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Abstract

Background Both insulin resistance and increased oxi-
dative stress in the liver are associated with the patho-
genesis of nonalcoholic fatty liver disease (NAFLD).
Senescence marker protein-30 (SMP30) was initially
identified as a novel protein in the rat liver, and acts as an
antioxidant and antiapoptotic protein. Our aim was to

H. Park - T. Shima - M. Mizuno - T. Okanoue (<)
Department of Gastroenterology and Hepatology,
Saiseikai Suita Hospital, Kawazonocho 1-2,

Suita, Osaka 564-0013, Japan

e-mail: okanoue @suita.saiseikai.or.jp

A. Ishigami

Department of Biochemistry,
Faculty of Pharmaceutical Science,
Toho University, Chiba, Japan

A. Ishigami - N. Maruyama
Aging Regulation, Tokyo Metropolitan Institute
of Gerontology, Tokyo, Japan

H. Park - K. Yamaguchi - H. Mitsuyoshi - M. Minami -

K. Yasui - Y. Itoh - T. Yoshikawa - T. Okanoue
Department of Molecular Gastroenterology and Hepatology,
Kyoto Prefectural University of Medicine,

Graduate School of Medical Science, Kyoto, Japan

M. Fukui - G. Hasegawa - N. Nakamura
Department of Endocrinology and Metabolism,
Kyoto Prefectural University of Medicine,
Graduate School of Medical Science, Kyoto, Japan

M. Ohta

Department of Medical Biochemistry,
Kobe Pharmaceutical University, Kobe, Japan

H. Obayashi
Institute of Bio-Response Informatics, Kyoto, Japan

@ Springer

determine whether hepatic SMP30 levels are associated
with the development and progression of NAFLD.
Methods Liver biopsies and blood samples were obtained
from patients with an NAFLD activity score (NAS) < 2
(n = 18), NAS of 34 (n = 14), and NAS > 5 (n = 66).
Results Patients with NAS > 5 had significantly lower
hepatic SMP30 levels (12.5 &+ 8.4 ng/mg protein) than
patients with NAS < 2 (30.5 £ 14.2 ng/mg protein) and
patients with NAS = 3-4 (24.6 + 12.2 ng/mg protein).
Hepatic SMP30 decreased in a fibrosis stage-dependent
manner. Hepatic SMP30 levels were correlated positively
with the platelet count (r = 0.291) and negatively with the
homeostasis model assessment of insulin resistance (r =
—0.298), the net electronegative charge modified-
low-density lipoprotein (r = —0.442), and type IV collagen
7S (r = —0.350). The immunostaining intensity levels of
4-hydroxynonenal in the liver were significantly and
inversely correlated with hepatic SMP30 levels. Both serum
large very low-density lipoprotein (VLDL) and very small
low-density lipoprotein (LDL) levels in patients with
NAS > 5 were significantly higher than those seen in
patients with NAS < 2, and these lipoprotein fractions were
significantly and inversely correlated with hepatic SMP30.
Conclusion These results suggest that hepatic SMP30 is
closely associated with the pathogenesis of NAFLD,
although it is not known whether decreased hepatic SMP30
is a result or a cause of cirrhosis.

Keywords SMP30 - NAFLD - NASH -
Insulin resistance - Oxidative stress

Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the
most common causes of chronic liver injury throughout the
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world [1-3]. It represents a spectrum of conditions char-
acterized histologically by macrovesicular hepatic steato-
sis, and the diagnosis is made in patients who have not
consumed alcohol in amounts sufficient to be considered
harmful to the liver.

NAFLD encompasses varying microscopic features that
range from simple steatosis, which has a good prognosis, to
nonalcoholic  steatohepatitis (NASH), which has a poor
prognosis. Liver biopsy is recommended as the gold stan-
dard for both the diagnosis and staging of fibrosis in patients
with NASH [1, 4-6]. Hyperlipidemia, insulin resistance, and
oxidative stress can contribute heavily to the initiation and
progression of NAFLD [7-9]. However, the exact intricacies
of the molecular and cellular mechanisms responsible for the
progression from simple steatosis to NASH have not been
fully elucidated.

