17-AAG, we examined the effects of geldana-
mycin and 17-DMAG as other HSP90 inhibitors on
cytotoxicity and desensitization of EGFR. We performed a
cell proliferating assay using MTT in KP3 pancreatic cells
and found that geldanamycin as well as 17-DMAG exerted
similar effects on cytotoxicity (ICs;; 30 and 100 nM, respe-
ctively) in KP3 cells (Fig. 2A). In addition, treatment of the
cells with either 100 nM of geldanamycin or 17-DMAG for
6 h resulted in significant decrease in EGFR protein level
(Fig. 2B and C, upper panel, respectively). Moreover, treat-
ment of the cells with geldanamycin or 17-DMAG induced
phosphorylation of EGFR at Ser1046/7 at a peak of 30 min
to 3 h (Fig. 2B and C, middle panel, respectively). Therefore,
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such as the kinases c-Rafl, HER-2, Akt, cdk4 and p53. In
the present study, we examined the effect of 17-AAG on
Figure 3. 17-AAG induced phosphorylation of both p44/p42 MAPK and p38  activation of kinase cascades, especially the MAP kinase
MAPK, but not SAPK/JINK in KP3 pancreatic cancer cells. KP3 cells were superfamily. We found that 17-AAG induced activation of
treated with 17-AAG (100 nM) for the indicated periods and protein extracts both p44/p42 MAPK and p38 MAPK in KP3 cells (Fig. 3).
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Figure 4. The inhibition of p38 MAPK, but not p44/p42 MAPK suppressed the phosphorylation of EGFR at Ser1046/7 and desensitization of EGFR induced
by 17-AAG in KP3 pancreatic cancer cells. (A) KP3 cells were pretreated with PD98059 at the indicated doses for 1 h, followed by treatment with 17-AAG
(100 nM) for 1 h. Protein extracts were then harvested and examined by Western blotting using anti-phospho-EGFR at Ser1046/7 and anti-GAPDH
antibodies. The lower bar graph shows quantification data for the relative levels of phospho-EGFR at Ser1046/7, after normalization with respect to GAPDH,
as determined by densitometry. (B) KP3 cells were pretreated with PD98059 at the indicated doses for 1 h, followed by treatment with 17-AAG (100 nM) for
48 h. Protein extracts were then harvested and examined by Western blotting using anti-EGFR and anti-GAPDH antibodies. The lower bar graph shows
quantification data for the relative levels of EGFR, after normalization with respect to GAPDH, as determined by densitometry. (C) KP3 cells were pretreated
with SB203580 at the indicated doses for 1 h, followed by treatment with 17-AAG (100 nM) for 1 h. Protein extracts were then harvested and examined
by Western blotting using anti-phospho-EGFR at Ser1046/7 and anti-GAPDH antibodies. The lower bar graph shows quantification data for the relative levels
of phospho-EGFR at Ser1046/7, after normalization with respect to GAPDH, as determined by densitometry. (D) KP3 cells were pretreated with either
SB203580 or BIRB0796, p38 MAPK inhibitors, at the indicated doses for | h, followed by treatment with 17-AAG (100 nM) for 48 h. Protein extracts were
then harvested and examined by Western blotting using anti-EGFR and anti-GAPDH antibodies. The lower bar graph shows quantification data for the
relative levels of EGFR, after normalization with respect to GAPDH, as determined by densitometry. The asterisks indicate significant increase (‘p<0.05) as
compared to the control (lane 2), respectively.
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whether activation of either p44/p42 MAPK or p38 MAPK
plays a role in the desensitization of EGFR induced by HSP90
inhibitors in pancreatic cancer cells.

Inhibition of p38 MAPK, but not p44/p42 MAPK suppressed
the phosphorylation of EGFR at Ser1046/7. As shown in
Fig. 3, 17-AAG induced the activation of p44/p42 MAPK
and p38 MAPK in KP3 cells. In addition, HSP90 inhibitors
including 17-AAG caused the phosphorylation of EGFR
at Ser1046/7 (Figs. | and 2). Therefore, it is of interest to
examine the effects of MEK1/2 specific inhibitor, PD98059
(27) or p38 MAPK specific inhibitor, SB203580 (28) on the
phosphorylation of EGFR at Ser1046/7 and the desen-
sitization of EGFR induced by 17-AAG. As shown in Fig. 4A,
the phosphorylation of EGFR at Ser1046/7 induced by
17-AAG was not suppressed even when the cells were pre-
treated with up to 30 xM of PD98059 (Fig. 4A), a dose of
which strongly suppressed the phosphorylation of p44/p42
MAPK induced by 17-AAG (data not shown). Additionally,
PD98059 failed to reverse the desensitization of EGFR induced
by 17-AAG (Fig. 4B). Therefore, it is unlikely that p44/p42
MAPK is involved in the desensitization of EGFR by HSP90
inhibitors. On the contrary, 17-AAG-induced phosphorylation
of EGFR at Ser1046/7 was significantly inhibited by treat-
ment with SB203580 at doses of over 10 uM (Fig. 4C).
Moreover, EGFR desensitization induced by 17-AAG was
significantly restored when the cells were pretreated with spe-
cific inhibitors of p38 MAPK, either SB203580 or BIRB0796
(29) (Fig. 4D). These results strongly suggest that phospho-
rylation of EGFR at Ser1046/7 was mediated through the p38
MAPK pathway and that the p38 MAPK pathway, at least in
part, acts in 17-AAG-induced EGFR desensitization in KP3
pancreatic cancer cells.

Discussion

The benzoquinone ansamycin antibiotic geldanamycin was
discovered as a natural product which disrupts HSP90
chaperone activities and its less toxic derivative 17-AAG has
been shown to possess strong anti-proliferative and apoptotic
activity in cancer cells, whereas 17-AAG has demonstrated
potent anti-tumor activity in several human xenograft models,
including breast, prostate and colon cancer (30). Therefore,
we examined the effect of 17-AAG on anti-proliferative effect,
especially focusing on desensitization of EGFR in various
kinds of pancreatic cancer cells. Our findings show in pan-
creatic cancer cells that: i) EGFR is targeted by HSP90
inhibitors; ii) HSP90 inhibitors induce activation of p38
MAPK: iii) the inhibition of HSP90 induces the EGFR phos-
phorylation at Ser1046/7, a site which is reported to play
an important role in its desensitization; and iv) p38 MAPK
regulates desensitization of EGFR via its phosphorylation at
Ser1046/7. Our present study in pancreatic cancer cells is
consistent with our previous report showing that p38 MAPK
directs EGFR toward desensitization via its phosphorylation
at Ser1046/7 (22), because in the present study we found that
HSP90 inhibitors induced p38 MAPK, leading to EGFR
phosphorylation at Ser1046/7.

Recent study shows that several HSP90 client proteins
have been validated as clinically important therapeutic targets
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for treatment of cancer, and HSP90 inhibitors are recognized
as potentially beneficial anti-cancer agents (31). More than
200 signaling proteins have been found to be regulated by
HSP90. For example, BCR-ABL is degraded after HSP90
inhibition and imatinib-resistant BCR-ABL point mutants
remain sensitive to HSP90 inhibitors (32). Lung cancers are
sometimes driven by mutant HER-2, mutant B-Raf, or mutant
or overexpressed c-Met, all of which are also degraded by
HSP90 inhibition (33). Moreover, it has been reported that
HSP90 plays a unique anti-apoptotic role in small cell lung
cancer cells, so that HSP90 inhibition results in substantial
cell death in both chemosensitive and chemoresistant cell
lines (33). Since many of HSP90-regulated signaling proteins
are involved in cancer cell growth, HSP90 inhibitors are
recognized as a promising new class of anti-cancer drugs
(34). Moreover, HSP90 in human pancreatic cancer is
reportedly expressed 6- to 7-fold higher than normal tissues
(35). In addition, enhanced EGFR signaling pathway
contributes to pancreatic cancer (4). We herein showed that
HSP90 inhibitors induced EGFR desensitization in pancreatic
cancer cells (Figs. 1 and 2), thus indicating that HSP90
inhibitors might be useful for control of pancreatic cancer.

