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Acid sphingomyelinase (ASM) regulates the homeostasis of sphingolipids, including ceramides and sphingo-
sine-1-phosphate (S1P). These sphingolipids regulate carcinogenesis and proliferation, survival, and apopto-
sis of cancer cells. However, the role of ASM in host defense against liver metastasis remains unclear. In this
study, the involvement of ASM in liver metastasis of colon cancer was examined using Asm~~ and Asm*/* mice
that were inoculated with SL4 colon cancer cells to produce metastatic liver tumors. Asm~~ mice demonstrat-
ed enhanced tumor growth and reduced macrophage accumulation in the tumor, accompanied by decreased
numbers of hepatic myofibroblasts (hMFs), which express tissue inhibitor of metalloproteinase 1 (TIMP1),
around the rumor margin, Tumor growth was increased by macrophage depletion or by Timp1 deficiency, but
was decreased by hepatocyte-specific ASM overexpression, which was associated with increased S1P produc-
ton. S1P stimulated macrophage migration and TIMP1 expression in hMFs in vitro. These findings indicate
that ASM in the liver inhibits tumor growth through cytotoxic macrophage accumulation and TIMP1 produc-
tion by hMFs in response to S1P. Targeting ASM may represent a new therapeutic strategy for treating liver

metastasis of colon cancer.

Introduction

Colon cancer, one of the most common malignancies, frequently
metastasizes to the liver. Acid sphingomyelinase (ASM) is involved
in various physiological cellular functions and diseases, including
cancer (1), and hydrolyzes sphingomyelin into ceramide and phos-
phorylcholine. Ceramide, a bioactive mediator of numerous cellular
functions, such as apoprosis and cell cycle regulation (2, 3), isin turn
hydrolyzed by ceramidase into sphingosine, which is subsequently
phosphorylared into sphingosine-1-phosphate (S1P) by sphingo-
sine kinase (SphK). Although these sphingolipids are involved in
colon carcinogenesis and colon cancer cell survival (4, 5), the roles
of ASM and S1P in host antitumor defenses (i.e., inhibiting the pro-
gression of colon cancer metastasis to the liver) remain unclear.

Tumors contain stromal cells, such as immune cells and fibro-
blasts (6). Infiltrated rumor-associated macrophages (TAMs) have
recently been reported to function as promoters of tumor progres-
sion (7-9), with several clinical studies demionstrating an associa-
tion between the presence of TAMs and poor prognosis in various
cancers (10). In contrast, opposing data have shown that the pres-
ence of TAMSs is correlated with improved survival and that these
cells have protective potential in colon cancer (11, 12). Although
tumor growth-promoting TAMs have been observed to resemble
regulatory M2 macrophages (13, 14), the density of classically acti-
vated M1 macrophages is positively correlated with the survival
time of patients with non-small-cell lung cancer (15). These find-
ings indicate thar macrophages have contrasting roles in cancer,
depending on their phenotype (13).

S1IP is a ceramide-derived metabolite that is involved in vari-
ous cellular functions and increases migration of macrophages
(16, 17), resulting in macrophage recruitment. S1P released from
apoptotic tumor cells induces a switch from the M1 to the M2
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macrophage subtype (18). In contrast, the S1P analog FTY720
does not alter the ratio of M1 and M2 subtypes in mouse perito-
neal macrophages (19). Because of these contrasting findings, the
effect of SIP on macrophages remains controversial and poorly
understood. Whereas MMP cleavage of the ECM, a primary bar-
rier against tumor invasion produced by hepatic myofibroblasts
(hMFs) in the liver, promotes cancer cell migration, invasion, and
metastasis, MMP inhibitors reduce colon cancer metastasis to the

liver (20). Specifically, overexpression of tissue inhibitors of metal-

loproteinases (TIMPs), endogenous inhibitors of MMPs, inhibits
liver metastasis of colon cancer in animal models (21), whereas
decreased TIMP1 expression in the liver results in progression
of SV40T antigen-induced hepatocellular carcinoma (22) and
increased metastatic colonization of T cell lymphoma (23). How-
ever, it has been reported that elevated TIMP levels are associated
with cancer progtession (24). Thus, although S1P stimulates hMF
accumulation and TIMP1 induction in the liver (25, 26), the pre-
cise roles of S1P in tumor growth remain unclear. To attempt to
clarify these precise roles, we here investigated the involvement of

" ASM in the progression of Liver metastasis of colon cancer.

Results : S

Role of ASM deficiency and overexpression in the progression of metastatic
liver tumnors of colon cancer. To determine the role of host ASM on
metastatic liver tumor growth caused by colon cancer, we created
metastatic liver tumors by intrasplenic injection with SL4 cells,
a mouse colon cancer cell line, and examined expression of ASM
and ceramide by immunostaining, ASM and ceramide expres-
sion increased in the liver cells around the tumors (Supplemen-
tal Figure 1A; supplemental material available online with this
article; doi:10.1172/JCI65188DS1), which suggests that tumor
cells stimulate ASM expression and promote its activity in liver
cells. To examine the effect of ASM deficiency on metastatic liver
tumors, the extent of tumor growth in Asm** and Asm~- mice

hetp://www.jci.org 1

-722-



Figure 1
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Asm** and Asm~- mice were
intrasplenically injected with
2 x 10% SL4 celis (A). Wild-
type mice were infected with
AdGFP or AJASM 24 hours
before inoculation (B). Mice
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was compared. No tumors were evident in livers without SL4 cell
inoculation (Supplemental Figure 1B). After inoculation with
SL4 cells, the hepatic replacement area, maximum tumor diam-
eter, and liver weight were increased in Asm~~ compared with
Asm*" mice {(Figure 1A and Supplemental Figure 1C). In contrast,
a similar number of the initially transplanted cells was observed
in the livers of Asm** and Asm~~ mice 6 hours after inoculation
(Supplemental Figure 2A). These results indicate that colon cancer
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cells grow more rapidly in the Asm~~ liver. Conversely, adminis-
tration of adenovirus-expressing ASM (AdASM) to the mice prior
to cancer cell inoculation inhibited tumor growth compared with
adenovirus-expressing GFP (AdGFP) administration (Figure 1B).
AdASM-derived GFP was expressed in the hepatocytes, bur not in
the tumor cells (Supplemental Figure 2B). In support of the results
of our previous study (27), AdASM increased ASM activity in the
liver (Supplemental Figure 2C). In addition, ASM-chimeric mice,
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in which ASM was deficient only in bone marrow-derived cells,
demonstrated tumor growth that was comparable to mice con-
taining Asm”* bone marrow cells (Supplemental Figure 3A). These
results indicate that ASM in hepatocytes, but not in bone mat-
row-derived cells, is involved in the inhibition of tumor growth.
To explore the mechanisms of enhanced tumor growth in Asm~~
mice, we generated GFP*Asm~~ mice and examined the host-tumor
interaction by inoculating GFP*Asm""* and GFP*Asm™~ mice with
SL4 cells, After inoculation, spindle-shaped host-derived GFP* cells,
most of which expressed F4/80 (Figure 2A), were observed in the

metastatic liver tumors, while fewer host-derived cell infiltrates .

were observed in the Asm~~ livers (Figure 1C). Spindle-shaped bone
marrow-derived cells were also observed in the tumors of GFP-
chimeric mice (expressing GFP only in bone marrow-derived cells;
Supplemental Figure 3B), which suggests that these cells were
F4/80* macrophages originating from the bone marrow. F4/80*
cells were observed in the tumors; compared with the control livers,
a smaller number of F4/80* cells was observed in the Asm~~ livers,
while a greater number of these cells was present in AdASM-infect-
ed livers (Figure 2, B and C). The induction of classically activated
M1 macrophage markers (Cd11c, I112p40, and Ifing) by SL4 cell inoc-
ulation was more remarkable than that of C4163, mannose recep-
tor, and 1110, markers for regulatory M2 macrophages (Supplemen-
tal Table 1). Thus, these findings suggested that the accumulated
macrophages were M1 dominant. In Asm** mice transplanted with
GFP*Asim~~ bone marrow, the number of bone marrow-derived
GEP*Asr/~ cells in the tumor was comparable to that of GEP*Asm™*
cells in the control Asm™”* mice transplanred with GFP*Asm*" bone
marrow (Supplemental Figure 3C). Therefore, it is likely that ASM
in hepatocytes, but not in bone marrow-derived cells, contributes
to the accumulation of macrophages in tumors.