Senescence marker protein-30 (SMP30), a 34-kDa
protein originally identified in the rat liver, is a novel
molecule that decreases in concentration with aging in
an androgen-independent manner [10, 11]. SMP30
transcripts have been detected in a multitude of tissues,
and its amino acid alignment reveals a highly conserved
structure among humans, rats, and mice [11]. We have
reported previously that SMP30 participates in Ca”*
efflux by activating the calmodulin-dependent Ca**-
pump in HepG2 cells and renal tubular cells, conferring
on these cells resistance to injury caused by high
intracellular Ca®" concentrations [12, 13]. Recently, we
identified SMP30 as gluconolactonase (GNL), which is
involved in L-ascorbic acid biosynthesis in mammals,
although human beings are unable to synthesize vitamin
C because there are many mutations in the gulonolac-
tone oxidase gene, which catalyzes the conversion from
L-gulono-y-lactone to vr-ascorbic acid [14]. To clarify
whether a causal relationship exists between a decrease
in SMP30/GNL levels and age-associated organ disor-
ders, we established SMP30/GNL knockout (KO) mice
[15]. The livers of SMP30/GNL KO mice are highly
susceptible to tumor necrosis factor-o. (TNF «) and Fas-
mediated apoptosis [15]. In addition, they showed
mitochondrial damage and abnormal accumulations of
triglycerides, cholesterol, and phospholipids [16]. Fur-
thermore, SMP30/GNL in brain and lung tissue
appeared to have protective properties against oxidative
stress associated with aging [17-20]. Because the
SMP30/GNL KO mice showed changes in the liver that
mimic the processes of NAFLD, we hypothesized that
decreased levels of SMP30 may be linked to the
pathogenesis of NAFLD. The purpose of this study was
to investigate the role of SMP30 in the pathogenesis of
NAFLD.

Patients and methods
Patients

The study protocol was approved by the ethics committee
of Saiseikai Suita Hospital and Kyoto Prefectural Univer-
sity of Medicine, and informed consent was obtained from
all subjects prior to their enrollment in the study. A total of
98 patients histologically diagnosed as having NAFLD at
Saiseikai Suita Hospital or Kyoto Prefectural University
Hospital between 2006 and 2008 were enrolled in this
study.

All liver biopsy specimens were stained with hematox-
ylin—eosin and Masson’s trichrome stains and examined by
two experienced pathologists blinded to the patients’ clin-
ical or laboratory data or liver biopsy sequence. Patients
with NAFLD were divided into the following groups:
simple steatosis and mild NASH (stages 0-1), moderate
NASH (stage 2), and advanced NASH (stage 3-4) accord-
ing to the classification proposed by Brunt et al. [6]. Several
liver tissues samples from these groups were embedded in
Tissue-Tek OCT (Sakura Finetech, Tokyo, Japan) com-
pound and stained with Oil Red O. The fibrosis staging
system was classified as follows: stage 0, no fibrosis; stage
1, zone 3 predominant pericellular fibrosis; stage 2, zone 3
fibrosis plus periportal fibrosis; stage 3, bridging fibrosis;
stage 4, cirrhosis. The grade of steatosis was defined as mild
(=33%), moderate (34-65%), or advanced (>66%). In
addition, the NAFLD activity score (NAS) system was used
to classify NAFLD into “not NASH” (NAS < 2), “bor-
derline NASH” (NAS = 3-4), and “definite NASH”
(NAS > 5), as shown in Table 1, because the NAS system
has been reported as a reliable scoring system for diag-
nosing NASH [5]. We excluded patients with alcohol intake
exceeding 20 g/day and those who reported signs, symp-
toms, and/or a history of known liver disease including
viral, genetic, autoimmune, and drug-induced liver disease,
before evaluation of liver histology.

Immunohistochemistry

Liver biopsy specimens were preserved in 10% formalin
and embedded in paraffin. Specimens were serially sec-
tioned onto microscope slides at a thickness of 4 pm and
then deparaffinized. After removal of paraffin, the liver
sections were heated by microwaving in 0.1 M citrate
buffer (pH 7.0), followed by inactivation of endogenous
peroxidases by incubation with 1% hydrogen peroxide
(H,0,) in methanol. The primary antibodies used were
monoclonal antibody raised against recombinant human
SMP30 (1:2000 dilution) [14] and anti-4-hydroxynoneral
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Table 1 Clinical features and laboratory data of three patient groups classified according to NAS scores

Group A (n = 18)

Group B (n = 14) Group C (n = 66)