There is accumulating evidence that activation of p38
MAPK has a suppressive effect on tumorigenesis (36) and
that a variety of agents, in addition to specific ligands such as
EGF and transforming growth factor o, can induce activation
of p38 MAPK and internalization of EGFR into endosomal
vesicles. These agents include oxidative stress (37), ultra-
violet irradiation (38), gemcitabine (39) and cisplatin (40).
We have previously reported that (-)-epigallocatechin gallate
(EGCG) caused internalization of EGFR into endosomal
vesicles (23). Moreover, we have recently shown that EGCG
downregulates EGFR via phosphorylation at Ser1046/7 by
p38 MAPK in colon cancer cells (25). In the present study,
we investigated the involvement of p38 MAPK in EGFR
desensitization induced by HSP90 inhibitors and showed
that p38 MAPK activated by HSP90 inhibitors induced desen-
sitization of EGFR via its phosphorylation at Ser1046/7.
Based on these findings, it is most likely that p38 MAPK
plays a key role in EGFR desensitization.

It has previously been reported that whereas the kinase
domain of HER-2 is assembled into a stable complex with
HSP90, little or no HSP90 is recovered with EGFR (41). In
addition, mutant EGFR is reported to be one of HSP90 clients
(14). However, as far as we know, there is no report showing
that pancreatic cancer has mutant EGFR. Therefore, our
present study provides the first evidence showing that HSP90
inhibitors induced desensitization of wild-type EGFR in
pancreatic cancer cells. Our findings may suggest new
therapeutic strategies for inhibiting the proliferation of
pancreatic cancer that are highly dependent on the function
of the EGFR. As mentioned above, gemcitabine is currently
considered to be the standard of care for the treatment of
advanced pancreatic cancer. Since the potency of combination
of gemcitabine with certain other cytotoxic drugs have been
investigated in several clinical trials (2), it is of interest to
elucidate new combination of gemcitabine and HSP90
inhibitors in human pancreatic cancer. Although our present
study elucidated the mechanism underlying EGFR
desensitization induced by HSP90 inhibitors, further
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investigation is required to clarify how HSP90 inhibitors
activate p38 MAPK and how phosphorylation of EGFR at
Ser1046/7 induces desensitization of EGFR.

In conclusion, our results strongly suggest that HSP90

inhibitors cause EGFR desensitization in human pancreatic
cancer cells and that activation of p38 MAPK induced by
HSP90 inhibitors regulates the desensitization of EGFR
via its phosphorylation at Ser1046/7.
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Role of Acid Sphingomyelinase of Kupffer Cells in

Cholestatic Liver Injury in Mice

Yosuke Osawa,'? Ekihiro Seki,> Masayuki Adachi,® Atsushi Suetsugu,” Hiroyasu Ito,' Hisataka Moriwaki,’

Mitsuru Seishima,' and Masahito Nagaki

KupfFer cells, resident tissue macrophages of the liver, play a key role in the regulation of hepatic
inflammation, hepatocyte death, and fibrosis that characterize liver diseases. However, it is controver-
sial whether Kupffer cells promote or protect from liver injury. To explore this issue we examined the
role of KupfFer cells in liver injury, cell death, regeneration, and fibrosis on cholestatic liver injury in
C57BL/6 mice using a model of partial bile duct ligation (BDL), in which animals do not die and the
effects of BDL can be compared between injured ligated lobes and nonligated lobes. In cholestatic liver
injury, the remaining viable cells represented tolerance for tumor necrosis factor alpha (TNF-a)-
induced hepatocyte apoptosis and regenerative features along with AKT activation. Inhibition of AKT
by adenovirus expressing dominant-negative AKT abolished the survival and regenerative properties
in hepatocytes. Moreover, Kupffer cell depletion by alendronate liposomes increased hepatocyte
damage and the sensitivity of TNF-a-induced hepatocyte apoptosis in ligated lobes. Kupffer cell
depletion decreased hepatocyte regeneration and liver fibrosis with reduced AKT activation. To
investigate the impact of acid sphingomyelinase (ASMase) in Kupffer cells, we generated chimeric
mice that contained ASMase-deficient KupfFer cells and -sufficient hepatocytes using a combination
of Kupffer cell depletion, irradiation, and the transplantation of ASMase-deficient bone marrow cells.
In these mice, AKT activation, the tolerance for TNF-a-induced apoptosis, and the regenerative
responses were attenuated in hepatocytes after BDL. Conclusion: Kupffer cells have a protective role
for hepatocyte damage and promote cell survival, liver regeneration, and fibrosis in cholestatic liver
disease. KupfFer cell-derived ASMase is crucial for AKT activation of hepatocytes that is required for

the survival and regenerative responses. (HEPATOLOGY 2010;51:237-245.)

hronic liver disease is associated with inflamma-
tory cell infiltration, cytokine production, and
liver cell death. Persistent hepatocyte death im-
pairs hepatocyte regeneration accompanied with excessive

Abbreviations: «-SMA, alpha smooth muscle actin; Ale-lip, liposome-encapsu-
lated alendronate; ASMase, acid sphingomyelinase; BDL, bile duct ligation; DN,
dominant negative; GallN, D-galactosamine; GSK, glycogen synthase kinase; HSC,
hepatic stellate cell: PBDL, partial BDL; TNF-ct, tumor necrosis factor alpha;
TUNEL, terminal deoxynucleotidyl transferase nick end-labeling.
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production of extracellular matrix proteins causing liver
fibrosis. Kupffer cells, resident tissue macrophages of the
liver, function as both a promoter and a protector against
liver injury. Lipopolysaccharide activates Kupffer cells
and induces liver injury and inhibition of Kupffer cells
prevents liver injury.! In addition, inhibition of Kupffer
cell activation prevents liver injury induced by melpha-
lan2 and fumonisin B1.? In contrast, reduced Kupffer cell
activity augments some kinds of liver injuries, such as
hepatectomy- or acetaminophen-induced liver injury.*>
Activated Kupffer cells release various types of inflam-
matory cytokines and growth factors,® and these me-
diators are thought to regulate liver injury and
regeneration. Especially, tumor necrosis factor alpha
(TNF-a) from activated Kupffer cells plays a major
role in the pathogenesis of various liver injuries.”®
Cholestasis is associated with many liver diseases. Bile
duct ligation (BDL) causes hepatocyte damage, hepatic
stellate cell (HSC) activation, and liver fibrosis accom-
panied by Kupffer cell activation leading to the pro-
duction of a variety of cytokines and chemokines that
are involved in liver damage and fibrosis.”"!! Because
these features are similar to human cholestatic diseases,
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common BDL has been used as an animal model of
chronic liver disease. However, in this model, common
bile duct ligation causes total bile acid reflux to damage
whole liver, and the animals show high mortality due to
liver failure. We have previously established a partial
BDL (PBDL) model, in which animals showed a typi-
cal liver injury only in the BDL lobes but no damage in
the nonligated lobes with viable liver functions. In this
study we examined the role of Kupffer cells in chronic
liver injury using the PBDL model.

Acid sphingomyelinase (ASMase) hydrolyses sphin-
gomyelin into ceramide and phosphorylcholine and is
involved in various cell functions. Ceramide has been
identified as a bioactive mediator of various cellular
functions.!? In addition, roles for sphingomyelin and
ceramide in membrane lipid rafts have been reported, '3
which is related with transmitting signals across the
plasma membrane. In macrophages, ASMase contrib-
utes to cytokine and chemokine release. Its inhibitor,
sphingomyeline difluoromethylene analogue-7 (SMA-
7), suppressed lipopolysaccharide-induced releases of
TNF-a, interleukin (IL)-1B8, and IL-6 from macro-
phages, and it reduces the severity of inflammatory
bowel disease induced by dextran sodium sulfate. In
contrast, production of macrophage inflammatory pro-
tein-la and -2 is increased in ASMase-deficient mac-
rophages.'> In addition, ASMase-deficient macrophage
is impaired in killing bacteria.’¢ Thus, ASMase con-
tributes to various immunoresponses. In liver damage,
although deficiency of ASMase leads to resistance to
hepatocyte cell death induced by TNF-a,!7:18 the role
of ASMase in Kupffer cells remains unclear.