To examine whether macrophage accumulation in tumors is
involved in the inhibition of tumor growth, liposome-encapsulat-
ed alendronate was administered to the SL4 cell-inoculated mice
to decrease the number of F4/80" cells in the tumors (Supplemen-
tal Figure 3D). Alendronate administration increased the severity
of tumor growth by inducing macrophage depletion (Figure 2D),
which is suggestive of macrophage involvement in tumor growth
suppression. These data indicate that hepatocytic ASM leads to
accumulation of antitumor macrophages in the metastatic liver
tumors of colon cancer, thereby suppressing tumor growth.

Macrophage-induced bMFs accumulate around invasive margins of
metastatic liver tumors. Macrophages have been shown to exhibit
antitumor potential as tumoricidal cells and major antigen-pre-
senting cells (28-31). Liver macrophages also modulare the host
immune response to cancer cells by releasing cytoroxic products
and immune-stimulating factors, including IFN-y. In accordance
with these findings, CD3* lymphocytes infiltrated inro the tumors,
and fewer CD3* cells were observed in Asm~~ and alendronate-treat-
ed mice (Supplemental Figure 4, A and B). Moreover, a NKT cell
activator, a-galactosylceramide, suppressed tumor growth, even
in Asmr7~ mice (Supplemental Figure 4C), which suggests that the
antitumor immunity of NKT cells was not impaired in Asm~- mice.

Thus, NKT cells contributed to the antitumor defense mechanism. -

Activated macrophages release various types of inflammatory
cytokines and growth factors. Among these, TNF-a is thought to
induce tumor necrosis. However, in the mode! used in this study,
mRNA expression of Thfz was comparable in SL4 cell-inoculated
Asmr7- and Asm™* livers (Supplemental Table 2), and tumor growth
was not increased in Trfa~~ mice (Supplemental Figure 4D), which
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suggests that TNF-o is not involved in tumor development in
Asmy~ mice. The reduced induction of I1b, Cxell, and Tgfb mRNA
expression by SL4 cell inoculation in Asm~~ compared with Asm*7*
livers (Supplemental Table 2) can be explained by the reduction in
the number of macrophages in the Asm~- liver, as these factors are
released from liver macrophages. The mRNA expression levels of
Des (encoding desmin, a marker of hMFs), Acta2 (encoding o-SMA,
a marker of activated hMFs), and Collal (encoding collagen at1[I}, a
product of activated hMFs) were also increased after SL4 cell inocula-
tion in Asm*” livers (Supplemental Table 2), which suggests that the
metastatic tumors stimulated hMF proliferation and activation. In
the SL4 cell-inoculated mice, the number of desmin® and o-SMA*
cells were increased around the invasive margins of the tumors in
the liver (Figure 3). Desmin* cells were observed to express GFP in
the GFP* mice, but not in the GFP-chimeric mice (data not shown),
which suggests that the hMFs were derived from host, not from bone
marrow. The increase of Des, Acta2, and Collal mRNA after SL4 cell
inoculation was lower in Asm~~ than in Asm** livers (Supplemen-
tal Table 2). Moreover, whereas the number of desmin® and a-SMA*
cells was decreased by Asm deficiency (Figure 3A) and by macro-
phage depletion (Figure 3C), it was increased by ASM overexpression
(Figure 3B). These findings suggest that increased macrophage
accumulation in the mertastatic liver tumor by ASM stimulates hMF
accumulation and activation. Because the number of desmin* and
0-SMA® cells was inversely correlated with tumor growth, we con-
cluded that hbMFs may contribute to tumor suppression.

Role of TIMP1 produced by hMFs in growth suppression of metastatic liver
tmors. Although it has been reported that hMFs contribute to can-
cer progression, the model used ini this study indicated that increased
hMF accamulation is negatively correlated with cumor growth. This
finding led us to hypothesize that hMFs contain antitumor factors
that are increased in number and magnitude by ASM overexpres-
sion and decreased by ASM deficiency. To test this hypothesis, we
focused on examining TIMP1, which exhibits antitumor potential
(21) and is expressed by hMFs (32). In the metastatic tumors, most
of the desmin” cells showed double staining for TIMP1 (Figure 44},
which suggests that hMFs are TIMP1". Timpl mRINA expression
increased in Asm** livers by SL4 cell inoculation, an increase that
was attenuated in Asm~~ livers (Figure 4B). Nevertheless, the expres-
sion levels of Mmp2, Mmp9, and Mmp13 were comparable in Asm**
and Asin/~ livers (Supplemental Table 2). The increased number of
TIMP1* cells observed around the invasive margin of the tumors
was atteninated by Asm deficiency as well as by macrophage deple-
tion (Figure 4, C and E), whereas ASM overexpression further
increased TIMP1* cell number (Figure 4D), similar to our find-
ings with respect to hMF induction. These results, in addition to
the increased tumor growth observed in Timpl~~ mice (Figure 4F),
suggest that the increased expression of TIMP1 in hMFs by meta-
static tumors is involved in the suppression of tumor growth.

ASM suppression of tumor growthvia S1P production. I accordance with
previous reports that ASM hydrolyzes sphingomyelin into ceramide,
which is then hydrolyzed by ceramidase and phosphorylared by SphK
to form S1P, we observed the level of S1P to increase in AAASM-infect-
ed livers (Figure 5A). Although exogenous administration of S1P did
not affect Tafa, Il1b, Cxcll, Tgfb, I112p40, or 1110 mRNA expression in
isolared peritoneal CD11b* macrophages (Supplemental Table 3),
these cells showed increased migration roward S1P (Figure 5B), as
previously reported regarding RAW 264.7 macrophages (33). These
findings suggest that macrophage accumulation in tumors might
be caused by S1P-induced macrophage recruitment. Although it
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Figure 2

Macrophage depletion increased meta-
static tumor growth in the liver. (A) GFP+
mice were intrasplenically injected with
2 x 10* SL4 cells. GFP fluorescence
was visualized with fluorescent micros-
copy, and macrophages were detected
in metastatic tumor and liver by immu-
nofluorescent staining for F4/80 (blue).
Original magnification, x400. (B and C)
Asm** and Asm~- mice (B) and AdGFP-
and AdASM-infected wild-type mice (C)
were intraspienically injected with 2 x 10?
SL4 cells. Expression of F4/80 in the liver
and metastatic tumor was examined by
immunohistochemistry with an anti-F4/80
antibody to assess the number of mac-
rophages. Original magnification, x100
{left and middle); x400 (right). (D) Wild-
type mice were injected with SL4 cells
and treated with PBS or alendronate
before sacrifice 14 days after inoculation.
Images of livers after excision and liver
sections stained with H&E (loupe mag-
nification) are shown. Intrahepatic tumor
load is presented as hepatic replacement
area, based on measurement of 3 nonse-
quential sections. Results are mean + SD
of data collected from at least 5 indepen-
dent experiments. *P < 0.05, 2-tailed Stu-
dent’s { test.
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ASM deficiency or macrophage depletion decreased hMFs, and ASM overexpression increased hMFs, around the tumor invasive margin. Asnr+
and Asm- mice (A), AAGFP- or AdASM-infected wild-type mice (B), and wild-type mice treated with PBS or alendronate (C) were intrasplenically
injected with 2 x 104 SL4 cells and sacrificed 14 days after inoculation. Expression of desmin {left) and o-SMA (right) around the tumor invasive
margin was examined by immunohistochemistry, and measurement of immunostain-positive area was performed. Original magnification, x40
(left}; x400 (right). Results are mean + SD of data collected from at least 5 independent experiments. *P < 0.05, 2-tailed Student’s ¢ test.

