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Splenectomy reduces fibrosis and preneoplastic lesions
with increased triglycerides and essential fatty acids in rat
liver cirrhosis induced by a choline-deficient L-amino

acid-defined diet

Toshiyuki Oishi," Shuiji Terai,' Takuya Iwamoto,' Taro Takami,? Naoki Yamamoto' and

Isao Sakaida’

'Department of Gastroenterology and Hepatology, Yamaguchi University Graduate School of Medicine, and
*Department of Laboratory, Yamaguchi University Hospital, Ube, Yamaguchi, Japan

Aim: This study investigated whether splenectomy is of sig-
nificance in non-alcoholic steatohepatitis (NASH).

Methods: Five-week-old Wistar rats were fed a choline-
deficient diet for 8 weeks to create a NASH model. A sham-
operation or splenectomy was then performed, and rats were
killed 4 weeks later.

Results: Liver fibrosis and liver preneoplastic lesions were
significantly reduced in the splenectomy group compared to
the sham-operation group, and a-smooth muscle actin (SMA)
expression was significantly inhibited (liver fibrosis area:
sham 8.63 + 4.09%, splenectomy 5.45 + 3.69%, P < 0.01; pre-
neoplastic lesion size: sham 6.56 + 3.68 x10° um?cm?, sple-
nectomy 4.63 +3.27 x10° um?cm?, P < 0.05; the number of
preneoplastic lesions: sham 8.33 +3.96/cm? splenectomy
5.17 £ 1.80/cm?, P <0.01; a-smooth muscle actin-positive
area: sham 4.41 + 2.48%, splenectomy 2.75 + 1.66%, P < 0.01)
On the other hand, liver triglycerides and essential fatty acids
were significantly increased in the splenectomy group (liver

triglycerides: sham 182+ 35.0 mg/g, splenectomy 230+
35.0 mg/g, P < 0.05; liver linoleic acid: sham 17.2 + 4.9 mg/g,
splenectomy 23.3+6.9mg/g, P<0.05; liver o-linolenic
acid: sham 118 +36.6 nug/g, splenectomy 162+ 51.4 uglg,
P <0.05). In addition, expressions of hepatic fatty acid
metabolism-related genes (e.g. acyl-CoA oxidase, liver car-
nitine palmitoyl-CoA transferase I, cytochrome P450 4A, long-
chain acyl-CoA dehydrogenase and medium-chain acyl-CoA
dehydrogenase) were significantly inhibited in the splenec-
tomy group.

Conclusion: These findings suggest that spleen plays an
important regulatory role in the fibrosis, preneoplastic lesion
and lipid metabolism of liver in a rat choline-deficient L-amino
acid model.

Key words: fatty acid metabolism, fibrosis, non-alcoholic
steatohepatitis, preneoplastic lesion, splenectomy

INTRODUCTION

ON-ALCOHOLIC STEATOHEPATITIS (NASH) is
a disease concept first put forward by Ludwig et al.
in 1980." Despite the absence of a history of alcohol
intake sufficient to cause hepatic dysfunction, the
pathogenesis of NASH resembles alcoholic liver
disease, with progression from simple fatty liver to ste-
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atohepatitis and cirrhosis, and ultimately hepatocar-
cinogenesis.! The prevalence of NASH throughout the
world is currently increasing. In regard to the etiology
of NASH, the two-hit theory proposed by Day et al. is
currently the most supported theory, stating that fatty
liver develops (first hit), followed by the transition to
steatohepatitis (second hit).> However, the specific
mechanisms underlying NASH remain unclear. The
first hit of fatty liver is currently thought to develop
against a background of so-called metabolic syndrome,
with hypertension, dyslipidemia and glucose intoler-
ance, followed by progression to NASH due to some
as-yet unknown etiological factor.? In addition, NASH
can progress to cirrhosis, and ultimately to hepatocel-
lular carcinoma (HCC).
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On the other hand, cirrhotic patients occasionally
present with hypersplenism, which can result in periph-
eral cytopenia. Severe peripheral cytopenia may act as a
contraindication for aggressive but effective novel thera-
pies, such as interferon therapy or anticancer therapy
against HCC with newly developed anticancer drugs,
modernized hepatic resection or transplantation.? In
such cases of hypersplenism, surgical splenectomy is
often performed, and postoperative improvements in
liver function have been reported.** Moreover, improved
liver fibrosis following splenectomy has been reported in
basic research. With regard to underlying mechanisms,
splenic-derived transforming growth factor (TGF)-B1,
which is thought to stimulate liver fibrosis, may be
removed by splenectomy,® hepatic tumor necrosis factor
(TNF)-o. expression may be increased’ and increased
platelet counts may reduce liver fibrosis.® Thus, in both
basic and clinical studies, splenectomy has been reported
to possibly improve liver fibrosis.