In this study we assessed the roles of Kupffer cells and
ASMase during chronic liver injury using PBDL mice.
We found that Kupffer cells reduce liver damage, and
induce hepatocyte survival and regeneration, and fibrosis.
The protective and regenerative effects require AKT in

hepatocytes by way of ASMase in Kupffer cells.

Materials and Methods

Animals and PBDL. ASMase knockout mice (AS-
Mase ™) (C57Bl/6 background) ' were bred for studies.
Eight-week-old male wildtype C57Bl/6] mice were ob-
tained from Japan SLC (Japan). The left hepatic duct was
ligated for PBDL as reported.'® The animals were fasted
for 12 hours before sacrifice at 10 days after the surgery.
As necessary, hepatocyte apoptosis was induced by mouse
TNF-a (R&D Systems, Minneapolis, MN) (0.5 pg/
mouse intravenously) with D-galactosamine (GalN) (Na-

calai Tesque, Japan) (20 mg/mouse intraperitoneally) 10
days after the PBDL2° and the animals were killed 6 hours
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after TNF-a administration. All procedures were ap-
proved by the Institutional Animal Care Committee of
Gifu University.

Depletion of Kupfffer Cells. Alendronate was re-
ported to deplete Kupffer cells." A single injection of li-
posome-encapsulated alendronate (Ale-lip) depleted F4/
80-positive cells in the liver at 2-3 days after injection and
the cells started to restore at 6 days (Supporting Fig. 1A).
Ale-lip had no effect on hepatocytes with hematoxylin
and eosin (H&E) (Supporting Fig. 1B) and alanine
transaminase (ALT) (data not shown). The vitamin A
autofluorescence and desmin-positive cells, characteristic
features of HSCs, were not decreased by Ale-lip (Support-
ing Fig. 1CD). Ale-lip was injected to the operated mice 3
times at 1 day before surgery and 3 and 6 days after the
surgery. Phosphate-buffered saline (PBS) encapsulated li-
posomes (PBS-lip) were used for control.

Bone Marrow Transplantation. Bone
transplantation was performed as reported.!! The wild-
type mice received Ale-lip injection twice at 1 and 4 days
prior to lethal irradiation (11 Gy). Total bone marrow
cells were collected from wildtype or ASMase ™~ mice
and injected to the irradiated recipient mice (107 cells).
PBDL was performed 10 weeks after the transplantation.

Other Experimental Procedures. Other experimen-
tal procedures are described in the Supporting experi-
mental procedures. These include preparation of

marrow

liposome-encapsulated alendronate, adenovirus infec-
tion, histological analysis, western blot, quantitative
real-time reverse-transcription polymerase chain reac-
tion (RT-PCR), hydroxyproline measurement, and
statistical analysis.

Results

Kupffer Cell Depletion Increases Hepatocellular
Damage Induced by BDL. To examine the effect of
Kupfter cell depletion on chronic liver damage induced by
BDL, we initially injected Ale-lip three times to mice
operated on with common BDL. Although the treatment
with Ale-lip alone did not induce liver injury, the mortal-
ity of mice treated with common BDL and Ale-lip was
extremely high; 40% 10 days after the surgery. In our
established model, PBDL showed liver injury and fibrosis
only in BDL lobes, which improved the survival rate up to
100% in Ale-lip-treated mice. Therefore, we decided to
use PBDL for this study. In BDL lobes, F4/80-positive
cells were increased. The Ale-lip treatment succeeded in
deleting F4/80-positive cells (Fig. 1A). Thus, Ale-lip in-
jection can be utilized as a new tool for Kupffer cell de-
pletion. Inflammatory cytokines mainly produced from
Kupffer cells were up-regulated in BDL lobes, whereas the
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Fig. 1. Depletion of Kupffer cells increased liver injury after BDL. Wildtype mice were subjected to PBDL and treated with Ale-lip or PBS-lip. The
animals were killed 10 days after the surgery. (A) Expression of F4/80 in the nonligated (NL) right (upper panel) and BDL left (lower panel) lobes
was examined by immunohistochemistry. (Original magnification X400; graph, right panel.) (B) Hepatic mRNA levels of TNF-a and IL-13 were
determined by quantitative real-time RT-PCR. (C) The injured lesion in the ligated left lobes was assessed by H&E staining. (Original magnification
X 40; graph, right upper panel.) Serum ALT levels were compared on the indicated time periods. Data are means + SD from at least four independent

experiments. *P < 0.05 using Student’s t test.

Ale-lip treatment markedly inhibited the production of
TNF-a and IL-1B (Fig. 1B). Kupffer cell-depleted mice
showed an increase of injured lesion in BDL lobes and
serum ALT level after the surgery (Fig. 1C). Interestingly,
24 hours after common BDL (Supporting Fig. 2) as well
as PBDL (Fig. 1C), there were no significant differences
in histological liver injury and elevated ALT activities be-
tween control and Kupffer cell-depleted mice. These find-
ings indicate that Kupffer cells were not involved in the
early stage of liver damage that occurs by BDL, but in the
late stage.

Kupffer Cells Mediate Survival and Regeneration
of Hepatocyte by BDL. As previously reported,?® treat-
ment with TNF-a plus GalN strongly induced hepato-
cyte destruction and massive hemorrhage with apoprotic
cells in nonligated lobes of PBDL animals, whereas hem-
orrhagic damage and hepatocyte apoptosis were blunted
in BDL lobes (Supporting Fig. 3A-C). Kupffer cell deple-
tion itself did not induce hepatocyte apoptosis (Support-
ing Fig. 3D). In Kupffer cell-depleted livers, GalN plus
TNE-a treatment induced hemorrhagic liver damage and
hepatocyte apoptosis with the cleavage of poly (ADP-
ribose) polymerase (PARP), which is the downstream tar-
get of caspase-3, both in nonligated and BDL lobes (Fig.
2A-C).

In the BDL lobes, proliferation cell nuclear antigen
(PCNA) or Ki67-positive hepatocytes were increased
with up-regulation of cyclin E expression (Fig. 2D-F),
indicating that BDL induces hepatocyte regeneration. In
Kupffer cell-depleted livers the expressions of PCNA,
Ki67, and cyclin E were decreased (Fig. 2D-F). Thus,

Kupffer cells are important for survival and regeneration
of hepatocytes after BDL.

Kupffer Cells Are Required for Liver Fibrosis. Fi-
brosis was induced in BDL lobes as demonstrated by
Sirius red staining, hydroxyproline content, expression of
a-smooth muscle actin (a-SMA) and desmin, and mes-
senger RNA (mRNA) expression of collagen-a1(I) and
transforming growth factor (TGF)-B1 (Fig. 3). Kupfter
cell-depleted mice showed reduced fibrosis in BDL lobes
(Fig. 3). The number and the activation of HSCs were
decreased by Kupffer cell depletion as assessed by desmin
and a-SMA expression, respectively. These results suggest
that the decrease in the fibrogenic response by Kupffer cell
depletion is due to a lack of signal from Kupffer cells to
activate and proliferate HSCs.