has been reported that S1P induces a switch from the M1 to the M2
macrophage subtype (18), in the present study, S1P did not alter
the mRINA expression levels of M1 and M2 markers, which suggests
that S1P does not affect the macrophage phenotype. Instead, our
observations that 1 uM S1P treatment for 72 hours increased Timpl

mRNA expression in isolated hMFs (Figure 5C) and that adenoviral
overexpression of SphK1 (AdSphK) in hepatocytes prior to cancer
cell inoculation inhibited tumor growth (Supplemental Figure 5A)
suggest that ASM suppresses tumor growth via S1P production.
The fold increase of Timpl mRNA induced by S1P did not seem to
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Figure 4

TIMP1 deficiency increased metastatic tumor growth in the liver. (A) Wild-type mice were intrasplenically injected with 2 x 104 SL4 cells and
sacrificed 14 days after inoculation. Expression of desmin (green) and TIMP1 (red) around the invasive margin of the tumors was examined
by immunofiuorescent staining. Nuclei were stained with DAPI (blue, top). Original magnification, x400 (top); x1,600 (bottom). (B) Asm** and
Asm~-mice were intrasplenically injected with 5 x 105 SL4 cells and .sacrificed 7 days after inoculation. Timp? mRNA expression in the fiver was
determined by quantitative real-time RT-PCR. (C-E) Asm** and Asm- mice (C), AdGFP- or AdASM-infected wild-type mice (D), and wild-type
mice treated with PBS or alendronate (E) were intrasplenically injected with 2 x 10% SL4 cells and sacrificed 14 days after inoculation. TIMP1
expression around the tumor invasive margin was examined by immunchistochemistry, and measurement of TIMP 1+ area was performed. Original
magnification, x40 (left); x400 (right). (F) Timp1+* and Timp7-~ mice were intrasplenically injected with 2 x 10* SL4 cells and sacrificed 14 days
after inoculation. Images of livers after excision and liver sections stained with H&E (loupe magnification) are shown. Intrahepatic tumor load is
presented as hepatic replacement area, based on measurement of 3 nonsequential sections. Results are mean = SD of data collected from at
least & independent expetiments. *P < 0.05, 2-tailed Student’s  test.
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S1P promoted macrophage migration and Timp 7 mRNA expres-
sion in hMFs. (A) Wild-type mice were infected with AJGFP or
AdASM, and S1P was examined by MS analysis 3 days after
infection. {B) After addition of CD11b+ peritoneal macrophages
and 1 uM S1P to the uppet and lower chambers, respectively,
of transwell plates, cells were incubated for 4 hours. The number
of macrophages that migrated to the underside of the chamber
was determined. (C) Primary rat hMFs were incubated with or
without 1 uM S1P on plastic dishes for 72 hours before determi-
nation of Timp7 mRNA levels by quantitative real-time RT-PCR.
{D) Wild-type mice were intrasplenically injected with 2 x 104 SL4
cells, infected with AJGFP or AdASM 5 days after inoculation,
and sacrificed 14 days after infection (i.e., 19 days after inocula-
tion). Images of livers after excision and liver sections stained
with H&E (loupe magnification) are shown. Intrahepatic tumor
load is presented as hepatic replacement area, based on mea-
surement of 3 nonsequential sections. Results are mean x SD
of data collected from 4 (A) or at least 5 (B-D) independent
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be large (Figure 5C). However, a 48-hour treatment with TGF-p has
previously been reported to induce an approximately 2-fold increase
of TIMPI mRNA in cultured human hMFs (34). This suggests thar
the induction of Témpl mRNA by S1P was not a small change, and it
is possible thar the induction might be sufficient. 5 uM S1P induced
TIMP1 expression to a similar degree as that observed using 1 uM
S1P (data not shown), which suggests that 1 uM S1P fully induces
activation of $1P receptors.

As described above, ASM exerted an antitumor effect through
macrophage accumulation and TIMP1 production from hMFs
via S1P. To evaluare AAASM administration as a form of treat-
ment against metastatic liver tumors of colon cancer, AAASM was
administered to mice 5 days after SL4 cell inoculation. AdASM
suppressed tumor growth, even when it was administered after cell
inoculation (Figure SD). However, AdSphK administration did not
suppress tumor growth (Supplemental Figure 5B), although the
accurnulation of F4/80* and desmin* cells was similar to that in
AdASM-treated mice (Supplemental Figure 6A). In addition, accu-
mulation of F4/80* and desmin' cells was observed to be equal,
regardless of whether mice were infected with AdSphK before or
after SL4 cell inoculation (data not shown). Adenovirus-mediated
GFP expression was observed in the tumors when the virus was
administered after cell inoculation (Supplemental Figure 6B),
which suggests that the adenovirus infects not only hepatocytes,
bur also inoculated SL4 cells. The observation that AdSphK
increased proliferation of cultured SL4 cells (Supplemental

The Journal of Clinical Investigation

AJGFP AJASM

experiments. *P < 0.05, 2-tailed Student's t test.

Figure 6C) indicated that the antitumor effects of overexpressed
SphK1 in the liver may be counteracted by the tumor-promoting
effects of SphK1 on SL4 cell proliferation.

Discussion )
In the present study, we investigated the contriburion of ASM
to the suppression of tumor growth in liver metastasis of colon
cancer cells. Our results indicated that liver ASM inhibits tumor
growth through SIP formation and subsequent macrophage
accumulation and TIMP1 production from hMFs. These results
suggest novel therapeutic possibilities for treating metastatic liver
tumors of colon cancer.

ASM in cancer cells is involved in cell death and plays an impor-
tant role in the host response to a variety of anticancer treatments,
including those for colon cancer (1). In the present study, meta-
static tumors of colon cancer cells stimulated ASM expression and
ceramide in liver cells. Moreover, host ASM deficiency increased,
while overexpression of ASM in the liver decreased, the growth of
liver tumors after inoculation with colon cancer cells, which sug-
gests that ASM in host cells contributes to antitumor defense.
Among the roles that ASM plays in liver cells, ASM in hepatocytes
stimulates glucose uptake, resulting in improvement of glu-
cose tolerance in mice through S1P production (27). ASM has
pleiotropic signaling functions related to posttranslational pro-
cessing of ASM, and secretory and lysosomal ASM (35) may have
distinct functions. Although it is unclear which type of ASM was
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involved in §1P production in our study, hepatocytes represented
one source of S1P, as the S1P elevation by AAASM was inhibited in
both SphK1-deficient livers and SphK1-deficient primary cultured
rat hepatocytes (data not shown). Previous studies have shown
that the generated S1P can be secreted and act as a ligand for S1P
receptors (S1PRs; refs. 27, 36, 37), while the SIP/S1PR1 axis con-
trols the trafficking and migration of immune cells, including
macrophages (16, 17, 36). In accordance with these prior reports,
S1P increased the migration of peritoneal macrophages in vitro,
with less and more macrophage accumulation, respectively, in the
tumors of Asm~~ and AdASM-infected mice compared with con-
trols. These findings indicate that ASM in hepatocytes leads to
macrophage accumulation in tumors via S1P production and that
this process exerts an antitumor effect, in contrast to macrophage
deplerion. Although it has been reported that TAMs, which resem-
ble regulatory M2 macrophages (13, 14}, function as promotets of
tumor progression (7-9), the macrophages in the tumors inoculat-
ed with SL4 colon cancer cells in this study were M1 dominant. It
has been proposed that a gradual shift of TAM polarization from
the M1 to the M2 subtype occurs during different stages of tumor
progression, due to dynamic changes in the tumor microenviron-
ment (38), and is paralleled by the gradual inhibition of NF-xB
(39). In this study, we observed immunofluorescent staining of
NF-kB p65 in the nuclei of F4/80* cells in the tumors (data not
shown), which suggests that NF-xB is activated in these macro-

phages. This finding may indicate that in metastatic liver tumors~

characterized by rapid growth, such as by increased numbers of
SL4 cells (40), the accumulated TAMs may retain an M1 pheno-
type that displays a cyrotoxic proinflammatory phenotype. Thus,
the number of macrophages present in the tumor is inversely cor-
related with tumor growth.