NAS <2 NAS 34 NAS > 5
Male/female 919 6/8 34/32
Age (years) 60.9 £+ 13.1 533+ 16.8 60.4 £ 12.2
Body mass index (kg/m?) 264 + 4.8 275+ 44 275+ 4.8
Systolic blood pressure (mmHg) 133 £ 18 137 £ 8 140 £ 18
Diastolic blood pressure (mmHg) 779 84 + 12 82 £+ 12
HbAlc (%) 62+ 1.6 6.4 + 1.8 63+13
Fasting glucose (mg/dL) 116 = 32 125 4+ 41 124 + 44
Fasting insulin (pU/mL) 85+ 49 109 £ 4.7 127 £ 176
HOMA-R 29 £ 1.7 37+ 21 3.9 £+ 2.8%
AST (U/L) 39 £+ 12 43 + 12 44 4+ 23
ALT (U/L) 37 £ 11 41 £ 10 53 £ 25
Triglyceride (mg/dL) 160 £ 67 149 £ 72 165 £ %4
Total cholesterol (mg/dL) 221 £ 42 208 + 36 202 £ 34
HDL cholesterol (mg/dL) 554+ 22 507 49 + 12
LDL cholesterol (mg/dL) 134 £+ 25 119 £+ 28 129 + 30
Oxidized LDL (U/ml) 133 £ 2.6 13.8 £ 1.1 148 £ 22
Electronegative charge modified-LDL (ecd) 3.1 +30 3.1+32 6.4 £ 3.5%
Type IV collagen 7S (ng/dL) 39+ 05 40+ 12 57 £ 19%
Platelet count (x 104/uL) 219 £ 29 219 £ 45 17.1 £ 4.7*
SMP30 in liver tissue (ng/mg protein) 30.5 £ 14.2 24.6 £ 122 12.5 4 8.4%kkusk
75 g OGTT (NGT/IGT/DM) 41777 3/6/5 13/29/24

Data are expressed as mean 4 SD

* P < 0.05 versus group A versus group B. #* P < 0.01 versus group B. *#* P < 0.001 versus group A

NAS nonalcoholic fatty liver disease (NAFLD) activity score, HOMA-R homeostasis model assessment of insulin resistance, AST aspartate
aminotransferase, ALT alanine aminotransferase, HDL high-density lipoprotein, LDL low-density lipoprotein, ecd electronegative-charge density,
SMP30 senescence marker protein-30, OGTT oral glucose tolerance test, NGT normal glucose tolerance, /GT impaired glucose tolerance, DM

diabetes mellitus

(4-HNE) monoclonal antibody (1:100 dilution; Nihon
Yushi, Tokyo, Japan). SMP30 and 4-HNE were detected by
indirect immunoperoxidase staining using corresponding
Histofine Simple Stain MAX-PO kits (Nichirei Biosci-
ences, Tokyo, Japan) and 3, 3-diaminobenzidine (DAB) as
- a chromogenic substrate. After DAB staining, nuclei were
counterstained with Mayer’s hematoxylin. Two indepen-
dent observers evaluated the intensity of immunostaining
for 4-HNE as 0, I, 2, or 3 (negative, weak, moderate, or
strong, respectively).

Quantification of hepatic SMP30 content by enzyme-
linked immunosorbent assay (ELISA)

A portion of each liver biopsy specimen was immediately
frozen and stored at —80°C for hepatic SMP30 measure-
ment. Frozen liver biopsy specimens were suspended in
ice-cold phosphate-buffered saline (PBS; pH 7.4). After
disruption by homogenization and sonication, samples were
centrifuged (15,000 g, 15 min, 4°C) and supernatants were
stored at —80°C until assay. SMP30 in supernatant