ASMase Deficiency in Kupffer Cells Diminishes the
BDL-Induced Survival and Proliferative Effect. To
further elucidate the mechanisms by which Kupffer cells
contribute to BDL-mediated functional changes in liver
injury, survival of hepatocyte, regeneration, and fibrosis,
we focused on ASMase. The protein level of ASMase
(Supporting Fig. 4) and ceramides (Supporting Table 1),
the metabolite of ASMase, were increased in BDL lobes
compared with those in nonligated lobes, suggesting the
contribution of ASMase in the liver. To explore the in-
volvement of ASMase in bone marrow-derived cells we
generated ASMase-chimeric mice using a combination of
alendronate-induced Kupffer cell depletion, irradiation,
and bone marrow transplantation. To confirm the substi-
tution of Kupffer cells in chimeric mice we initially gen-
erated the mice transplanted with bone marrow isolated
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Fig. 2. Depletion of Kupffer cells abolished the survival effect of BDL and decreased hepatocyte regeneration after BDL. Wildtype mice were
subjected to PBDL and treated with Ale-lip or PBS-lip. The animals were administered with (A-C) or without (D-F) GalN plus TNF-a (6 hours) on 10
days after the surgery. (A) Liver sections from the nonligated (NL) right (upper panel) and BDL left (lower panel) lobes were stained with H&E. (B)
Apoptotic nuclei were identified using TUNEL staining. (Original magnification X 400; graph, right panel.) Expression of PCNA (D) and Ki67 (E) in the
NL right (upper panel) and the BDL left (lower panel) lobes were examined by immunohistochemistry. (Original magnification X200.) PCNA and Ki67
indexes were compared (right panel). Data are means = SD from at least four independent experiments. *P < 0.05 using Student's t test. (C,F)
The protein extracts from the NL and BDL lobes were subjected to sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting was performed with anti-PARP, cyclin E, and GAPDH antibodies. The results shown are representative of at least three independent

experiments. NS, normal saline.

from B-actin promoter-driven green fluorescent protein
(GFP)-transgenic mice. In the GFP-chimeric mouse liver
all F4/80-positive cells were GFP-positive (Supporting
Fig. 5A), suggesting that this protocol achieved full recon-
stitution of Kupffer cells to bone marrow-derived cells.
The chimeric mice containing ASMase ™'~ bone marrow
cells showed an increase of F4/80-positive cells, and
TNF-a and IL-1B production after BDL, which were
comparable to ASMase*’* bone marrow-transplanted
mice (Supporting Fig. 5BC).

ASMase™'~ bone marrow-transplanted mice showed
an increase of liver injury in BDL lobes at the same degree
as ASMase™'* bone marrow-transplanted mice (Fig. 4),
suggesting that ASMase of Kupffer cell is not implicated
in the liver injury. Hemorrhagic liver damage and apopto-
sis with PARP cleavage by GalN plus TNF-a were ob-
served in BDL lobes of ASMase™'~ bone marrow-
transplanted mice but not in that of ASMase*’* bone
marrow-transplanted mice (Fig. 5SA-C). An increase of
PCNA or Ki67-positive cells with cyclin E expression
were blunted in BDL lobes of ASMase™'~ bone marrow-

transplanted mice (Fig. 5SD-F). These results suggest that
ASMase in Kupffer cells contribute to the protection
against apoptosis and regeneration in BDL lobes. How-
ever, there was no difference between ASMase ™~ bone
marrow and ASMase ™’ bone marrow-transplanted mice
in mRNA expression of fibrogenic markers, Sirius red
staining, and hydroxyproline content (Fig. 6). Thus, AS-
Mase of Kupffer cell was not associated with liver fibrosis.

AKT Activation of Hepatocytes Is Required for Sur-
vival and Regeneration in BDL Lobes. Our previous
study demonstrated that AKT was up-regulated in BDL
lobes and was involved in hepatocyte survival from TNF-
a-induced cell death.?® In BDL lobes, phosphorylated-
AKT and its downstream target, phosphorylated-
glycogen synthase kinase (GSK)3B were increased
(Supporting Fig. 6A). Immunohistochemical analysis
identified that AKT in hepatocytes was phosphorylated
(Supporting Fig. 6B). The AKT activation in BDL lobes
was abrogated by the infection of Ad5 dominant negative
(DN)-AKT (Supporting Fig. 6C). The inhibition of AKT
abolished the survival effect (Supporting Fig. 6D) as re-
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Fig. 3. Depletion of Kupffer cells reduced liver fibrosis after BDL. Wildtype mice were operated on with PBDL and treated with Ale-lip or PBS-lip.
The animals were killed 10 days after the surgery. (A,B) Collagen deposition was assessed by Sirius red staining (original magnification X100; graph,
right panel) and measurement of hydroxyproline content. (C) mRNA levels of collagen «l(l) (collexd) and TGF-B1 (TGF-B) in the livers were
determined by quantitative real-time RT-PCR. Data are means = SD from at least four independent experiments. *P < 0.05 using Student’s t test.
(D) The protein extracts from the livers were subjected to SDS-PAGE and immunoblotting was performed with anti-a-SMA, desmin, and GAPDH
antibodies. The results shown are representative of at least three independent experiments.

porting Fig. 6C,E),?! was diminished in Kupffer cell-de-

pleted mice or ASMase™~ bone marrow-transplanted

ported,2 and eliminated the induction of Ki67-positive
cells and cyclin E (Fig. 7A,B) induced by BDL. These

findings suggest that AKT activation in hepatocytes is
essential for hepatocyte survival and regeneration ob-
served in BDL lobes. In Kupffer cell-depleted mice (Fig.
7C) or ASMase™’~ bone marrow-transplanted mice (Fig.
7D), the phosphorylation of AKT and GSK3 by BDL
was inhibited. Thus, Kupffer cells and their ASMase are
required for AKT-mediated survival and regeneration in-
duced by BDL. Mcl-1 induction, which is a Bcl-2 family
member and was regulated by AKT in hepatocytes (Sup-

NL

Fig. 4. Reconstitution of Kupffer cells with ASMase
knockout cells did not affect on the liver injury induced
by BDL. The ASMase*/* bone marrow or ASMase ™/~
bone marrow-transplanted mice were subjected to
PBDL and killed 10 days after the surgery. Measure-
ment of injured lesion in the BDL lobes was assessed
with H&E. (Original magnification X40; graph, right
panel.) Data are means = SD from at least four
independent experiments.

BDL
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mice, whereas Bcl-XL or Bfl-1 were not affected. These
results suggest that survival may be mediated by Mcl-1 at

the downstream of AKT.

Discussion

The present study specifically addressed the role of
Kupffer cells and of ASMase in the cholestatic liver injury.
Our results demonstrate that depletion of Kupffer cells
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Fig. 5. Reconstitution of Kupffer cells to ASMase knockout cells abrogated the survival effect of BDL and decreased hepatocyte regeneration after
BDL. The ASMase™/~ bone marrow or ASMase ™/~ bone marrow-transplanted mice were operated on with PBDL and treated with (A-C) or without
(D-F) GalN plus TNF- treatment (6 hours) 10 days after the surgery. (A) Liver sections were stained with H&E. (B) Apoptotic nuclei were identified
using TUNEL staining. (Original magnification X 400; graph, right panel.) Expression of PCNA (D) and Ki67 (E) in the nonligated (NL) right (upper
panel) and the BDL left (lower panel) lobes was examined by immunohistochemistry. (Original magnification X 200.) PCNA and Ki67 indexes were
compared (right panel). Data are means + SD from at least four independent experiments. *P < 0.05 using Student's t test. (C,F) The protein
extracts from the NL and BDL lobes were subjected to SDS-PAGE and immunoblotting was performed with anti-PARP, anti-cyclin E, and GAPDH

antibodies. The results shown are representative of at least four independent experiments. NS, normal saline.

increased liver injury and susceptibility to TNF-q-in-
duced hepatocyte apoptosis, and decreased hepatocyte re-
generation and liver fibrosis with reduced AKT
activation. Kupffer cell-derived ASMase was crucial for
the AKT activation. The results raise novel therapeutic
possibilities for treating liver injury.