Myofibroblasts represent another important component of the
tumor stroma; these cells are driven by migration and prolifera-
tion-stimulating factors released from cancer cells. Whereas some
studies have reported a supportive role for myofibroblasts in can-
cer cell development (41) and a direct correlation between their
presence and poor prognosis (42), others have reported a protec-
tive role of myofibroblasts against cancer cells (43, 44), with p53
in stromal fibroblasts demonstrated to inhibit tumor growth and
malignant progression (4S). In the current study using SL4 cell
inoculation, hMF accumulation was found to be dependent on
macrophage accumulation and inversely correlated with tumor
growth. Specifically, hMF accumulation was increased only
around the invasive margins of the tumors, and no hMF infiltra-
tion or collagen deposition was observed in the central part of
tumors (dara not shown). These findings indicate that the sup-
portive effects of hMFs in tumor growth may be limired. However,
the observation of enhanced tumor growth in Timpl~~ mice indi-
cates that TIMP1 produced from hMFs, stimulated by S1P, might
inhibit tumor growth through inhibition of ECM degradation.
Although previous studies reported a protumor role for TIMP1,
TIMP1 staining was observed only around the tumor invasive
margin in the current study, which indicates that the supportive
effects of TIMP1 in tumor growrh may also be limited.

Whereas ceramide acts as a signaling molecule in the induction
of cell responses, such as apoptosis and growth atrest (3, 46, 47),
S1P acts as a porent mitogen for a variety of cell types (48), with
SphK1/S1P contributing to colon carcinogenesis (49). Ceramide
levels in colon carcinoma tissue are significantly lower than those
in normal tissue (50), reflecting the fact that the dynamic balance
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between intracellular levels of ceramide and S1P (the “ceramide/
S1P rheostat”) determines cell growth and cell death in colon
cancer. In the present study, adenoviral overexpression of SphK1
in the liver inhibired tumor growth when colon cancer cells were
inoculated after infection. In contrast to AdAASM, AdSphK did not
exert an inhibitory effect when administered after cell inoculation,
which suggests that its inhibitory effect on existing tumors is less
than that of AAASM. The observation that AdSphK increased the
proliferation of cultured SL4 cells suggests that it decreased the
ceramide/S1P ratio in the cancer cells, which may promote their
proliferation. In contrast, AJASM might increase the ceramide/
S1P ratio, which may inhibit SL4 cell proliferation. We therefore
conclude that AMASM, but not AdSphK, may be a useful candidate
for gene therapy against metastatic liver tumors of colon cancer.
In Asm~~ mice, B16C2M melanoma cells formed small meta-
static lesions in the liver (4 of 9, 44.4%) whereas nornie of the Asm*™™*
mice developed metastases (0 of 11, 0%; Supplemental Figure 7),
which suggests that the antitumor effect of ASM is not specific
for colon cancer cells. However, use of the Asm knockout may have
secondary effects due to the severe lipid storage defect in these
mice, particularly in macrophages. Asm~~ mice are known to have
severe immune defects (51, 52) and display severe neurocutane-
ous disease by 8 weeks of age. Thus, Asm~~ mice may have various
abnormalities in the liver as a normal pathology. In our study, the

livers of Asm~~ mice without injection of SL4 cells did not show

-the nodular appearance. In addition, liver weight of Asm~~ mice

without injection of SL4 cells was comparable to that of Asm™*
mice. Thus, it seems unlikely thar the changes are due to normal
Asm~~ mouse pathology. In addition, besides ASM, ceramide syn-
thesized by the de novo pathway can be involved in TIMP1 regula-
tion. These data do not provide direct evidence that S1P produc-
tion in hepatocytes recruits macrophages, and experiments using
mice with conditional knockout of SphK are also required to con-
firm the involvement of SphK and S1P in macrophage recruitment
and TIMP1 regulation. Moreover, the mechanism by which tumor
cells stimulate ASM expression in hepatocytes remains unclear,
and there is no direct evidence of a positive corrélation between
ASM activity in hepatocytes and TIMP1 expression in hMFs; fur-
ther studies are needed to resolve these uncertainties. In conclu-
sion, we found here that ASM in hepatocytes inhibited tumor
growth via S1P formation and subsequent cytotoxic macrophage
accumulation. This S1P formation in turn stimulated TIMP1 pro-
duction by hMFs, leading to tumor suppression. Thus, targeting
ASM may represent a new therapeutic strategy for treating liver
metastasis of colon cancer.

Methods

Animals. Asm~ mice (CS7BL/6 background,; ref. 47) were bred for use in
this study. GFP* mice (C57BL/6 background), which express EGFP ubiqui-
tously under the CAG promoter (chicken B-actin promorer, rabbit f-globin
poly A, CMV-IE enhancer), were obtained from Riken Bio Resource Center.
Timpl+- mice (CS7BL/6 background) were obrained from Jackson Labora-
tory. Male Wistar rats and female CS7BL/6] wild-type mice were obtained
from Japan SLC. GFP"Asm~~ mice were generared for this study.

Cell culture. A red fluorescent protein-expressing mouse colon adenocar-
cinoma cell line (SL4; Anti-Cancer Japan, Osaka, Japan) was mainrained as
a monolayer culture in RPMI-1640 (Invitrogen) containing 10% FBS sup-
plemented with penicillin and streptomycin (Invitrogen). Cells were har-
vested using trypsin and EDTA, washed with PBS, and then resuspended
in serum-free RPMI-1640 (2 x 10° or 5 x 106 cells/ml).
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Liver metastasis model. Fernale wild-type (C57BL/6]) mice aged 8-10 weeks
were divided into 2 groups. After a small incision was rdade under anes-
thesia to expose the spleen, 0.1 ml of a viable cell suspension containing
5 x 108 cells/mouse was injected into the spleen of group 1, and the saine
suspension containing 2 x 10 cells/mouse was injecred inte group 2, Mice
were sacrificed on day 7 (group 1) and day 14 (group 2) after cell inocula-
tion. The livers of group 1 were immediately removed, washed in ice-cold
PBS, and weighed, after which a part of the dissected liver tissue was frozen
in liquid nitrogen. For assessment of liver metastatic tumors in group 2,
the intrahepatic cumor was scored as the hepatic replacement area and
maximum diameter of tumor, based on examination of 3 nonsequential
Hé&E-stained sections using Image] software (NIH). For detection of GFP
fluorescence, livers were first perfused in situ wirh 0.5 mM EGTA contain-
ing salt solution to remove peripheral blood cells. The livers were then
perfused wirh 4% paraformaldehyde, fixed with 4% paraformaldehyde for
24 hours, soaked in 15% sucrose in PBS for 12 hours, soaked in 30% sucrose
for 24 hours at 4°C under consrant agitation, and then embedded in OCT
compound to cut sections on a cryostat. The GFP* area was determined
using Image] software and shown as a percentage of the toral section area.

Histological analysis. F4/80, desmin, a-SMA, and TIMP1 wete stained with
anti-F4/80 {(Santa Cruz Bjotechnology), anti-desmin (Lab Vision), anti-o-
SMA (clone 1A4; Sigma-Aldrich), and anti-TIMP1 (R&D Systems) antibod-
ies, respectively, using Vectastain Elite ABC Kir or M.O.M Immunodetection
Kit (Vector Laboratories). Diaminobenzidine tetrahydrochloride was used
as peroxidase substrare, and sections were counterstained with hematoxy-
lin. The immunostain-positive area was determined using Image] software
and shown as a percentage of the total section area. In some experiments,
fluorescent dye-labeled secondary antibodies (Alexa Fluor 350 anti-rat for
F4/80, Alexa Fluor 488 anti-rabbit for desmin, and Alexa Fluor 594 anti-
goat for TIMP1) were used for detection of primary antibodies.

Depletion of macrophages. Liposome-encapsulated alendronate
(Sigma-Aldrich) was generated as previously reported (53). The alendronate was
injecred in the mice 4 times: 1 day before cell inoculation and 4, 7, and 10 days
after. Liposome-encapsulated PBS was injected into the mice as a control.