Conversely, worsening lipid metabolism due to sple-
nectomy has occasionally been reported. Specifically,
rabbits fed a high-cholesterol (high-fat) diet showed
decreased high-density lipoprotein cholesterol (HDL-
C), increased total cholesterol and triglyceride (TG), and
promotion of atherosclerotic changes in the aorta after
splenectomy.’ In addition, rats fed a normal or high-fat
diet showed decreased HDL-C and increased TG with
splenectomy.' In a group of rats fed a normal diet or
high-cholesterol diet with subtotal splenectomy, correc-
tion of dyslipidemia was reported.'' In other words,
splenectomy may worsen lipid metabolism.

Although the specific etiology of NASH remains
unclear, the mechanisms that appear to be involved in
the development of this pathology suggest that both
fibrosis and lipid metabolism in the liver as factors
involved in NASH. However, no studies appear to have
described the effects of splenectomy in NASH. This
study therefore used a rat choline-deficient L-amino acid
(CDAA) diet model (rat steatosis-fibrosis model), as an
animal model of NASH,'*" to investigate the signifi-
cance of splenectomy in NASH. We report herein that
although splenectomy increased liver TG and essential
fatty acids, liver fibrosis and development of preneo-
plastic lesions were reduced.

METHODS

Animals

ALE WISTAR RATS (5 weeks old, weight 100-
120 g; Nippon SLC, Shizuoka, Japan) were quar-
antined for 1 week, then housed in a room under
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controlled temperature (25°C), humidity (61-69%)
and lighting (12 h light, 12 h dark). Ad libitum access to
food and tap water was provided throughout the study
period.

Experimental protocol

Rats were divided into two groups: a sham-operation
group (n=7) and a splenectomy group (n=7). All rats
were fed a CDAA diet for 12 weeks. Eight weeks after
beginning the CDAA diet (at 13 weeks old), either
a sham-operation (laparotomy and laparorrhaphy
without splenectomy) or splenectomy were performed.
Four weeks after surgical interventions (at 17 weeks
old), all rats were killed. From the start to completion of
the study, bodyweight was measured every 4 weeks. At
the time of either splenectomy (13 weeks old) or death
(17 weeks old), the spleen was weighed.

In addition, we created two normal diet groups: a
sham-operation normal diet group (n=6) and a sple-
nectomy normal diet group (n = 6). These rats were fed
a normal diet from the start to completion of the study.
Either a sham-operation or splenectomy were per-
formed at 13 weeks old and all were killed at 17 weeks
old.

Measurement of serum markers

Blood samples (5 mL) were obtained from the portal
vein at the time of death. White blood cells (WBC), red
blood cells (RBC), hemoglobin (Hb) and platelets (Plt)
were measured using a KX-21 NV automatic cell counter
(Sysmex, Kobe, Japan). Total protein (TP), total biliru-
bin (T-bil), albumin (Alb), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total choles-
terol (T-Cho), TG and HDL-C were measured using an
automated analyzer for clinical chemistry (SPOTCHEM
EZ SP-4430; Arkray, Kyoto, Japan). TGF-f1 was mea-
sured using Immunoassay (enzyme-linked immunosor-
bent assay; R&D Systems, Minneapolis, MN, USA).