After BDL, hepatocytes are exposed to elevated con-
centrations of bile acid, and hydrophobic bile acids lead to
hepatocyte cell death?? through various factors such as
reactive oxygen species (ROS) generation from mito-
chondria?* and activation of Fas signaling in a ligand-
independent manner by altering cellular trafficking of
Fas.® Indeed, expression of 4-hydroxy-2-nonenal
(HNE), which is produced by lipid peroxidation, was
increased on 1 day after the surgery of BDL (data not
shown). Because Kupffer cell depletion did not increase
the initial liver damage by BDL (1 day after the surgery),
it is likely that this damage is induced by a direct toxic
effect of bile acid rather than subsequent immune re-
sponses because Kupffer cells are not activated in this early
stage. The initial hepatocyte cell death stimulates subse-
quent inflammatory responses leading to furcher liver in-
jury and fibrosis.?>2¢ In BDL liver, the engulfment of

apoptotic or necrotic body in Kupffer cells is observed,?”
which leads to production of cytokines including TNF-a
and TGF-B.? Either a promotive? or protective!® effect of
Kupffer cells on BDL-induced liver injury have been re-
ported. In the present study, alendronate treatment,
which depleted Kupffer cells in the livers, increased liver
injury and reduced fibrosis 10 days after BDL, suggesting
that Kupffer cells have a protective effect on the subse-
quent damage of hepatocytes and a promotive effect on
fibrosis in the late stage. The increase of liver injury is
probably explained by the diminished Kupffer cell func-
tions, including the phagocytosis of injured tissue and the
production of protective factors for hepatocytes. The re-
duced fibrosis is most likely due to decreased fibrogenic
cytokines from Kupffer cells. Cytokines including
TGF-B and TGF-a are released from Kupffer cells,28 and
HSCs are stimulated to induce collagen I a1 transcription
by TGF-B.%

In the liver chronically injured by BDL, hepatocytes
represented the survival and regenerative properties, and
AKT was a critical factor for the survival and regeneration
of the remaining viable hepatocytes. Indeed, overexpres-
sion of constitutive active-AKT led hepatocytes to be re-

- 709 -



HEPATOLOGY, Vol. 51, No. 1, 2010 OSAWA ET AL. 243

A +/+ ol Brsvev B WASM“BM C WASM“BM
ASM BM ASM BM S ClAasmBm 50 [JASM-BM g LIASM’BM
. 812 0

© £ 2150 8
10 5o <9
24 ¥ z3
2 £ S100 E 54
Q6 == T E
T o ©
g4 £8 53
@ =2 50 o€2
22
w
0N T R T 2
D ASM'“BM ASM-BM 4
NL BDL NL BDL $%8
]
aSMA| — R ES
@ &
Beetsi i z?
esmin s
- =y
GAPDH] s —
0

Fig. 6. Reconstitution of Kupffer cells to ASMase knockout cells did not affect the liver fibrosis induced by BDL. The ASMase*/* bone marrow
or ASMase~/~ bone marrow-transplanted mice were operated on with PBDL and killed 10 days after the surgery. (A,B) Collagen deposition was
assessed by Sirius red staining (A) (original magnification X 100; graph, right panel) and measurement of hydroxyproline content (B). (C) mRNA levels
of collagen a1(1) (collal) and TGF-B1 (TGF-B) in the livers were determined by quantitative real-time RT-PCR. Data are means * SD from at least
five independent experiments. (D) The protein extracts from the livers were subjected to SDS-PAGE and immunoblotting was performed with
anti-a-SMA, desmin, and GAPDH antibodies. The results shown are representative of at least three independent experiments.

sistant against TNF-a-induced apoptosis in primary
cultured hepatocytes (data not shown) and promoted he-
patocyte proliferation by cyclin E.* Because depletion of
Kupffer cells diminished the survival and regeneration of
hepatocytes with reduced AKT activation, Kupffer cells
could produce factors that activate AKT in hepatocytes.
In our study, the survival and regenerative effects of AKT
activation were abrogated in ASMase™/~ bone marrow-

transplanted mice, suggesting that ASMase in Kupffer
cells requires the production of unknown factors that lead
to the activation of AKT in hepatocytes. mRNA expres-
sion of TNF-a, IL-1B, and IL-6 in ASMase™ bone
marrow-transplanted mice were similar to those in AS-
Mase™’* bone marrow-transplanted mice (Supporting
Fig. 5 and data not shown) after BDL. mRNA levels of
hepatocyte growth factor (HGF) and heparin-binding ep-
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Fig. 7. Kupffer cells and its ASMase are required for AKT activation by BDL. Wildtype mice underwent PBDL and were infected with Ad5GFP or
Ad5DN-AKT (A,B) or were treated with Ale-lip or PBS-lip (C). The ASMase™/* bone marrow or ASMase™/~ bone marrow-transplanted mice were
operated on with PBDL (D). The animals were killed 10 days after the surgery. Expression of Ki67 in the NL right (upper panel) and BDL left (lower
panel) lobes were examined by immunohistochemistry (A). (Original magnification X200.) Ki67 indexes were compared (right panel). Data are
means =+ SD from at least four independent experiments. *P << 0.05 using Student’s t test. (B-D) The protein extracts from the livers were subjected
to SDS-PAGE and immunoblotting was performed with anti-cyclin E, GAPDH, phosphorylated-AKT, AKT, phosphorylated-GSK3 8, GSK33, Mcl-1, Bel-XL,
and Bfl-1 antibodies. The results shown are representative of at least three independent experiments.
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Fig. 8. Hypothetical relations between Kupffer cells and other cells.

ithelial growth factor (HB-EGF), which induce hepato-
cyte proliferation,?-32 were not changed in ASMase™/~
bone marrow-transplanted mice (Supporting Fig. 7). Ac-
cumulation of CD3-positive T cells in BDL lobes in AS-
Mase ™'~ bone marrow-transplanted mice was also similar
to those in ASMase™/* bone marrow-transplanted mice
(data not shown). The factors that lead to AKT-depen-
dent hepatocyte protection and regeneration are currently
unknown. Further studies are needed to determine these
factors.

ASMase has various roles in both parenchymal and
nonparenchymal cells. ASMase in hepatocytes modulates
hepatocyte apoptosis.'® Although ASMase in Kupffer
cells did not contribute to liver fibrosis, ASMase in HSCs
promotes collagen production. Administration of AS-
Mase to human HSCs increased collagen expression. AS-
Mase plus TGF-B treatment further increased collagen
production in HSCs (Supporting Fig. 8A). The collagen
expression by ASMase is, at least in part, stimulated by
way of the modulation of intracellular signals, Smad2/3,
downstream targets of TGF- receptor, and p38, which
increases collagen a1(I) mRNA stability in HSCs.33 The
administration of ASMase also phosphorylated p38 (Sup-
porting Fig. 8B). Moreover, exogenous membrane per-
meable ceramide exerts a stimulatory effect of basal and
TGF-B-induced collagen promoter activity in foreskin
fibroblast.?

In conclusion, Kupffer cells regulate liver injury, hepa-
tocyte survival, regeneration, and fibrosis after chronic

HEPATOLOGY, January 2010

liver damage by BDL. AKT activation in hepatocytes,
which is induced by way of ASMase of Kupffer cells, is
required for the survival and regeneration of hepatocyres.
The hypothetical roles of Kupffer cells are schematically
summarized in Fig. 8.
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Abstract

Keywords:

Objective: Protein-energy malnutrition is frequently observed in patients with liver cirthosis and is
associated with their poor prognosis. Tumor necrosis factor-a (TNF-g) is elevated in those patients and
may contribute to the alterations of energy metabolism. Our aim was to characterize the aberrant
energy metabolism in cirrhotic patients with regard to TNF-¢.

Methods: Twenty-four patients (mean age 65 * 6 y) with viral liver cirrhosis who did not have he-
patocellular carcinoma or acute infections were studied. Twelve healthy volunteers were recruited after
matching for age, gender, and body mass index with the patients and served as controls (59 * 8 y).
Serum levels of TNF-a, soluble 55-kDa TNF receptor (sSTNF-R55), soluble 75-kDa TNF receptor
(sTNF-R75), and leptin were determined by immunoassay. Substrate oxidation rates of carbohydrate
and fat were estimated by indirect calorimetry after overnight bedrest and fasting.

Results: In cirrhotic patients, serum levels of TNF-a, sSTNF-R535, and sTNF-R75 were significantly
higher than those in the controls and correlated with the increasing grade of disease severity as defined
by Child-Pugh classification. Serum leptin concentration was not different between cirrhotics and con-
trols but correlated with their body mass index. The decrease in substrate oxidation rate of carbohy-
drate and the increase in substrate oxidation rate of fat significantly correlated with serum TNF-g,
sTNF-R55, and sTNF-R75 concentrations.