Recombinant adenovirsses. Mice were infected with 2 adenoviruses (5 x 108 pfu/
mouse) by intravenous injection 1 day before or 5 days after cell inocula-
tion. Of the 2 adenovirus-5 variants, AAGFP expresses GFP, whereas AdASM
expresses both ASM and GFP, because it contains a GFP sequence {27).

Mass spectrometric (MS) analysis of S1P. Electrospray ionization MS/MS
analysis was petformed using a Thermo-Finnigan TSQ 7000 Triple Quad-
rupole Mass Spectrometer (GenTEch Scientific Inc.) in multiple-reaction
monitoring positive ionization mode, as previously reported (54). S1P level
was normalized by total protein per sample,

Macrophage migration assay. For isolation of peritoneal macrophages, wild-
type mice were injected intraperitoneally with cold normal saline. Peritone-
al macrophages were purified using MACS Cell Separarion Columns with
CD11b microbeads (Miltenyi Biotec) from the lavage fluid. The cell migra-
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SUMMARY. Hepatitis C virus (HCV) infection is frequent
among patients with end-stage renal disease on haemodial-
ysis and is considered to be an independent risk factor for
mortality in this setting. However, only a few of these
patients are treated with anti-hepatitis virus treatment
before the development of end-stage renal disease. Recent
guidelines recommend identification of patients with good
prognoses who are in need of interferon treatment, but we
know little of patients who must be treated urgently.
Ninety-eight patients on haemodialysis (48 anti-HCV-posi-
tive and 50 anti-HCV-negative patients) were enrolled in
this study; HCV RNA was detected in 43 anti-HCV-positive
patients. Univariate analysis and multivariate regression
analysis were applied to identify variables independently
associated with persistent HCV infection. Seven variables
were proven to be associated with persistent HCV infection.
Among them, type IV collagen 7S and N-terminal propep-

tide of type III procollagen (P-II-P) were defined as inde-
pendent variables useful in distinguishing HCV RNA-
positive patients from HCV RNA-negative patients with
0.91 sensitivity, 0.91 specificity, 0.89 positive predictive
value and 0.93 pegative predictive value. Qur observations
suggest that hepatocyte destruction with enhanced liver
fibrosis is a c/‘haracteristic clinical feature of persistent HCV
infection. Type IV collagen 7S of > 5 ng/mlL and/or P-III-P
of >5 U/mL would be useful markers to identify patients
in need of interferon treatment, which supports the idea of
the Kidney Disease; Improving Global Outcomes guidelines
that a good prognosis in patients with HCV infection on
haemodialysis should prompt consideration for IFN treat-
ment when applicable.

Keywords: chronic hepatitis C, collagen synthesis, haemodi-
alysis, IFN therapy.

INTRODUCTION

Chronic hepatitis C (CH-C) is a very important life-threat-
ening disease in the general population. However, it has
become an easily manageable liver disease in industrialized
countries because treatment with interferon {(IFN) is avail-
able and effective. However, CH-C was regarded to be nei-

Abbreviations: ALT, alanine aminotransferase; APRI, AST to
platelet count ratio index; AST, aspartate aminotransferase; CH-C,
chronic hepatitis C; HA, hyaluronic acid; HCV, hepatitis C virus;
HD, haemodialysis: IFN, interferon; KDIGO, Kidney Disease:
Improving Global Outcomes: P-IH-P, N-terminal propeptide of type
T procollagen.

Correspondence: Masafumi Ono, MD, PhD, Department of Gastro-
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783-8505, Japan.
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ther a life-threatening complication nor a risk factor for
decreased quality of life among patients with end-stage
renal disease on haemodialysis (HD) for the long term. The
reason for this is that the life expectancy of patients under-
going HD was rather short because of frequent complica-
tions of atherosclerotic cardiovascular disease. Therefore,
IFN treatment has been administered to only a few patients
with both CH-C and end-stage renal disease, and the inclu-
sion criteria of interferon treatment for patients undergoing
HD have not yet been clarified.

Recent progress in the quality of HD procedures and the
preventive protocol for atherosclerosis has enabled an
increase in the 10-year survival among patients undergo-
ing HD, while 10% of patients with end-stage renal disease
suffer from CH-C [1~7]. This frequency is much higher
than that in the general population, and the number of
patients with CH-C undergoing long-term HD is rapidly
increasing [2.8,9]. We assume that the mortality rate

© 2012 Blackwell Publishing Ltd
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caused by liver cirrhosis and/or hepatocellular carcinoma
may gradually increase worldwide, including in Japan, in
the near future as observed in patients not undergoing HD
[2.8,9]. With this background, Kidney Disease: Improving
Global Outcomes (KDIGO) published their guidelines for
patients with CH-C undergoing HD. The society recom-
mended defining candidates for anti-hepatitis virus treat-
ment including IFN as relatively young patients with a
good prognosis and life expectancy of >5 years and with-
out cardiovascular disease [10]. The Japanese Society for
Dialysis Therapy also published guidelines for the treat-
ment of patients with CH-C undergoing HD. The society
noted that (i) the prevalence of CH-C is very high among
patients undergoing HD, (i) the prognosis of patients
undergoing HD with HCV infection was worse than that of
patients without HCV infection and (ili) life expectancy
could be improved by preventing HCV infection or treating
CH-C {11].

Patients with CH-C undergoing HD are in need of treat-
ment, but we know little of which patients should be treated
urgently and why they should be treated extensively. In this
study. we characterized clinical features of patients with
CH-C undergoing HD using biochemical markers including
aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and so-called liver fibrosis markers such as serum lev-
els of N-terminal propeptide of type 1II procollagen (P-III-P),
type IV collagen 7§ and hyaluronic acid (HA) [12-14].

PATIENTS AND METHODS

Patients

Ninety-eight patients undergoing HD at Kochi Takasu Hos-
pital (48 patients positive for anti-HCV antibody and 50
negative for anti-HCV antibody) were enrolled in this
study. Informed consent was obtained at the time of labo-
ratory testing. This study was conducted in conformance
with the Helsinki Declaration. Any patients with hepatitis
B surface antigen, alcohol intake of >20 g per day or evi-
dence of hepatocellular carcinoma or other aetiologies of
liver disease including autoimmune hepatitis, drug-induced
liver disease, primary biliary cirrhosis, biliary obstruction,
haemochromatosis or Wilson's disease were excluded from
this study. Forty-eight anti-HCV patients undergoing HD
were divided into two groups: 43 were positive for HCV
RNA (Group 1) and 5 were negative for HCV RNA (Group
2). Fifty anti-HCV-negative patients undergoing HD were
also enrofled as the study controls (Group 3).

Laboratory evaluations

Venous blood samples were obtained immediately before
starting HD. Laboratory evaluation in all patients included
a blood cell count, and measurements of AST, ALT, albu-
min, HA (reference range, <50 ng/ml; LPIA-ACE HA;

© 2012 Blackwell Publishing Ltd
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Mitsubishi Chemical Medience Co., Tokyo, Japan)., P-III-P
(reference range, 0.3-0.8 U/mL: Ryagnost P-1II-P; Cisbio
International, Bagnols/Ceze, France) and type IV collagen
7S (reference range, <6 ng/mlL; Type IV collagen 7S kit
Mitsubishi Chemical Medience Co., Tokyo, Japan) were
measured using a standard automated analyser in the clin-
ical laboratory of Kochi Takasu Hospital.

Virological assays

Anti-HCV was detected by third-generation enzyme immu-
noassay systems (Abbott Laboratories Diagnostic Division,
Abbott Park, IL,USA). HCV RNA was assessed by TagMan
PCR assays (Roche Diagnostics Systems, Branchburg, NJ,
USA). Hepatitis B surface antigen was detected by auto-
mated chemiluminescence enzyme immunoassay systems
(Abbott Laboratories Diagnostic Division, Abbott Park, 11,
USA).

Aspartate aminotransferase (AST) to platelet count ratio
index

The ratio of AST (IU/L) to platelet count (x10%/uL) in
peripheral blood AST to platelet count ratio index {APRI)
was used as an indicator of advanced liver fibrosis where an
APRI of <0.40 has been proposed to accurately identify 93%
of patients with mild liver fibrosis (stage O or 1) [1,15].