Measurement of triacylglycerol content and
fatty acid fractionation in liver tissue

During the 12-week experiment, triacylglycerol content
and fatty acid fractionation in liver tissue were measured
in all groups. Triacylglycerol in liver tissue was extracted
using the method described by Folch et al.'* Fatty acid
fractionation in liver tissue was measured using gas
chromatography with a flame ionization detector (FID)
(GC-17A; Shimadzu, Kyoto, Japan).
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Histopathological and immunohistochemical
examination

In all experiments, sections (3-um thick) of the right
lobe of all rat livers were fixed in 4% paraformaldehyde
phosphate buffer solution, then embedded in paraffin
and processed for Sirius-red and immunohistochemical
staining. For immunohistochemical analysis, the
Vectastain ABC kit (Vector Laboratories, Burlingame,
CA, USA) was used to identify anti-o-smooth muscle
actin (-SMA) (dilution 1:300; Abcam, Cambridge, MA,
USA), anti-TGF-B1- (dilution 1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) and placental-form glu-
tathione S-transferase (GST-P)-positive lesions (dilution
1:1000; MBL, Nagoya, Japan) (as preneoplastic lesions)
using the avidin-biotin-peroxidase complex method.”
To estimate Sirius-red-, 0-SMA- and TGF-B1-positive
areas, MetaMorph software was used for computerized
image analysis at x40 magnification. One section from
each liver were prepared for Sirius-red staining, a-SMA
and TGF-B1 immunostaining and 10 randomly selected
different areas were analyzed per specimen. Positive
areas were expressed as the percentage of the total area
of the specimen. Three sections from each liver were
prepared for GST-P immunostaining. Using a HS all-in-
one fluorescence microscope (BZ-9000; Keyence, Osaka,
Japan), the section area and preneoplastic lesion area
(GST-P-positive area) of each sample were determined.
Based on these values, preneoplastic lesion frequency
among individuals, and GST-P-positive area per 1-cm’
section and the number of GST-P-positive lesions per
1-cm? section were determined. Data were then com-
pared between groups.

Real-time reverse transcription polymerase
chain reaction (RT-PCR) analysis

Total RNA was extracted from each liver using with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the instructions from the manufacturer. Synthesis
of ¢DNA was performed using purified RNA plus
random hexamers and the Transcriptor First Strand
cDNA synthesis kit (Roche, Indianapolis, IN, USA). All
cDNA was stored at —20°C for PCR. Real-time PCR was
performed in 20 pL of reaction solution containing 2x
Fast SYBR Green Master Mix (Applied Biosystems, Cali-
fornia, CA, USA), corresponding primer, sample DNA
and d-water. The cycle for PCR was as follows: 1 cycle of
95°C for 20 s; 40 cycles of 3 s at 95°C and 30 s at 60°C;
and 1 cycle of 95°C for 15 s, 60°C for 1 min and 95°C
for 15s. Reactions were performed in a Step One
Plus real-time PCR system (Applied Biosystems) and
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amounts of all mRNA were quantified using StepOne
ver. 2.1 software (Applied Biosystems). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as
an internal control. For GAPDH and o-SMA, primer
sequences were as described by Tajima et al.'® For acyl-
coenzyme A oxidase (ACO), liver carnitine palmitoyl-
coenzyme A transferase I (L-CPTI), cytochrome P450 4A
(CYP4A), long-chain acyl-coenzyme A dehydrogenase
(LCAD), medium-chain acyl-coenzyme A dehydroge-
nase (MCAD), peroxisome proliferator-activated recep-
tor (PPAR)-o, fatty acid synthase (FAS) and sterol
regulatory element-binding protein (SREBP)-1c¢, primer
sequences were the same as used by Ringseis et al."”