Conclusion: Tumor necrosis factor-oe might be associated with the aberrant energy metabolism in
patients with liver cirrhosis. © 2010 Elsevier Inc. All rights reserved.

Liver cirrhosis; Tumor necrosis factor-¢; Soluble 55-kDa tumor necrosis factor receptor; soluble 75-kDa tumor

necrosis factor receptor; Leptin; Indirect calorimetry; Protein—energy malnutrition

Introduction

A significant proportion of patients with liver cirrhosis
shows protein—energy malnutrition (PEM) [1,2], and PEM
leads to poor prognosis in these cases [3-5]. Energy metabo-
lism and nutritional status can be estimated, for example, by
indirect calorimetry {5,6] and by anthropometry, such as
triceps skinfold thickness (TSF) and arm muscle circumfer-
ence (AMC) [7]. Impaired energy metabolism significantly

* Corresponding author. Tel.: +81-58-230-6308; fax: +81-58-230-6310.
E-mail address: mshiraki-gif@umin.ac.jp (M. Shiraki).

0899-9007/10/$ — see front matter © 2010 Elsevier Inc. All rights reserved.,

doi:10.1016/j.nut.2009.04.016

correlates with a worse event-free survival of cirrhotics
[5.7.8). However, the mechanisms underlying energy malnu-
trition in cirrhosis have not been elucidated enough [2]. Can-
didate causes for this state include enhanced secretion of
cytokines such as tumor necrosis factor-a (TNF-a) and
adipokines represented by leptin in liver cirrhosis, because
both induce anorexia and increase energy expenditure,
leading to physical wasting [9-11].

Tumor necrosis factor-e, or cachectin, is a proinflamma-
tory cytokine and is released mainly from monocytes and
lymphocytes in response to inflammatory stimuli |[12].
TNF-a is also postulated to play a role in the development
of anorexia or physical wasting and to regulate energy
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Table 1
Baseline demographic characteristics, body composition, blood biochemistry, and calorimetric data in cirrhotic patients and control subjects*

Controls (7 = 12)  Cirthosis (n = 24) P ChildA (n=9) ChildB(n=9) ChildC (n=6) Pt
Age (v) 58.5 (48-68) 64 (64-75) 0.31 63 (58—69) 67 (63-75) 61 (54-76) 0.10
Male/female 8/4 16/8 0.58 6/3 5/4 5/ 0.90
Height (cm) 168 (153-175) 159 (143-173) <0.05 159 (145-170) 156 (143-166) 161 (144-173) 0.67
Weight (kg) 62 (54-66) 59 47-87) 0.36 64 (48-74) 56 (39-67) 59 (47-87) 0.51
Body mass index (kg/mz) 22.0 (20.8-24.3) 21.3 (17.3-26.9) 042  229(19.0-26.9) 22.1 (17.0-29.0) 18.5 (17.7-22.5) 0.11
Arm muscle circumference (%) 101 (85-107) 96 (78-107) 0.59 104 (87-112) 91 (72-108) 95 (78-105) <0.01
Triceps skinfold thickness (%) 139 (82-200) 92 (46~180) <0.01 104 (84-181) 92 (46-138) 80 (55-168) 0.05
Total bilirubin (mg/dL) 0.7 (0.4-0.9) 1.4 (0.7-6.6) <0.01 1.2 (0.7-1.9) 1.4 (0.4-2.5) 3.5(1.4-6.5) <0.01
Albumin (g/dL) 4.6 (4.2-4.8) 312444 <0.01 3.3(2.4-44) 3.0(2.5-3.3) 2.8(2.0-34) 0.07
Alanine aminotransferase (IU/L) 18 (8-25) 50 (22-140) <0.01 71 (22-140) 39 (26-106) 46 (38-69) 0.10
Prothrombin time (%) 98 (94-102) 69 (30-150) <0.01 83 (55-150) 62 (47-87) 50 (30-65) <0.01
TNF-a (ng/L) 3.0 (2.0-3.5), 8.3 (5.0-19.0) <0.01 6.6 (5.0-11.0) 9.4 (7.4-15.1) 12.3(7.0-19.0) <0.01
STNF-R55 (ng/L) 1025 (773-1450) 2505 (1390-5000) <0.01 1575 (1350-5000) 2680 (2000-5000) 3240 (2840-5000) <0.01
sTNF-R75 (ng/L) 1805 (1460-2360) 4255 (1840-5000) <0.01 3210 (1840-5000) 4900 (3920-5000) 4800 (4000-5000) <0.01
Leptin (ug/L) 43(3.2-54) 4.7 (1.5-17.5) 0.95 6.3 (2.9-17.5) 3.8 (1.5-13.9) 2.8(1.7-8.3) 0.09
REE (kcal/d) 1330 (1140-1450) 1188 (892-1830) 041 1507 (981-1830) 1188 (1011-1826) 1655 (1011-1342) 0.36
BMR (kcal/d) 1355 (1163-1428) 1170 (1077-1760) 0.09 1250 (1110-1530) 1160 (850-1380) 1170 (1077-1760) 047
npRQ 0.91 (0.87-0.94) 0.84 (0.70-0.97) <0.01 0.88 (0.84-0.97) 0.83 (0.77-0.86) 0.75 (0.70-0.80)  <0.01
CHO (%) 50.4 (42.0-56.3) 399 (18.4-61.6) <0.01 42.3(25.7-61.6)  39.7 (18.4-48.7) 25.4(19.9-30.6) <0.01
FAT (%) 29.1 (22.6-37.2) 37.5(23.0-61.6) <0.01 31.0(25.9-53.9) 38.0(23.0-55.5) 61.0(45.9-61.6) <0.01
PRO (%) 20.7 (11.6-26.4) 22.7 (5.2-32.3) 0.43 23.8(11.8-33.0) 25.2(5.2-32.3) 14.5 (12.9-23.5) 0.08

BMR, basal metabolic rate predicted by the Harris-Benedict formula; Child, Child-Pugh grade; CHO, substrate oxidation rate of carbohydrate; FAT, substrate
oxidation rate of fat; PRO, substrate oxidation rate of protein; REE, resting energy expenditure; TNF-g, tumor necrosis factor-o; npRQ, non-protein respiratory

quotient; STNF-R535, soluble 55-kDa tumor necrosis factor receptor; STNF-R75, soluble 75-kDa tumor necrosis factor receptor.

* Values are expressed as median (range).

t Between controls and cirrhosis by Fisher’s exact test or Mann-Whitney U test.
¥ For distribution among Child-Pugh grades by chi-square test or one-way analysis of variance.

metabolism [9,10]. The actions of TNF-a are mediated by
two distinct cell-surface receptors, soluble 55-kDa tumor ne-
crosis factor receptor (sTNF-R55) and soluble 55-kDa tumor
necrosis factor receptor (sTNF-R75) [12—-14]. These two re-
ceptors also exist in soluble form after their extracellular
domains have been cleaved proteolytically from the cell sur-
face. These soluble receptors can block TNF-« activity by
competing with cell-surface TNFR or prolong the biological
effect of TNF-a as a buffer system. Because circulating
TNFR levels remain elevated for a longer period than TNF-
a, it is proposed that sSTNFR levels may serve as a more sen-
sitive means of monitoring the activity of the TNF-a system.
In previous reports, serum TNF-o, sSTNF-R55, and sTNF-R75
concentrations were elevated in cirrhotic patients [ 15,16], cor-
relating with severity of liver damage [ 16—18]. However, little
has been studied regarding the relation between TNF-« and
alternations of energy metabolism in cirrhosis [19].

Leptin, a 16-kDa protein product by adipocytes, is postu-
lated to regulate energy balance by suppressing appetite and
increasing energy expenditure [ | 1]. In several studies, serum
leptin concentrations were elevated in cirrhotic patients,
which suggested that leptin might play a role in the develop-
ment of anorexia or physical wasting associated with cirrho-
sis [20-22].