Statistical analysis

Continuous variables were expressed as mean =+ standard
deviation. The Mann—Whitney U-test, Student’s t-test and the
chi-square test were used when applicable. Laboratory data
were applied to univariate analysis to define variables that
were significantly different between patients undergoing HD
with and without CH-C (P < 0.05). Those variables were then
further applied to multivariate analysis to identify variables
that independently contributed to the prediction of patients
undergoing HD with. CH-C. To assess the accuracy of detec-
tion of patients undergoing HD with CH-C, receiver operating
characteristic (ROC) curves were constructed using variables,
for example serum levels of P-III-P and type IV collagen 78S.
The Youden index was used to identify the optimal cut-off
points. The sensitivity, specificity, positive predictive value
and negative predictive value were calculated for the two cut-
off values proposed by Sterling et al. {16]. Differences were
considered statistically significant for P values of <0.05.

RESULTS

Univariate analysis between patients undergoing
haemodialysis (HD) with and without CH-C

There were no significant differences in age or gender
among Groups 1, 2 and 3 (Table 1). In univariate analysis
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Table 1 Univariate analysis between patients undergoing haemodialysis (HD)} with and without chronic hepatitis C (CH-C)

Group 2 (n=5)  Group 3 (n = 50) P value
Group 1 (n = 43) HCV-RNA(-) HCV-RNA(—-) Group 2 + 3 (n = 55) Group 1 vs
HCV-RNA(+) HCV-Ab(+) HCV-Ab(—) HCV-RNA(-) Group 2 + 3
Age (year) 66.7 = 8.2 76.0 & 8.2 67.8 £ 10.0 68.5 & 10.1 0.35
Gender (F/M) 16/27 2/3 24/26 26/29 0.32
AST (TU/L) 22,5 +£11.3 152 £ 2.8 160 £ 5.5 16.0 £ 5.3 <(.001
ALT (1U/L) 228 + 18.3 107 £ 2.9 13.2 £ 1.7 10 + 4.6 <{(.001
Albumin (g/dL) 3.5+ 0.5 3.5+£03 3.7 £ 0.2 3.7 £ 0.3 <0.05
PLT (x10*/mm?) 15.1 £ 6.2 159 £ 5.9 19.0 £ 6.2 189 + 6.2 <0.005
HA (ng/mL) 843.8 £+ 1548.1 281.4 £+ 166.0 371.8 £ 460.1 363.6 + 441.4 <(.05
1V col.78 (ng/mlL) 6.1 4+ 1.6 4.6 &+ 0.8 43 £ 0.9 4.4 + 0.9 <0.0001
P-IE-P (U/m) 524+ 24 3.1 £ 1.5 2.8 + 0.9 2.7+ 09 <0.0001

There were no significant differences in age or gender among Groups 1, 2 and 3. In univariate analysis between Group 1
and Group 2 + 3, seven variables (serum levels of AST (P < 0.001), ALT (P < 0.001). HA (P < 0.05), type IV collagen 7S
(P < 0.0001) and P-ITI-P (P < 0.0001) in Group 1 were significantly higher than those in Group 2 + 3. Platelet counts
(P < 0.005) and serum albumin (P < 0.05) in Group 1 were significantly lower than those in Group 2 + 3.

Group 1: (patients with CH-C undergoing HD), Group 2 + 3 (patients without CH-C undergoing HD).

between Group 1 (patients undergoing with CH-C) and
Group 2 + 3 (patients undergoing without CH-C), seven
variables were defined as significantly different: serum lev-
els of AST (P < 0.001), ALT (P < 0.001), HA (P < 0.05),
type IV collagen 78 (P < 0.0001) and P-III-P (P < 0.0001)
in Group 1 were significantly higher than those in Group
2 + 3. Platelet counts (P < 0.005) and serum albumin
(P < 0.05) in Group 1 were significantly lower than those
in Group 2 + 3. :

Multivariate analysis between patients undergoing
haemodialysis (HD) with and without chronic hepatitis
C (CH-C)

A binomial regression model using these seven continuous
variables was applied to evaluate the key factors involved
in distinguishing Group 1 from Group 2 + 3 (Table 1).
Serum levels of type IV collagen 7S (P < 0.001), P-I0-P
(P < 0.001) and ALT (P < 0.005) contributed much to
independently distinguish Group 1 from Group 2 + 3
(Table 2). Because the ALT level is notably affected by the
serum vitamin B6 level [17], serum levels of type IV colla-
gen 7S and P-III-P were further chosen for binomial
regression model analysis; Fig. 1a,b confirm how these two
factors work well in the distinction.

Receiver operating characteristic (ROC) curve analysis

Receiver operating characteristic (ROC) curves were cre-
ated using type IV collagen 78 and P-II-P to verify the
usefulness in this distinction (Fig. 2). The area under the
ROC curve was revealed to be as high as 0.90 when
Akaike’s information criterion was 70.1. When the You-

Table 2 Multivariate analysis between patients undergoing
haemodialysis (HD) with and without chronic hepatitis C
(CH-C). (a) Binomial regression model using these seven
continuous variables was applied to evaluate the key
factors involved in distinguishing Group 1 from Group

2 + 3. Serum levels of type IV collagen 78 (P < 0.001),
P-III-P (P < 0.001) and ALT (P < 0.005) greatly
contributed to independently distinguishing Group 1 from
Group 2 + 3. (b) Serum levels of type IV collagen 78

(P < 0.0005) and P-III-P (P < 0.0001) were further
chosen for binomial regression model analysis

B SE (f) Zvalue P value
(a)
IVeol.7S (ng/mL) 1.26  0.37 3.41 <0.001
P-II-P(U/mL) 1.03  0.30 3.45 <0.001
ALT (TU/1) 0.24 0.08 2.93 <0.005
Alb (g/dL) -2.03 1.2 1.82 0.069
(b)
IVcol.7S (ng/ml) 091 0.25 3.68 <0.0005
P-I{I-P(U/mlL) 1.29 033 3.95 <0.0001

den index was used to determine the optimal cut-off value
using type IV collagen 7S in combination with P-IlI-P for
distinguishing Group 1 from Group 2 + 3, 0.45 was
shown to be optimal with a sensitivity of 0.84, specificity
of 0.91, positive predictive value of 0.85 and negative pre-
dictive value of (0.92.

Plot analysis

Plot analysis revealed another possible way to distinguish
these two groups with a sensitivity of 0.91, specificity of

© 2012 Blackwell Publishing Litd
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(a) 3 Healthy volunteers
Fig. 1 Distribution of patients 20 - 1 I HOV-RNA(-) pis with HD
undergoing HD and healthy volunteers B HOV-RNA(+) pts with HD
in terms of (a) type IV collagen 7S and w 3 1 i
(b) P-III-P. (a) The distribution of i 16 ii é
patients without CH-C undergoing HD o f ] E i
in terms of type IV collagen 7S was 5 - é !; g ~
quite similar to that of healthy P R 1, i e L E
voluateers. In contrast, the distribution 12 L6 20 24 28 32 36 40 44 48 S2 56 60 64 68 72 6
of patients with CH-C undergoing HD IV-Col-7S (ng/mk.)

in terms of type IV collagen 7S was
remarkably higher than that of patients
without CH-C undergoing HD. (b) The
distribution of patients without CH-C
undergoing HD in terms of P-III-P was
higher than that of healthy volunteers.
In addition, the distribution of patients
with CH-C undergoing HD in terms of
P-III-P was significantly higher than
that of patients without CH-C
undergoing HD.

ROC-curve

Sensitivity

0 02 04 06 08 1

1 —Specificity

Fig. 2 Receiver operating characteristic (ROC) curve
analysis. ROC curves were created using type IV collagen
78 and P-III-P to verily the usefulness in this distinction.
The area under the receiver operating characteristic curve
was revealed to be as high as 0.90 when Akaike's
information criterion was 70.1. When the Youden index
was used to determine the optimal cut-off value using type
IV collagen 7S in combination with P-II-P for
distinguishing Group 1 from Group 2 + 3, 0.45 was
shown to be optimal with a sensitivity of 0.84, specificity
of 0.91, positive predictive value of 0.85 and negative
predictive value of (0.92.

