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Liver steatosis increases the risk of postoperative complications following major liver resection, since the 

steatotic liver is susceptible to ischemia-reperfusion (IR) injury.  However, it is unclear how IR injury 

changes in relation to the degree of hepatic steatosis.  Previously, we reported that interaction between 

Kupffer cells (KCs) and platelets induced hepatic IR injury.  The aim of our present study was to evaluate 

the relationship between the degree of liver steatosis and IR injury by focusing on the interaction of KCs 

and platelets.  Mild and moderate steatotic liver models were generated in Wistar rats by feeding a choline-

deficient diet for 2 and 4 weeks, respectively.  The intensity of steatosis was defined based on the 

proportion of hepatocytes with fatty infiltration: normal (less than 5%), a mild steatosis (5-30%), and 

moderate steatosis (30-60%).  All groups were subjected to 20 min of warm ischemia followed by 120 min 

of reperfusion.  The number of adhesion of KCs to platelets in sinusoids was observed by intravital 

PLFURVFRS\���,5�LQMXU\�ZDV�HYDOXDWHG�ZLWK�VHUXP�DODQLQH�DPLQRWUDQVIHUDVH�OHYHOV��KLVWRORJLFDO�¿QGLQJV��DQG�
sinusoidal perfusion.  Compared to the normal liver, mild steatosis reduced the adhesion of KCs to 

platelets, inducing the attenuation of IR injury.  In contrast, moderate steatosis increased the adhesion of 

KCs to platelets, aggravating IR injury relative to the normal liver.  IR injury in the steatotic liver was 

not simply proportional to the degree of steatosis.  Mild steatosis ameliorates IR injury compared to the 

normal liver, whereas moderate steatosis increases IR injury.
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Introduction
Liver steatosis is a risk factor for postoperative com-

plications after liver surgery and liver transplantation 
(Adam et al. 1991; McCormack et al. 2007).  Ischemia-
reperfusion (IR) injury is one of the most critical complica-
tions commonly associated with liver surgery (Delva et al. 
1989; Hui et al. 1994).  Fatty accumulation in the cytoplasm 
of hepatocytes is associated with increase in the cell vol-
ume, which may induce partial or complete obstruction of 
the hepatic sinusoid space, so that, as a result of impaired 
hepatic microcirculation, the steatotic liver has reduced tol-
erance against IR injury (Ijaz et al. 2003).  Steatosis of the 
OLYHU�LV�FODVVL¿HG�LQWR�WKUHH�JUDGHV�DFFRUGLQJ�WR�WKH�SURSRU-
WLRQ� RI� KHSDWRF\WHV� ZLWK� IDWW\� LQ¿OWUDWLRQ�� PLOG� ��� ������
PRGHUDWH� ���������� DQG� VHYHUH� �!� ����� �$GDP� HW� DO��
1991).  It has been shown that the degree of steatosis corre-
lates with higher post-operative liver enzymes and 
increased long-term mortality of liver transplantation 
(Perez-Daga et al. 2006).  However, no reports have evalu-

ated IR injury at different degrees of steatosis in the same 
experimental models.

Recently, we reported that using intravital microscopy 
(IVM) we observed that interaction, such as adhesion, 
between Kupffer cells (KCs) and platelets played a pivotal 
role in the early period of hepatic IR injury, which occurred 
within 120 min after reperfusion (Tamura et al. 2012).  We 
DOVR� FRQ¿UPHG� WKDW� LQWHUDFWLRQ� EHWZHHQ�.&V� DQG� SODWHOHWV�
correlated with the number of KCs in the hepatic sinusoids 
(Ogawa et al. 2013).  In the present study, we investigated 
the change in IR injury in mild and moderate steatotic livers 
compared with the normal liver, focusing on the interaction 
between KCs and platelets and the number of KCs.