Thus, in this study we aimed to test whether elevated se-
rum concentrations of TNF-«, sTNF-R55, sTNF-R75, and
leptin are associated with the aberrant energy metabolism
in patients with liver cirrhosis.

Materials and methods

Patients

Twenty-four patients with liver cirrhosis (16 men and 8
women, mean age 65 * 6 y) participated in this study. Liver
cirrhosis was diagnosed by clinical and laboratory profiles
and by histologic examination of liver biopsy specimens.
Child-Pugh grade of disease severity [23] was A in nine
cases, B in nine cases, and C in six cases. Hepatitis C virus
was the cause of cirrhosis in all cases. Patients with physi-
cally detectable ascites or peripheral edema of moderate to
severe grade [8] were excluded. Patients with hepatocellular
carcinoma, fever, human immunodeficiency virus infection,
overt infectious disease (septicemia, pneumonia, urinary tract
infection), renal insufficiency, or under immunomodulatory
therapy were also excluded. Clinical profiles of the patients
are presented in Table 1. Twelve healthy volunteers were re-
cruited after matching for age, gender, and body mass index
(BMI) with the patients and served as controls (eight men and
four women, mean age 59 * 8 y). The study protocol was ap-
proved by the institutional review board for human research,
and informed consent was obtained from all participants. The
study protocol was in agreement with the 1975 Helsinki Dec-
laration as revised in 1983. We matched the patients and the
controls not only by age and gender but also by BMI, because
obesity is reported to affect significantly the histologic grade
of hepatic fat deposition, inflammation, and fibrosis even in
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chronic viral hepatitis [24,25], thus reducing the functional
reserve of the liver.

Methods

Blood was drawn in the early morning for fasting serum
concentrations of TNF-«, sSTNF-R55, sTNF-R75, leptin,
and routine laboratory examinations on the day of metabolic
studies. Serum albumin, total bilirubin, alanine aminotrans-
ferase, prothrombin activity, and urinary nitrogen (UN)
were measured with a standard clinical analyzer at the central
laboratory in our hospital. Serum TNF-«, sTNF-R55, and
STNF-R75 were determined in duplicate with an enzyme-
linked immunosorbent assay (R&D Systems, Minneapolis,
MN, USA). Serum leptin was measured in duplicate by radio-
immunoassay (Linco Research, Inc., St. Louis, MO, USA).

Metabolic studies were carried out using an indirect calorim-
eter (Deltatrac Metabolic Monitor, Datax Division Instrumenta-
rium Corp., Helsinki, Finland) to estimate non-protein
respiratory quotient (npRQ), resting energy expenditure
(REE), and substrate oxidation rates of carbohydrate (%CHO),
fat (%FAT), and protein (%PRO) from measured oxygen con-
sumption per minute (Vo,), carbon dioxide production per min-
ute (Vco,) and total UN using the following equations [26-28].

REE = 5.50 Vo, + 1.76 Vco, — 1.99 UN
CHO(g/24 h) = 5.926 Vo, — 4.189 Vco, — 2.539 UN
FAT(g/24 h) = 2.432 Vo, — 2.432 Vco, — 1.943 UN

PRO(g/24 h) = 6.250 UN

npRQ = (1.44 X Vco, — 4.890 UN)/
(1.44 X Vo, — 6.04 UN)

%CHO = CHO X 4.18 /REE X 100
%FAT = FAT X 9.46/REE X 100

%PRO = PRO X 4.32/REE X 100

Measurements were performed between 07:00 and 09:00 h
while the patients were still lying in bed. The last meal was
served 18:00 h on the previous day. The basal metabolic
rate was predicted by the Harris-Benedict formula [29].

We measured height and body weight and calculated BMI.
Arm circumference and TSF were measured with an Insertape
and Adipometer (Abbott Japan Co., Ltd., Tokyo, Japan), and
AMC was estimated. Anthropometric data were standardized
according to age- and gender-stratified Japanese anthropo-
metric reference data [30] and expressed as percentages of
TSF and AMC.

Statistical analysis

Values were expressed as median and range. Comparisons
between groups were analyzed using Mann-Whitney U or
Kruskal-Wallis non-parametric test, Comparison between
measured REE and corresponding Harris-Benedict predic-
tion was performed by paired ¢ test. The relation among blood
test parameters and substrate oxidation rates or Child-Pugh
grade was determined by Spearman’s correlation.

All analyses were carried out using JMP 5.0 (SAS Insti-
tute, Cary, NC, USA) and statistical significance was ac-
cepted at P < 0.05.

Results

Serum concentrations of TNF-a, STNF-R55, sTNF-R75,
and leptin

Cirrhotic patients had significantly lower %TSF and
%AMC in parallel with the increasing Child-Pugh score
(Table 1), suggesting the presence of PEM in these subjects.

The median serum concentrations of TNF-«, sSTNF-R535,
and sSTNF-R75 were significantly higher in cirrhotic patients
than in controls (Table I). Serum TNF-a, sTNF-R55, and
STNF-R75 levels correlated with the increasing grade of dis-
ease severity as defined by the Child-Pugh classification in
patients with liver cirrhosis (Table 1, Fig. 1).

Serum leptin concentration did not differ between cir-
rhotic patients and controls or correlate with Child-Pugh
score (Table 1), but correlated with their BMI (Fig. 2).

Energy metabolism

Measured REE (1188 kcal/d, 892-1830 kcal/d) was sig-
nificantly higher than the basal metabolic rate (1170 kcal/d,
1077-1760 kcal/d) predicted by the Harris-Benedict formula
in liver cirthosis (P < 0.01), whereas both agreed well in con-
trol subjects.

The npRQ in patients with liver cirrhosis (0.84, 0.70—
0.97) was significantly lower than that in control subjects
(0.91, 0.87-0.94, P < 0.01). Decrease in npRQ was brought
about by a significantly lower oxidation rate of carbohydrate
and a higher oxidation rate of fat in patients with liver cirrho-
sis compared with control subjects (Fig. 3). A decrease in
%CHO and an increase in %FAT significantly correlated
with the progression of disease severity in patients with liver
cirrhosis as defined by the Child-Pugh classification (Fig. 3).

Correlation between serum cytokine levels and oxidation
rates of nutrients in patients with liver cirrhosis

Inverse correlations were found between %CHO and serum
concentrations of TNF-«, sTNF-R55, and sTNF-R75 (Fig. 4,
Table 2). Significant correlations were observed between
%FAT and serum concentrations of TNF-¢, sTNF-R53,
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Fig. 1. Serum levels of TNF-a, sSTNF-R55, and sTNF-R75 in control subjects (n = 12) and in patients with liver cirthosis (n = 24) graded by Child-Pugh clas-
sification (7 = 9,9, and 6 for grades A, B, and C, respectively). Horizontal line indicates the median. * P < 0.05 compared with control. Child, Child-Pugh grade;
sTNF-R55, soluble 55-kDa tumor necrosis factor receptor; sTNF-R75, soluble 75-kDa tumor necrosis factor receptor receptor; TNF-, tumor necrosis factor-a.

and sTNF-R75 (Fig. 5, Table 2). However, %PRO did not
correlate with serum concentrations of these cytokines.

Other intercorrelations among cytokines, leptin, substrate
oxidation rates, and Child- Pugh grade in patients with liver
cirrhosis are presented in Table 2. Serum leptin did not cor-
relate with %CHO or %FAT. Serum leptin did not correlate
with TNF-a, sSTNF-R55, or sTNF-R75.

Correlations of serum cytokine and leptin levels with
parameters of liver damage in cirrhotic patients

The serum concentrations of TNF-«, sTNF-R55, and
sTNF-R75 correlated significantly with Child-Pugh score

Leptin
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Fig. 2. Correlation between body mass index and serum leptin level in cir-
rhotic patients (closed circles) and controls (open circles; n = 36,
r=0.735,P < 0.05).