0.91, positive predictive value of 0.89 and negative predic-
tive value of 0.93. Indeed, the majority of patients with
CH-C were distributed in the area of either type IV collagen
7S of > 5 ng/mL or P-III-P of > 5 U/ml, while those with-
out CH-C (Groups 2 and 3) remained in the area of type
IV collagen 7S of <5 ng/mlL and P-III-P of <5 U/mL

© 2012 Blackwell Publishing Ltd

Healthy volunteers
o8 HCV-RNA(-) pts with HD
# HCV-RNA(+) pis with HD

G- 3.8 aD- 4.5 A0 3.5 6.0- 6.5 7.0- 7.5- 8.0 85 90
P-{IE-P (U/ml)

(Fig. 3a). Thus, the odds ratio was calculated to be as high
as 70.3 in predicting patients undergoing with CH-C (95%
confidence intervals, 19.0-257.2).

AST to platelet count ratio index (APRI)

We next investigated the relationship between these fibrosis
markers (type IV collagen 7S and P-III-P) and the degree of
advanced fibrosis. APRI was originally designed to predict
advanced liver fibrosis in patients with CH-C not undergoing
HD [1]. Schiavon LL et al, reported that APRI was also useful
as a noninvasive marker for the evaluation of advanced
hepatic fibrosis (APRI > 0.40) in patients with CH-C under-
going HD [15]. Therefore, we evaluated advanced hepatic
fibrosis by APRI and compared our results with type IV col-
lagen 7S and P-III-P in patients with CH-C (Group 1;
Fig. 3b). However, no relationship between APRI of > 0.40
and these two fibrosis markers was found. We then com-
pared platelet counts in the patients with type IV collagen
7S and P-HI-P levels other than <5 ng/mL and <5 U/mlL,
respectively (Fig. 4). The average platelet count in the
patients with an APRI of >0.40 was remarkably lower
(12.0 & 4.2 x 10*/uL) than that in the patients with an
APRI 0of <0.40 (18.6 &+ 5.8 x 104/;LL, P < 0.001). In addi-
tion, platelet counts in many patients with an APRI of
>0.40 were >10 x 10%ul, which indicated severe
advanced hepatic fibrosis.

DISCUSSION

Barril et al. [18] reported that the progression time to cir-
rhosis can be much shorter in patients with CH-C undergo-
ing HD than in those not undergoing HD. On the contrary,
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Fig. 3 Relationship between type IV collagen 78 and P-II-P values. {a) Relationship between type 1V collagen 7S and
P-10-P values among HCV-Ab (+) RNA (+) (Group 1: open circle), HCV-Ab (+) RNA (-) (Group 2: closed circle) and
HCV-Ab (—) RNA (-) (Group 3: grey circle). Most patients in Group 1 (patients with CH-C) were outside the ranges of type
IV collagen 7S of <5 ng/ml and P-III-P of <5 U/mlL. In contrast, most patients in Group 2 + 3 were within the ranges of
type IV collagen 78 of <5 ng/mL and P-UII-P of <5 U/mL. (b) Relationships among type IV collagen 7S, P-1II-P and APRI
in patients with CH-C (Group 1). There were no differences in either type IV collagen 78 or P-III-P between patients with
CH-C (Group 1) with an APRI of > 0.4 and those with and APRI of <0.4 {APRI: AST to platelet count ratio index).
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Fig. 4 Platelet counts in the patients outside the range of
type IV collagen 78 of <5 ng/mL and P-III-P of <5 U/mL.
The patients with CH-C with an APRI of >0.40 (n = 19)
had significantly lower platelet counts (12.0 £ 4.2 x 10%/uL)
than those with an APRI of <0.40 (n = 20,

18.6 £ 5.8 x 10*/4L, P < 0.001). The many patients
with an APRI of > 0.40 had lower platelet counts

(>10 x 10%/uL) compared with the patients with an APRI
of <0.40.

others suggest that patients with CH-C undergoing HD
present a lower degree of inflammatory activity and a
lower stage of liver fibrosis compared with patients with
CH-C not undergoing HD [19-21]. Thus, whether the nat-
ural clinical course of liver fibrosis in patients with CH-C
undergoing HD is more progressive than that observed
in patients with CH-C not undergoing HD is controversial
[19-23]. Indeed, the effects of end-stage renal disease and
HD on the progression of CH-C have remained largely
unknown until today. Therefore, the most important eluci-

dation of this study is whether or not the natural clinical
course of liver fibrosis in patients with CH-C undergoing
HD is more progressive,

Hepatocyte destruction with liver fibrosis is the most char-
acteristic pathological feature of chronic hepatitis. Liver
biopsy is the most reliable procedure to estimate the degree
of hepatitis and the stage of liver fibrosis, but liver biopsy is
not indicated in these cases because patients undergoing HD
are at a serious risk of bleeding [22,24,25]. For this reason,
we evaluated the factors that efficiently distinguish patients
with CH-C undergoing HD (Group 1) from those without
CH-C {Group 2 -+ 3) in this study using a binomial regres-
sion model. Univariate analysis revealed seven factors that
were useful for distinguishing these two grouaps. and multi-
variate regression analysis has proven that three of the
seven factors (serum levels of type IV collagen 78, P-III-P
and ALT) were independent factors for the distinction with
very high sensitivity and specificity when other aetiologies of
chronic liver disease, such as alcoholic liver disease, were
excluded (P < 0.005).

The serum level of AUT, an excellent marker of hepatocyte
destruction, remained within the reference range in most
patients with CH-C undergoing HD as previously reported
{8.26-28], but it was significantly higher in patients with
CH-C undergoing HD than in patients without CH-C under-
going HD. Liver fibrosis consists of the deposition of fibrillar
extracellular matrix components in response to viral infec-
tions and other pathogenic factors. Serum levels of type IV
collagen 78 and P-[II-P, which are tightly associated with
this deposition process, are markers of enhanced collagen
synthesis at the site of hepatocyte destruction [29-31].
Their serum levels, which are determined by the balance
between their production and degradation, were signifi-
cantly higher in most patients with CH-C undergoing HD

© 2012 Blackwell Publishing Ltd
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than in patients without CH-C undergoing HD. Taken
together, these observations strongly suggest that most
patients with CH-C undergoing HD have enhanced hepato-
cyte destruction with collagen synthesis in the liver when
compared with those without CH-C.

The odds ratio assessed by the chi-square test was as
high as 70.3 in defining patients with CH-C undergoing
HD because both positive and negative predictive values
were very high in this case. ROC curves using serum levels
of type IV collagen 78 and P-UI-P further confirmed this
observation. On the other hand, plot analysis revealed that
serum levels of type IV collagen 7S of > 5 ng/mL andfor
P-II-P of >5 U/mL also distinguished patients with CH-C
undergoing HD from those without CH-C very well. All of
these results support the guidelines stating why most
patients with CH-C undergoing HD. who are relatively
young and bave a life expectancy of >5 years and do not
have cardiovascular disease, should be considered as candi-
dates for anti-hepatitis virus treatment including IFN [10].

Patients with CH-C have been {reated extensively, but
few patients with CH-C undergoing HD have been regarded
as candidates for IFN treatment. However, liver disease has
become one of the leading causes of death in long-term
renal transplant survivors [2,3], and pretransplant IFN
treatment for patients undergoing renal transplantation
with CH-C attenuated chronic allograft nephropathy [32}
and prevented the development of diabetes mellitus
and HCV-associated glomerulonephritis in renal allogralts
[33.34]. Thus, patients with CH-C and advanced liver
fibrosis are assumed to be candidates in urgent need of
anti-hepatitis virus treatment, although the frequency of
advanced liver fibrosis and liver cirrhosis ranges from 5%
to 32% at most [18-21,35-38].