@ Springer

fractions was determined by a sandwich ELISA using a
polyclonal anti-SMP30 antibody (Cosmo Bio, Tokyo,
Japan) and a monoclonal anti-SMP30 antibody. In brief,
microtiter plates were coated with affinity-purified anti-
SMP30 rabbit IgG (2.0 pg/ml) diluted with 10 mM car-
bonate buffer (pH 9.3) for 2 h at room temperature. After
washing, nonspecific binding sites in each well were
blocked with 10 mM carbonate buffer containing 0.5%
bovine serum albumin (BSA). Standard solution (0-
2,000 pg/ml recombinant SMP30) and supernatant samples
diluted (1:10) with sample buffer (50 mM Tris-HCI buffer,
pH 7.0, containing 200 mM NaCl, 10 mM CaCl,, 0.1%
Triton X-100, and 1% BSA) were added to the wells, and
the plate was incubated for 2 h at room temperature. After a
washing with BSA-free sample buffer, biotinylated anti-
monoclonal SMP30 antibody was added to each well. The
plate was incubated for 2 h at room temperature, washed,
and then incubated for an additional 2 h at room tempera-
ture with streptavidin-horseradish peroxidase (HRP) dilu-
ted 1:10,000 (Vector Laboratories, Burlingame, CA, USA).
After a final washing, the plate was treated for 20 min with
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a substrate solution of 3,3',5,5'-tetramethylbenzidine and
H,0, was added to each well and allowed to react for
15 min at room temperature. The reaction was stopped by
the addition of 1 M phosphoric acid, after which optical
density (OD) values at 450 nm were read with an ELISA
plate reader. The detection limit of the assay was 20 pg/ml
and the intra- and interassay coefficients of variation were
6.4 and 8.2% at 50 pg/ml and 4.6 and 7.0% at 500 pg/ml,
respectively. The concentration of SMP30 in liver tissue
was expressed based on milligrams of total protein. The
protein concentration was determined using a Bio-Rad DC
protein assay kit (Bio-Rad, Hercules, CA, USA) with
human serum albumin as a standard.

Laboratory investigations

Blood samples were obtained in the morning after an over-
night fast. Plasma glucose was measured by the glucose
oxidase method and HbAlc was determined by high-per-
formance liquid chromatography (HPLC; Arkray, Kyoto,
Japan). Serum insulin (immunoreactive insulin; IRT) con-
centrations were measured by an immunoradiometric assay
(Insulin-RIAbead II, Abbott Japan, Tokyo, Japan). The
homeostasis model assessment of insulin resistance
(HOMA-R) was calculated from fasting insulin and glucose
levels by the following equation: HOMA-R = fasting IRI
(mU/ml) x fasting plasma glucose (PG) (mg/dl)/405.
Serum aspartate aminotransferase (AST), alanine amino-
transferase (ALT), total cholesterol (T-Ch), high-density
lipoprotein cholesterol (HDL-Ch), low-density lipoprotein
cholesterol (LDL-Ch), and triglyceride (TG) were measured
by enzymatic methods using a chemical autoanalyzer (Hit-
achi, Tokyo, Japan). Serum type IV collagen 7S was mea-
sured with a radioimmunoassay kit (Mitsubishi Chemical
Group, Tokyo, Japan). Serum oxidized LDL (oxLDL) was
measured with an ELISA kit (Kyowa Medex, Tokyo, Japan).

The net electronegative charge modified-LDL (emLDL)
was analyzed using an agarose gel electrophoresis lipo-
protein fraction system, according to the manufacturer’s
instructions (Chol/Trig Combo System; Helena Labs, Sai-
tama, Japan). The percentage frequency of emLDL was
calculated on a computer from the migration distance (b) of
the LDL fraction in the test samples and the migration
distance (a) of normal control sera, according to the fol-
lowing formula: emLDL density = [b — a/a] x 100%.
The intraassay coefficient of variation in this method was
<1%. In our preliminary study, the value of emLDL in
normal healthy subjects (n = 45, mean age 46.5 £ SD
3.9 years) was 0.3 & 2.6% (unpublished data). Serum
lipoproteins were also analyzed by an HPLC system
according to the procedure described by Okazaki et al.
[21], while lipoprotein particle size was determined based
on individual elution times that corresponded to peaks on

the chromatographic pattern of cholesterol fractions. In this
study, we defined very low-density lipoprotein (VLDL),
LDL, and HDL subclasses according to lipoprotein particle
size, expressed as diameter [22].

Statistical analysis

All statistical analyses were performed with Statview ver-
sion 5.0 (Abacus Concepts, Berkeley, CA, USA), with data
expressed as mean £ SD. When the data were not nor-
mally distributed, logarithmic transformation was per-
formed. Differences between the groups were determined
by Student’s ¢ test or one-way analysis of variance
(ANOVA) with Scheffé’s multiple comparison test. Cate-
gorical data were assessed by the ¥ test. The degree of
correlation between selected variables was determined by
Pearson’s correlation analysis or Spearman’s correlation
analysis. The relationship between hepatic SMP30 levels
and other clinical parameters was also analyzed by step-
wise multiple regression analysis using forward direction,
with the F value for entry set at 4.0. A P value of <0.05
was considered statistically significant.