(Table 2), prothrombin time, total bilirubin, and albumin in
patients with liver cirrhosis. However, serum leptin level
showed no correlation with such parameters (data not
shown).

Discussion

Because the liver plays a central role in fuel and energy
metabolism, PEM is common in patients with liver cirthosis
[1,2]. Recently, several studies have elucidated the relation
between PEM and event-free survival in patients with liver
cirrhosis [3-5,31,32]. Thus, PEM is an important outcome
marker and a therapeutic target in cirrhotic patients.

It has been reported that the fasting oxidation rate of glu-
cose is decreased and that of fat is increased in patients with
liver cirrhosis [5.6,26]. Such aberrant energy metabolism
consequently decreases npRQ in cirrhotics [5,6,26]. It also
has been reported that this decrease of npRQ closely corre-
lates with survival in patients with liver cirrhosis [5]. As con-
firmed in this study, npRQ in liver cirrhosis was significantly
lower than that in control subjects. The decrease in npRQ was
brought about by a significantly lower oxidation rate of car-
bohydrate and higher oxidation rate of fat in patients with
liver cirrhosis compared with control subjects. A decrease
in %CHO and an increase in %FAT significantly correlated
with the progression of disease severity in patients with liver
cirrhosis as defined by the Child-Pugh classification. These
characteristics of energy metabolism in liver cirrhosis agree
well with those in previous reports [5,6,26], suggesting that
the patients recruited in the present study can be regarded
as representative of a general cirrhotic cohort. Regarding
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Fig. 3. Substrate oxidation rates of protein, fat, and carbohydrate in control subjects (» = 12) and in patients with liver cirrhosis (» = 24) graded by Child-Pugh
classification (n = 9,9, and 6 for grades A, B, and C, respectively). Values are expressed as mean. * P < 0.05, ** P < 0.01 compared with control. Child, Child-

Pugh grade.

%TSF as another parameter of energy nutrition, the patients
actually showed a significantly lower value than the controls
with a similar BML. However, we should point cut the possi-
bility that the patients could have had an overestimated BMI
due to the presence of excess fluid before the appearance of
detectable ascites or moderate to severe peripheral edema.
Tumor necrosis facior-« is a proinflammatory cytokine
and postulated to regulate energy metabolism [9,10.33]. In
previous reports, TNF-o increased glucose (~10%) and
free fatty acid (~ 126%) turnover and raised REE (~34%)
[9,10,33]. The actions of TNF-¢ are mediated by two distinct

(%)

cell-surface receptors. We measured not only serum TNF-
« concentration but also STNF-R55 and sTNF-R75 concen-
trations for a couple of reasons. First, it is known that
sTNF-R shedding is induced by the same stimuli that activate
TNF-« production. Second, it has been shown that STNF-R
levels remain elevated for a longer time than TNF-« itself,
Taken together, STNF-R levels could confirm the stimulated
state of the TNF-« system and could reflect the state until
later after stimuli.

In this study, serum TNF-¢, STNF-RS55, and sTNF-R75
concentrations were significantly higher in cirrhotic patients
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Fig. 4. Correlation between the oxidation rate of carbohydrate and serum TNF-o, sSTNF-R55, or sSTNF-R75 in patients with liver cirrhosis (n = 24). For corre-
lation coefficients and statistical significance, see Table 2. sSTNF-R55, soluble 55-kDa tumor necrosis factor receptor; sSTNF-R75, soluble 75-kDa tumor necrosis

factor receptor receptor; TNF-a, tumor necrosis factor-c.
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Table 2
Intercorrelation coefficients among cytokines, leptin, substrate oxidation
rates, and Child-Pugh score in patients with liver cirrhosis

TNF-a sTNF-R55 sTNF-R75 %CHO %FAT Leptin

STNF-RS5 0.32
sTNF-R75  043% 085

%CHO 0560 —044*  —041*

%FAT 072! o6l 0.611 —0.82f

Leptin -0.15 —0.01 0.06 0.08 —0.02
Child-Pugh 063"  0.61° 0.61 -064" 078" -0.36

score

%CHO, substrate oxidation rate of carbohydrate; %FAT, substrate oxida-
tion rate of fat; TNF-g, tumor necrosis factor-a; sTNF-RS5, soluble 55-kDa
tumor necrosis factor receptor; sTNF-R75, soluble 75-kDa tumeor necrosis
factor receptor.

* P <005,

tP <001

than in controls, and they correlated with the increasing grade
of disease severity as defined by the Child-Pugh classification
in patients with liver cirrhosis. Among damaged liver func-
tions in cirrhosis, the high activity of the TNF-a system
may particularly be related to a decrease in hepatic clearance
of endotoxins, the presence of portosystemic shunts, and the
systemic spillover of intestinal endotoxins by portal hyper-
tension [15.34]. Another explanation is that the presence of
chronic viral inflammation could be the reason for the ele-
vated proinflammatory cytokines including TNF-« [35,36].
Moreover, inverse comelations were found between
%CHO and serum concentrations of TNF-¢, sTNF-R55,
and sTNF-R75 in this study. Significant correlations were ob-
served between %FAT and serum concentrations of TNF-c,
STNF-R55, and sSTNF-R75. As described previously, TNF-

(%)
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« induces free fatty acid oxidation more efficiently than glu-
cose oxidation [6,9,10]. In addition, the production of
adenosine triphosphate by §-oxidation of free fatty acids is
much greater than that by glucose oxidation. Hence, TNF-
« seems to raise %FAT more directly and to contribute to
whole aberrant energy metabolism subsequently in liver cir-
rhosis by altering the proportion of fat oxidation to carbohy-
drate oxidation.

Serum leptin is another candidate factor to alter energy
balance by its wasting action and is reported to be actually
high in patients with liver cirrhosis [11,20-22]. However,
in this study, serum leptin concentration did not differ
between cirrhotic patients and controls. Moreover, serum lep-
tin level showed no correlation with energy metabolism pa-
rameters measured by indirect calorimetry. Most previous
studies regarding leptin recruited patients with alcoholic cir-
rhosis [20,22], whereas all patients in our investigation had
cirrhosis caused by hepatitis C virus. This difference in the
cause of liver damage may account for the disagreement
between previous reports and the present one.

Regarding the correlation between TNF and aberrant en-
ergy metabolism, we should point out a possibility that the
correlation may merely arise from an association between cy-
tokine levels and Child-Pugh grade, as shown in Figure I, and
that between substrate oxidation rates and the grade, as pre-
sented in Table 2. To support our hypothesis that the correla-
tion between TNF and energy metabolism is independent of
the degree of liver damage, we statistically tested the relation
by confining subjects to those with each Child-Pugh grade. In
each subgroup that was controlled for grade, TNF and %FAT
retained the significant correlation (e.g., r =0.81, P < 0.01 in
Child-Pugh grade A). These results strengthen our statement
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Fig. 5. Correlation between the oxidation rate of fat and serum TNF-a, sTNF-R55, or sSTNF-R75 in patients with liver cirrhosis (# = 24). For correlation co-
efficients and statistical significance, see Table 2. sSTNF-R535, soluble 55-kDa tumor necrosis factor receptor; sSTNF-R75, soluble 75-kDa tumor necrosis factor

receptor receptor; TNF-a, tumor necrosis factor-ce.
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that TNF-a might be associated with aberrant energy metab-
olism in patients with liver cirrhosis.

Taken together, it seems more likely that the high activity
of the TNF-a system mediates the aberrant energy metabo-
lism in patients with liver cirrhosis. To directly demonstrate
this possibility, future clinical trials would be required to
test whether or not the therapy to decrease the high TNF-
« activity might correct the aberrant energy metabolism in
patients with liver cirrhosis, by using such modalities as an-
tibiotics and lactulose that control the intestinal bacterial flora
or anti-TNF-« antibody.

In summary, the TNF-« system in patients with liver cir-
rhosis was activated and correlated with disease activity. The
significant correlation of serum TNF-¢, sTNF-R55, and
STNF-R75 with the aberrant energy metabolism suggested
that activation of the TNF-« system contributed to cirrho-
sis-associated PEM.
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