Protein extraction and western blotting

Liver samples were obtained from the sham-operation
group and splenectomy group. Liver samples (~40 mg)
were homogenized in 1 mL of cell lysis buffer (Cell
Signaling Technology, Beverly, MA, USA) and a Com-
plete Mini (Roche Diagnostic, Pleasanton, CA, USA)
and then were centrifuged. The supernatant represented
the whole protein. Next, 40 ug of protein sample was
mixed with the same volume of loading buffer (5%
2-mercaptoethanol and 95% Laemmli Sample Buffer
[Bio-Rad Laboratories, Hercules, CA, USA]), heated
for 3 min at 100°C and separated on 10% sodium
dodecylsulfate  polyacrylamide gel electrophoresis
(SDS-PAGE). Separated bands were transferred to an
Immobilon-P transfer membrane (Millipore, Billerica,
MA, USA), followed by blocking of the membranes for
1 h with blocking buffer (0.1% Tween-20 [Wako Pure
Chemical Industries, Osaka, Japan]), 0.2% I-Block
reagent (Tropix, Bedford, MA, USA), and 1 mM Tris-HCI
buffer (pH 7.5; Invitrogen). Membranes were then
washed with washing buffer (0.1% Tween-20, 1 mM
Tris-HCI buffer [pH 7.5]), and incubated for 1 h at room
temperature with primary antibodies against o-SMA
(Abcam) and B-actin (Abcam) in blocking buffer. After
washing, the membrane was incubated for 1 h at room
temperature with the appropriate secondary antibodies.
Reactive bands were identified using enhanced chemi-
luminescence (ECL) (Amersham Biosciences, Piscat-
away, NJ, USA) and autoradiography, in accordance
with the instructions from the manufacturers.

Statistical analysis

Statistical significance was determined using Student’s
t-test. Results are presented as the mean + standard
deviation, and differences of P < 0.05 were considered
significant.
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Ethical considerations

This experiment was reviewed by the Committee for
Ethics in Animal Experiments of Yamaguchi University
Graduate School of Medicine and carried out under the
Guidelines for Animal Experiments of Yamaguchi Uni-
versity Graduate School of Medicine and Law no. 105
and Notification no. 6 of the Japanese Government.

RESULTS

Changes in bodyweight

ROM THE START to completion of the study,
changes in bodyweight did not differ significantly
between groups (Fig. 1a).

Changes in spleen/bodyweight ratios

Spleen/bodyweight ratio at the time of splenectomy
(13 weeks old) and spleen/bodyweight ratio at the time
of death (17 weeks old) were compared with the spleen/
bodyweight ratio in 13-week-old rats fed a normal diet
(normal diet group; n=38). Compared to rats on a
normal diet, spleen/bodyweight ratios were increased in
sham-operation and splenectomized rats at the time of
splenectomy and time of death, respectively (normal
diet group [13 weeks old], 2.6 £ 0.4 x107%; splenectomy
[13 weeks old], 5.7%£3.1 %103 P<0.05; sham
[17 weeks old], 6.4+1.5 x107, P<0.01) (Fig. 1b).
Spleen/bodyweight ratios did not differ significantly
between the time of splenectomy and the time of death
(Fig. 1b).

Blood tests

On blood tests, the splenectomy group showed
increased WBC (sham, 6020 + 1800/uL; splenectomy,
13 100 +3900/uL, P<0.01) and increased Plt (sham,
30.3 £8.07 x10*[/uL]; splenectomy group, 39.6 = 12.0
x10*[/uL], P < 0.05). No other blood test results showed
any significant difference between groups (Table 1 and
Fig. 1c).

Histological and immunohistochemical
analysis of a-SMA in liver fibrosis

At 4 weeks after sham operation or splenectomy, histo-
logical examination of the liver indicated the presence
of liver fibrosis in all rats. Liver fibrosis was measured by
estimating extracellular matrix deposition using Sirius-
red staining. Results showed that splenectomy exten-
sively decreased the Sirius-red-stained area compared
with that in sham-operation rats (Fig. 1d,e). Imaging
analysis revealed that splenectomy decreased the per-
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centage Sirius-red-positive area compared with sham-
operated rats (sham, 8.63 £4.09%; splenectomy,
5.45 + 3.69%, P < 0.01) (Fig. 1f).

Activated hepatic stellate cells, which express a-SMA
protein, showed marked proliferation in the livers of
sham-operated rats (Fig. 2a). On the other hand, sple-
nectomy groups showed extensively decreased o-SMA-
positive areas (Fig. 2b). Quantitative analysis showed
that splenectomy significantly reduced the percentage
area of o-SMA-positive cells compared with that in the
sham-operated group (sham, 4.41+2.48%; splenec-
tomy, 2.75 = 1.66%, P< 0.01) (Fig. 2c).