Results

The clinical, biochemical, and laboratory data of the three
patient groups classified by NAS score are summarized in
Table 1. Patients with NAS > 5 had significantly lower
hepatic SMP30 levels than patients with NAS <2
(P <0.001) and patients with NAS of 3-4 (P < 0.01).
Patients with NAS > 5 had significantly higher HOMA-R
(P < 0.05), serum emLDL (P < 0.05), and serum type IV
collagen 7S (P < 0.05) and had lower platelet counts
(P < 0.05) than patients with NAS < 2 or patients with
NAS of 3-4. There was no significant difference in the other
clinical and laboratory data among the three patient groups.

Hepatic SMP30 levels were significantly and positively
correlated with platelet count (P < 0.05), and were sig-
nificantly and inversely correlated with HOMA-R
(P < 0.05), serum emLDL (P < 0.01), and serum type IV
collagen 7S (P < 0.01; Table 2). Stepwise multiple
regression analysis also showed that hepatic SMP30 levels
were associated with HOMA-R (F = 4.08) emLDL
(F = 11.19), and type IV collagen 7S (F = 5.23; Table 2).

As shown in Fig. 1A, immunohistochemical staining
showed strong expression of SMP30 protein in parenchy-
mal cells in liver tissue from patients with simple steatosis
(Fig. 1A-a) compared with liver tissue from patients with
mild NASH (stages 0-1; Fig. 1A-b), moderate NASH
(stage 2; Fig. 1A-c), and advanced NASH (stages 3-4;
Fig. 1A-d). The level of hepatic SMP30 was significantly
higher in patients with simple steatosis (28.5 £+ 9.5 ng/mg
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Table 2 Pearson’s correlation
and stepwise multiple

Pearson’s correlation Stepwise multiple regression

regression analysis of the r B F

relationship between hepatic

SMP-30 and 18 clinical Age —0.111 - -

variables Body mass index -0.116 - -
Systolic blood pressure —0.034 - -
Diastolic blood pressure —0.040 - -
HbAlc (%) 0.026 - =
Fasting glucose —0.201 - -
Fasting insulin —0.158 - -
HOMA-R ~0.208* —0.243 4.08*
AST -0.127 - -
ALT —0.190 - -
Triglyceride -0.175 - -
Total cholesterol 0.026 - -
HDL cholesterol 0.031 - -
LDL cholesterol —0.158 - -
Oxidized LDL (U/ml) —0.241 - -
Electronegative charge modified-LDL —0.442%%* —0.380 11.19%*
Type IV collagen 7S —0.350%% —0.260 5.23*
Platelet count 0.291* - -

* P <0.05 *#* P <001

A B P<0.0001
70 1 ' P<0.0001 I
' P<0.05 I
60 f i
P<0.0001
P<0.05

Fig. 1 A Immunostaining of senescence marker protein-30 (SMP30)
in liver tissue from patients with a simple steatosis, 5 mild
nonalcoholic steatohepatitis (NASH; stages 0-1), ¢ moderate NASH
(stage 2), and d advanced NASH (stage 3—4), x400. B Hepatic
SMP30 levels in patients with simple steatosis, mild NASH, moderate

protein) compared with that in patients with NASH (vs.
mild; 21.2 £ 7.9, P <0.05, vs. moderate; 14.9 + 5.9,
P < 0.001, and vs. advanced; 9.6 + 4.6, P < 0.001), and
was observed as decreasing in a stage-dependent manner
(Fig. 1B).
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Simple 0-1 2 3-4
steatosis NAFLD: Brunt ‘s fibrosis stage

NASH, or advanced NASH. The box plots include the medians
(horizontal lines) and interquartile ranges (boxes), whereas the
whiskers represent the 10-90th percentiles, and the dots represent
the 5-95th percentiles and 1-99th percentiles, respectively. NAFLD
nonalcoholic fatty liver disease

The grade of fatty change evaluated with hematoxylin-
eosin staining (Fig. 2a) was correlated well with the
intensity of Oil Red O staining (Fig. 2b).