.&V�DUH�LPSRUWDQW�LQ�WKH�LQÀDPPDWRU\�UHDFWLRQ�RI�WKH�
liver (Deng et al. 2009).  In addition, there are several 
reports regarding the association between fatty acids and 
WKH�LQÀDPPDWRU\�UHVSRQVH��0DWVX]DND�HW�DO��������$ND]DZD�
et al. 2010).  Hence we focused on the composition of fatty 
acids as a factor of changes in KC numbers.  In previous 
studies, palmitoleate, a monounsaturated fatty acid, was 
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shown to increase steatosis but reduce the number of KCs, 
and decrease inflammatory signaling in the c-Jun 
N-terminal kinase (JNK) pathway (Akazawa et al. 2010; 
Guo et al. 2012).  In this study, we also evaluated the 
change in palmitoleate levels and activation of JNK.

Materials and Methods
Animals

Male Wistar rats were obtained from CLEA Japan, Inc. (Tokyo, 
Japan).  We prepared three model types, normal liver, mild steatosis, 
DQG� PRGHUDWH� VWHDWRVLV�� � :H� XVHG� D� FKROLQH�GH¿FLHQW� GLHW� �&''��
(Oriental Bio Service Kanto Inc., Ibaraki, Japan) to introduce steato-
sis of the liver.  The CDD-induced steatotic liver is an established 
experimental model, in which morphological and functional features 
are very similar to those of the clinical steatotic liver (Hayashi et al. 
1993).  In the normal liver model, rats weighting 250 to 300 g were 
used and they were fed a normal chow.  In the steatosis models, the 
rats’ weights were adjusted to the same weight range after they were 
fed a CDD for 2 or 4 weeks.  Our criterion to differentiate the inten-
VLW\�RI�VWHDWRVLV�ZDV�WKH�SURSRUWLRQ�RI�KHSDWRF\WHV�ZLWK�IDWW\�LQ¿OWUD-
WLRQ�KLVWRORJLFDOO\���7KXV��ZH�GH¿QHG�WKH�QRUPDO�OLYHU�DV�KDYLQJ�OHVV�
WKDQ�����PLOG�VWHDWRVLV�DV��������DQG�PRGHUDWH�VWHDWRVLV�DV����������
Animal experiments were carried out in a humane manner after 
receiving approval from the Institutional University Experiment 
Committee of the University of Tsukuba, and in accordance with the 
Regulation for Animal Experiments in our university and the 
Fundamental Guideline for Proper Conduct of Animal Experiment 
and Related Activities in Academic Research Institutions under the 
jurisdiction of the Japanese Ministry of Education, Culture, Sports, 
Science, and Technology.

Experimental Design
Animals were divided into three groups: (1) normal liver group 

(n = 6); (2) mild steatosis group (n = 6); (3) moderate steatosis group 
(n = 6).  In all groups, total normothermic hepatic ischemia was 
induced for 20 min by clamping the portal triad (the hepatic artery, 
portal vein, and bile duct).  The hepatic microcirculation and dynam-
ics of platelets and KCs were observed just before ischemia and at 30, 
60, and 120 min after reperfusion (Fig. 1).

Surgical Procedure
8QGHU�DQHVWKHVLD�XVLQJ�LVRÀXUDQH�� WKH�DQLPDOV�ZHUH�WUDFKHRWR-

mized.  To reduce spontaneous breathing, animals were ventilated 
mechanically (MK-V100; Muromachi Kikai Co., Ltd., Tokyo, Japan).  

The animals were placed in a supine position on a heated pad to 
maintain the rectal temperature at 37°C.  To monitor arterial blood 
pressure and allow continuous infusion of Ringer’s solution, polyeth-
ylene catheters (PE-50, 0.58/0.96-mm internal/external diameter; 
Becton Dickinson, Sparks, MD) were inserted into the left carotid 
artery and left jugular vein, respectively.  After performing laparot-
omy by a transverse incision, the ligaments around the liver were dis-
sected to mobilize the left lobe.  The left hepatic lobe was exteriorized 
on a plate specially designed to minimize movements caused by res-
piration and covered with glass.  Surgical procedures were performed 
using sterile technique.  After 60 min of normal saline continuous 
infusion, IVM was performed as a pre-ischemia study.  Then, hepatic 
ischemia was induced by clamping the portal triad with a microclip 
(B. Braun Aesculap Japan Co., Ltd., Tokyo, Japan) for 20 min.  IVM 
was performed at 30, 60, and 120 min after reperfusion.  Blood sam-
ples were taken for analysis of enzyme activities from a catheter 
placed in the left carotid artery at the same time as IVM.  Alanine 
aminotransferase (ALT) was evaluated as one of the liver enzymes.  
At 120 min of reperfusion, total body blood was taken for euthanasia.  
At the end of the experiment, liver tissue was taken for histological 
examination.