Western blotting analysis of a-SMA protein
in liver

To confirm the inhibitory effect of splenectomy on the
activation of hepatic stellate cells, we measured expres-
sion of a-SMA protein in the liver by western blot
analysis. The splenectomy group showed reduced liver
expression of -SMA protein, compared with the sham-
operated group (Fig. 2d).

Real-time RT-PCR analysis of a-SMA mRNA
in liver

To confirm the inhibitory effects of splenectomy on
activation of hepatic stellate cells, we measured liver
expression of c-SMA mRNA by real-time RT-PCR. Livers
from the splenectomy group showed reduced expression
of 0-SMA mRNA, compared with the sham-operated
group (sham, 2.12£0.93 [ratio]; splenectomy,
1.18 + 0.42 [ratio], P < 0.05) (Fig. 2e).

Immunohistochemical analysis of TGF-B1
expression in liver fibrosis

Transforming growth factor-f1 expression was also
analyzed by immunostaining (Fig. 3a). Splenectomy
dramatically reduced TGF-B1 expression (Fig. 3b), and
decreased TGF-B1-positive areas in the liver (sham,
6.68 £2.52%; splenectomy, 4.21+2.54%, P<0.01)
(Fig. 3c), despite no significant difference in plasma
TGEF-B1 levels between the splenectomy group and the
sham-operated group (Fig. 1¢).

Effect of splenectomy on GST-P-positive
lesions

Preneoplastic lesion (GST-P-positive lesion) frequency
among individuals in both groups was 100% (Fig. 3d).
However, GST-P-positive area per 1-cm? section and the
number of GST-P-positive lesions per 1-cm? section
were significantly decreased in the splenectomy group
compared to the sham-operated group (size: sham,
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Figure 1 Change in bodyweight from the start to completion of the study (a). Spleen weight/bodyweight ratio (b). The plasma
concentration of transforming growth factor (TGF)-B1 in the portal vein (c). Paraffin-embedded liver sections from sham operation,
splenectomy rats were performed Sirius-red staining (d,e) (original magnification x40). Image analysis of Sirius-red-positive areas

(f). Data are means * standard deviation. n.s., no significant difference.
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Table 1 Effect of splenectomy on serum markers

Hepatology Research 2011; 41: 463-474

Sham operation Splenectomy P-value
TP (g/dL) 34406 3.9+0.6 ns.
Alb (g/dL) 1.7+0.36 1.740.40 ns.
T-bil (mg/dL) 03%0.1 0.3£0.1 n.s.
ALT (IU/L) 146 +62.0 152+ 65.3 ns.
AST (IU/L) 2944532 330 +76.9 ns.
WBC (/uL) 6020+1 800 13 100 = 3 900 <0.01
RBC (/uL) 617 +34.3 x 10 591 + 84.0 x 10* ns.
Hb (g/dL) 10+0.44 10+ 10 n.s.
Plt (/uL) 30.3+8.07 x 10* 39.6 + 12.0 x 10° <0.05
T-Cho (mg/dL) 500 500 n.s.
TG (mg/dL) 41421 2949.0 ns.
HDL-C (mg/dL) 15435 13%5.3 ns.

Serum markers were measured as described in the text.
Data are means * standard deviation.

Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Hb, hemoglobin; HDL-C, high-density lipoprotein
cholesterol; n.s., no significant difference; Plt, platelets; RBC, red blood cells; T-bil, total bilirubin; T-Cho, total-cholesterol; TG,

triglyceride; TP, total protein; WBC, white blood cells.

6.56+3.68 x10°um?*/cm?, splenectomy, 4.63 +3.27
x10° pum?*/cm?, P <0.05; number: sham, 8.33 +£3.96/
cm?, splenectomy, 5.17 £ 1.80/cm? P < 0.01) (Fig. 3e,f).