In this study, to estimate oxidative stress in liver tissue,
we investigated the expression of 4-HNE, a marker of
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lipid peroxidation products. As shown in Fig. 3a, b, the
immunostaining intensity of 4-HNE in tissues from
patients with NAS > 5 (Fig. 3A-c and -d) was signifi-
cantly greater than that seen in patients with NAS <2
(Fig. 3A-a) and patients with NAS of 3-4 (Fig. 3A-b).
Spearman’s correlation analysis showed that the immu-
nostaining intensity levels of 4-HNE had a signifi-
cant negative correlation with hepatic SMP30 levels
(p = —0.649, P < 0.01; Fig. 3c).

We investigated serum lipoprotein profiles in the
patients with NAS < 2 (n = 15) and those with NAS > 5
(n = 20). As shown in Fig. 4, levels of large VLDL and
very small LDL in patients with NAS > 5 were signifi-
cantly higher than those in patients with NAS < 2
(5.6 £ 1.3 vs. 45 £+ 1.2 mg/dl, P = 0.008 and 20.4 + 5.4
vs. 17.0 £ 4.0 mg/dl, P = 0.047, respectively). There was
no significant difference in the other lipoprotein subclass
levels between patients with mild and advanced NASH.
Both large VLDL and very small LDL levels were corre-
lated negatively with hepatic SMP30 levels (r = —0.379,
P =0.024 and r= —0.357, P =0.035 respectively;
Fig. 5).

Fig. 2 a H&E staining in liver
tissue from a patient with mild
NASH. Many large fat droplets

are noted around the central PR el s
vein. b Oil Red O staining in HOL a AE e

liver tissue from a patient with .
large fat droplets. a, b x200 Pt

HNE (intensity)
N
1

Discussion

In the present study, we have demonstrated for the first
time, by both ELISA and immunohistochemical studies,
the significant reduction of hepatic SMP30 levels in a
stage-dependent manner in patients with NAFLD. An
additional noteworthy finding of this study is that the
hepatic SMP30 level was strongly and inversely correlated
with the grade of immunohistochemical staining of 4-HNE,
which is an aldehydic end product of lipid peroxidation in
hepatocytes. Furthermore, we also demonstrated that
hepatic SMP30 levels were significantly and positively
correlated with the platelet count, and were significantly
and inversely correlated with HOMA-R, serum emLDL,
and serum type IV collagen 7S. It is well known that
increased lipotoxicity and oxidative stress in the liver play
a critical role in the progression of NAFLD. Accumulated
reactive oxygen species (ROS) activate nonparenchymal
cells, including Kupffer cells and hepatic stellate cells [23].
By way of a paracrine mechanism, activated Kupffer cells
release transforming growth factor (TGF)-f, a known
profibrotic factor that has been implicated in the activation

<2

Fig. 3 A Immunostaining of 4-hydroxynoneral (4-HNE) in liver
tissues from patients with @ NAFLD activity score (NAS) <2, b
NAS = 34, and ¢, d NAS > 5, x200. B Hepatic 4-HNE intensity in

C
-0.011
60
P=0.041 =.1. p=-0.629
g P <0.001
e °
2 40 .
= 1
1 e
[ LSS
g 201 ' s
E p
7z 10-_ l
0_.
3-4 >5 0 1 2 3

NAS score HNE intensity

the three patient groups classified according to the NAS scores.

¢ Spearman’s correlation between hepatic SMP-30 and 4-HNE
intensity
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of other neighboring hepatic cells, including hepatic stel-
late cells [24]. Recently, Tomita et al. [25] reported that
hepatic expression of TGF-f1 was enhanced at both early
and late fibrotic stages of NASH, and that elimination of
hepatic ROS accumulation in the liver decreased hepatic
TGF-p1, whereas enhancement of ROS in the liver
increased TGF-f1 mRNA levels. It has also been reported
that 4-HNE stimulates procollagen type I synthesis in
human hepatic stellate cells [26, 27]. SMP30 maintains

Subclass name 0 10 20 30 40 50
(Particle di :am) ¢ : L : L 2

large VLDL

(44.5 - 64.0)

60
1 (mg/dl)

7] P=0.0085

medium VLDL
(36.8)

small YLDL
(31.3)

large LDL
(28.6)

medium LDL
(25.5)

small LDL
(23.0)

very small LDL

7] P=0.0443
(16.7 - 20.7)

very large HDL
(13.5-15.0)

large HDL
(12.1)

medium HDL
(10.9)

small HDL
(9.8)

very small HDL
(7.6 -8.8)