The frequency is rather low, and our next question is how
to define patients with CH-C and advanced liver fibrosis
(stages 2, 3 and 4). We herein propose the use of the APRI,
because AST and the platelet count in peripheral blood are
noninvasive, inexpensive tests available anywhere in the
world [15]. This index was introduced in patients with CH-C
undergoing HD to distinguish those with advanced liver
fibrosis (stages 2, 3 and 4) from those with mild liver fibrosis
(stages 0 and 1) [1]. Patients with an APRI of <0.40 report-
edly comprise 93% of patients with liver fibrosis stage 0 or 1
and 7% of those with liver fibrosis stage 2 [1,15]. The aver-
age APRI in our patients with CH-C undergoing HD {Group
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Introduction

Chronic liver injury is characterized by hepatocyte cell death,
hepatic inflammation, and activation of hepatic stellate cell (HSC),
a major fibrogenic cell type in the liver [1]. Advanced liver fibrosis
disrupts the normal architecture of the liver, causing hepatocel-
lular dysfunction and portal hypertension. Chelestasis is associated
with many liver diseases, and bile duct ligation (BDL) has been
used in an animal model of chronic liver injury because it
duplicates the hepatocyte damage, HSC activation, and liver
fibrosis observed in human liver diseases. In the BDL model,
accumulation of bile acids by biliary obstruction is thought to
contribute to the liver damage {2,3]. Bile acids are amphipathic
molecules synthesized by hepatocytes and have detergent action
required for lipid absorption. Exposure of hepatocytes to elevated
concentrations of bile acid results in cell death [3,4], and bile acid-
associated death receptor-mediated cell death is one of the
common mechanism for cholestatic hepatocyte injury [5]. Tumor
necrosis factor (TNF)-o, which is the mediator of hepatotoxicity in
many liver diseases [6], is elevated by common BDL (CBDL) [7],
and the liver injury and fibrosis induced by CBDL are reduced in
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TNF-0~/" mice [8] and TNF receptor (TNFR}1 ™/~ mice [9]. In
addition, liver fibrosis induced by carbon tetrachloride (CCly) is
also reduced in TNFR1™'™ mice [10]. Thus, TNF-a has been
thought to be crucial for liver injury and subsequent liver fibrosis.
However, TINF-o alone does not incuce hepatocyte cell death, and
the sensitization of hepatocytes by D-galactosamine (GalN) is
required for TNF-o-induced liver immjury im mice [11,12]. In
contrast to its negative regulatory effects, TINF-of has a protective
role in liver injury [13] and is required for liver regeneration [14].
Furthermore, TNF-o inhibits collagen ot1{I) mRINA expression in
HSCs [15,16,17]. Thus, the roles of TNF-u on HSCs activation
and liver fibrosis are complicated and remain controversial.
Progression of liver fibrosis is associated with the inhibition of
matrix degradation [18]. Matrix degradation is induced by the
matrix metalloproteinase (MMP) family of enzymes; MMP-2, -3,
and -9 are associated with the liver. Tissue inhibitor of
metalloproteinase (TIMP)-1, the most important endogenous
inhibitor of most MMPs, plays a crucial role in the pathogenesis
of liver fibrosis, and its expression in HSCs is enhanced by TINF-o
[9,19,20]. In human liver fibrosis, TIMP-1 expression is increased
compared to that in the normal liver [18]. Overexpression of
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Figure 1. TNF-¢ deficiency reduced liver fibrosis after CBDL+CDL. TNF-o™* and TNF-«™" mice received CBDL+CDL. The animals were
sacrificed on 3 (A) or 21 (B, O) days after the surgery. (A) Serum TNF-o levels were measured by ELISA. (B, C) Collagen deposition was assessed by Sirius
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MMP-9 in the mouse liver, using an adenovirus vector, reduces
tiver fibrosis after CCl, treatment [21]. Moreover, antagonization
of TIMP-1 by a catalytically inactive mutant MMP-9 [21] or by
TIMP-1 neutralizing antibody [22] decreases liver fibrosis.
Inversely, transgenic mice overexpressing TIMP-1 in the liver
show increased liver fibrosis after GCl, treatment, whereas TIMP-
1 overexpression alone does not result in liver fibrosis {23]. In
addition to its role in inhibiting matrix degradation, TIMP-1
promotes survival and proliferation of liver cells. TIMP-17"" mice
demonstrate impaired liver injury and hepatocyte proliferation
after hepatic ischemia and reperfusion [24] and demonsirate
exacerbated liver injury and fibrosis induced by CCL, [25]. Thus,
the effects of TIMP-1 on liver injury and fibrosis depend on
pathophysiological condition, and its role on fibrosis after
cholestatic liver injury remains unclear. To attempt to clarify the
precise roles, this study investigated the involvement of TNF-o and
TIMP-1 in the progression of fibrosis after cholestatic liver injury.

Materials and Methods

Ethics Statement

The experiments were conducted in accordance with the
mstitutional guidelines and the protocol was approved by the
Animal Research Committee of Gifu University (Permit Numbers:
23-3 and 23-38). All surgery was performed under anesthesia, and
all efforts were made to minimize suffering.

Animals

Wister male rats and male wild-type mice (C57Bl/6]), TNF-a-
deficient mice (TNF-0.7’/ 73, and TIMP-1-deficient mice (TTMP-
1777} were used for this study. TNF-:™/™ mice (#5540, C57Bl/6
background} and TIMP-17'" mice (#6243, C57Bl/6 back-
ground) were obtained from Jackson Laboratory (Bar Harbor,
ME, USA), and wild-type C57Bl/6] mice and Wister male rats
were from Japan SLC (Shizuoka, Japan).

Bile Duct Ligation (BDL)

Light-10 week-old male mice were used for studies, T'o perform
common BDL and cystic duct ligation (CBDL+CDL), the
peritoneal cavity was opened under anesthesia and the common
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bile duct was double ligated below the bifurcation, single ligated
above the pancreas, and cut between the ligatures. In addition, the
cystic duct was single ligated. The left hepatic duct was single
ligated for partial BDL (PBDL) as previously reported [26,27]. As
necessary, GallN (Nacalal Tesque, Kyoto, Japan) (20 mg/mouse)
was Intraperitoneally administrated at 30 min before the surgery.
On days 1, 3, 7, 21 after the surgery, mice were humanely killed.

Measurement of Serum TNF-«
Mouse serum TINF-o level was measured by ELISA (Thermo
Scientific, Rockford, IL, USA).

Histological Analysis

The liver was fixed with 10% formalin, sectioned, and stained
with H&E. Collagen deposition was stained with Sirius red
(saturated picric acid containing 0.1% DirectRed 80 and 0.1%
FastGreen FCF). The Sirius red positive area was quantitated
using the Image] software (U.S. National Institutes of Health;
http:/ /rsb.info.nih.gov/ij/} and shown as a percentage of the total
section area. Apoptosis was assessed by the terminal deoxynu-
cleotidyl transferase-dUTP nick end labeling (TUNEL) assay
(Promega, Madison, WI, USA, #G7132). The number of
TUNEL positive nuclei was determined in 10 randomly selected
fields. F4/80, CD3, Ki67, TIMP-1, and desmin were stained with
anti-F'4/80 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-
52664), CD3 (Abcam, Cambridge, MA, USA, abl6669), Ki67
(Thermo scientific, RM-9106), TIMP-1 (R&D Systems, Minne-
apolis, MN, USA), desmin {Lab Vision, Fremont, CA, USA}
antibodies using the Vectastain Elite ABC Kit (Vector Laborato-
ries, Burlingame, CA, USA). Diaminobenzidine tetrahydrochlor-
ide was used as peroxidase substrate and sections were
counterstained with hematoxylin. The immunostained-positive
area of F4/80 was determined using Image]J software and shown
as a percentage of the total section area. The number of CD3 or
Ki67-expressing cells was determined in 10 randomly selected
fields. In some experiments, fluorescent-dye labeled secondary
antibodies (Alexa Fluor 488 anti-rabbit for desmin and Alexa
Fluor 594 anti-goat for TIMP-1) (Invitrogen, Carlsbad, CA, USA}
were used for detection of primary antibodies as previously
reported [28].
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