Analysis of triacylglycerol and fatty acid
fractionation in the liver

Splenectomy increased liver levels of triacylglycerol
(sham, 182 % 35.0 mg/g; splenectomy, 230 £ 35.0 mg/
g P < 0.05) and essential fatty acids (linoleic acid: sham,
17.2+4.9 mg/g, splenectomy, 23.3+6.9mg/g P<
0.05; o-linolenic acid: sham, 118 + 36.6 pug/g, splenec-
tomy, 162+51.4 pg/g, P<0.05) compared to sham
operation (Fig. 4a—c).

Expression of fatty acid metabolism genes
in the liver

Splenectomy reduced the expression of L-CPTI, ACO,
CYP4A, LCAD (P <0.05) and MCAD mRNA (P< 0.01)
(Fig. 4d-h), but did not influence expression of PPAR-,
FAS or SREBP-1c (Fig. 4i-k). There was no significant
difference in the expression of L-CPTI, ACO, CYP4A,
LCAD and MCAD mRNA between sham-operation and
splenectomy normal diet group (Fig. 5a-e).

DISCUSSION

RANSFORMING GROWTH FACTOR-B1 is a cytok-
ine that causes activation of hepatic stellate cells and
stimulates the production of extracellular matrix,'® and
is a major factor for promoting liver fibrosis. In a previ-
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ous study using a rat model of liver cirrhosis, TGF-B1,
produced by splenic macrophages, was reported to pos-
sibly inhibit hepatocyte proliferation in damaged liver.
Therefore, in the same model, removal of the enlarged
spleen was thought to possibly stimulate regeneration of
the damaged liver.® One potential mechanism underly-
ing the present results could be increased portal blood
flow and changes in intrahepatic blood flow, associated
with changes in shunt blood flow* and changes in
TGF-B1 kinetics due to splenectomy.®

With a decrease in TGF-B1 expression by splenectomy
in the CDAA diet group, hepatic stellate cell activation
was inhibited and liver fibrosis improved. Activated stel-
late cells, which are detected as o-SMA-positive cells and
by the expression of a-SMA messenger RNA, cause
severe fibrosis as assessed by the hepatic hydroxyproline
content. In our previous study, " pig serum pretreatment
(injection of pig serum into rats induces stellate cell
activation resulting in liver fibrosis without parenchy-
mal cell injury) induces more activated stellate cells in
the livers of rats subsequently fed a CDAA diet com-
pared with rats fed the CDAA diet alone. Pre-existing
fibrosis induced by the activation of stellate cells with
pig serum pretreatment has increased hepatic malondi-
aldehyde (MDA) level in parallel with GST-P-positive
lesions. These results indicate that pre-existing fibrosis
with the activated stellate cells accelerates the develop-
ment of preneoplastic lesions in a CDAA diet model, so
inhibition of hepatocyte stellate cell activation by sple-
nectomy was probably a contributing factor.
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Figure 2 Paraffin-embedded liver sections from sham operation (a) and splenectomy (b) were immunostained for o.-smooth muscle
actin (0-SMA) (original magnification x40). Image analysis of o-SMA-positive areas (c). In western blotting, -SMA expression was
inhibited by splenectomy (d). In real-time reverse transcription polymerase chain reaction, mRNA expression of a-SMA was
decreased by splenectomy in liver (e). Data are means + standard deviation. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 3 Paraffin-embedded liver sections from sham operation (a) and splenectomy (b) were immunostained for transforming
growth factor (TGF)-B1 (original magnification x40). Image analysis of TGF-B1-positive areas (c). Preneoplastic lesion frequency
among individuals (d). Glutathione S-transferase (GST-P)-positive area per 1-cm? section (e). The number of GST-P-positive lesion

per 1-cm? section (f). Data are means + standard deviation.

The mechanism of increased liver fatty acids is
thought to be an increase in liver fatty acid synthesis,
increased lipid uptake by the liver or decreased liver
lipid metabolism. Essential fatty acids are essential for
survival of humans and other mammals. These fatty
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acids cannot be synthesized in the body and must be
obtained from the diet.?>*' Two types of naturally occur-
ring essential fatty acids are used in the body: the w-6
series derived from cis-linoleic acid (LA, 18:2) and the
-3 series derived from o-linolenic acid (ALA, 18:3).