Fig. 4 Comparison of the levels of each lipoprotein subclass grouped
according to particle size. The open columns represent data from 15
patients with NAS < 2 and the closed columns represent data from 20
patients with NAS > 5. VLDL, Very low-density lipoprotein; LDL,
low-density lipoprotein; HDL, high-density lipoprotein

calcium homeostasis by activating the calmodulin-depen-
dent Ca2+-pump, and has gluconolactonase activity. Sev-
eral functional studies of SMP30 have demonstrated that
SMP30 plays a role as an antiapoptotic protein and anti-
oxidant [15, 17-20, 28, 29]. Therefore, our findings
strongly suggest that the reduction of hepatic SMP30 is
associated with the progression of hepatic fibrosis through
increased oxidative stress in the liver. In our preliminary
study, hepatic SMP30 was significantly decreased in hep-
atitis C virus (HCV)-infected patients with cirrhosis (data
not shown). It is suggested that hepatic SMP30 is decreased
in cirrhotic liver by other etiologies as well as NAFLD.
However, it is not known whether decreased hepatic
SMP30 is a result or a cause of cirrhosis. Further studies
are needed to clarify this point.

In the present study, we found that emLDL was signifi-
cantly increased in an NAS-dependent fashion. Similarly,
using lipoprotein profile analysis by HPLC, we also found
that in patients with NAS > 5, derum levels of both large
VLDL, which corresponds to VLDL1 (Svedberg flotation, Sf
60-400), and very small LDL were significantly higher than
those in patients with NAS < 2. A noteworthy finding is that
these lipoproteins were significantly and inversely correlated
with hepatic SMP30. Griffin and Packard [30] and Packard
[31] have demonstrated that large VLDLI1 is a precursor of
small dense LDL, and VLDLI is preferentially produced in
the liver during the development of insulin resistance. Adiels
et al. [32, 33] have reported that hyperglycemia stimulates
VLDLI1 production in type 2 diabetes, and that overpro-
duction of VLDLI is significantly correlated with increased
liver fat and plasma glucose in patients with type 2 diabetes.
Previously, we reported that accumulation of cholesterol in
the livers of SMP30-deficient (SMP30Y/—) mice was
markedly higher than that in age-matched wild-type mice
[16]. In the SMP30Y/— mice, mitochondrial damage and
many fat droplets were observed in hepatocytes by electron
microscopy [16]. Our present findings, taken together with
these findings in the SMP30Y/— mice, lead us to speculate

Fig. 5 Pearson’s correlations A s B 30
between a hepatic SMP-30 and 1o ® - 0379 .
serum large VLDL (particle size ;] r=-03 | oo r=-0.357
44.5-64.0 nm) and b between P=0.0241 = 26 P=0.0347
hepatic SMP-30 and serum very =) 3
small LDL (particle size 16.7— B3 g
20.7 nm) 2 -
=)
E =
= E
2 z
=1
o -
= b
-
3 -
[ ® o
2 T T T T 10 L T T LA | T T
0 10 20 30 40 50 0 10 20 30 40 50
SMP30 (ng / mg protein) SMP30 (ng / mg protein)
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Fig. 6 Schematic diagram ifimannnanasn First hit
depicting disease progression of
NAFLD according to the two-
hit hypothesis, showing
involvement of hepatic SMP30.
FFA, free fatty acid; SREBP,
sterol regulatory element-
binding proteins; TNF, tumor
necrosis factor

4 e e Second hit

LDecreased SMP30

Mitochondrial
dysfunction

Fatty Liver / Steatosis
(o5 ]

—

o,
—
—
Genetic factor | ==
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that steadily decreasing hepatic SMP30 levels are associated
with the progression of hepatic insulin resistance.

In conclusion, the two-hit theory proposed by Day and
James [9], in which the initial trigger is the hepatic accu-
mulation of excessive fat, followed by the second hit of the
development of oxidative stress, is widely advocated as a
pathogenic mechanism for NASH. Therefore, our findings
in the present study strongly suggest that SMP30 plays an
important role in the pathogenesis of NAFLD (Fig. 6), and
that increasing levels of SMP30 in the liver will serve as a
promising target in the treatment of NASH.
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ursodeoxycholic acid
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