Platelet Preparation
Platelets were isolated from the whole blood of syngeneic rats 

and labeled with rhodamine-6G (50 ȝl/ml whole blood: R4127; 
Sigma, St. Louis, MO, USA), as described previously (Massberg et 
al. 1998).  In brief, the collected blood was diluted with buffer after 
the addition of prostaglandin E1 and rhodamine-6G.  After two-cycle 
FHQWULIXJDWLRQ�� ÀXRUHVFHQW� SODWHOHWV� ZHUH� VXVSHQGHG� LQ� SKRVSKDWH�
buffered saline (PBS).  In this study, a total of 1 × 108�ÀXRUHVFHQFH�
ODEHOHG�SODWHOHWV��DSSUR[LPDWHO\����RI�DOO�FLUFXODWLQJ�SODWHOHWV�LQ�WKH�
recipient rat, were injected through the left carotid artery at 5 min 
before IVM.

Fluorescence Labeling of KCs
KCs were labeled by the liposome entrapment method as 

GHVFULEHG�SUHYLRXVO\��7DPXUD�HW�DO����������%ULHÀ\��ÀXRUHVFHQW�SKRV-
phatidylcholine labeled by NBD C12-HPC (2-(12-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino)dodecanoyl-1-hexadecanoyl-sn-glycero-
3-phosphocholine: N3787; Molecular Probes, Eugene, USA) was 
LQFRUSRUDWHG�LQWR�OLSRVRPHV���6L[W\�PLQ�EHIRUH�KHSDWLF�LVFKHPLD��ÀXR-
rescent liposomes (4 ml/kg) were administered via the left carotid 
artery.  Then, KCs in the rat livers were stained and clearly delineated 
in the IVM.
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Fig. 1.  Experimental design.
 In all groups, total warm hepatic ischemia was induced for 20 minutes by clamping the portal triad.  A total of 1 × 108 

ÀXRUHVFHQFH�ODEHOHG�SODWHOHWV��DSSUR[LPDWHO\����RI�DOO�FLUFXODWLQJ�SODWHOHWV�LQ�WKH�UHFLSLHQW�UDW��ZHUH�LQMHFWHG�YLD�WKH�OHIW�
carotid artery 5 min before IVM (intravital microscopy).
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Intravital Microscopy (IVM)
IVM was performed using a modified microscope (BX30 

FLA-SP; Olympus Co., Tokyo, Japan) with a 100 W mercury lamp 
DWWDFKHG�WR�D�¿OWHU�EORFN���7KH�KHSDWLF�PLFURFLUFXODWLRQ�ZDV�UHFRUGHG�
by means of a CCD camera (C5810; Hamamatsu Photonics, 
Hamamatsu, Japan) and a digital video recorder (GV-HD700/1; Sony, 
7RN\R��-DSDQ��IRU�RIÀLQH�DQDO\VLV�� �8VLQJ�REMHFWLYH�OHQVHV�����î�����
WR����î������2O\PSXV�&R���7RN\R��-DSDQ���D�¿QDO�PDJQL¿FDWLRQ�IURP�
× 325 to × 650 was achieved on the video screen.  To assess sinusoi-
GDO�SHUIXVLRQ��VRGLXP�ÀXRUHVFHLQ����î���í� M/kg, F-6377; Sigma, St. 
Louis, MO) was injected via the jugular catheter.  Rhodamine-6G 
labeled platelets were infused intra-arterially just before ischemia and 
at 30, 60, and 120 min after reperfusion, and 10 randomly chosen 
acini were visualized.  Quantitative assessment of the microcircula-
WRU\�SDUDPHWHUV�ZDV�SHUIRUPHG�RIÀLQH�XVLQJ�:LQ522)�LPDJLQJ�VRIW-
ware (version 5.0; Mitani Shoji, Tokyo, Japan).

Microcirculatory Analysis
The following parameters were analyzed: (1) the number of 

adhesions of platelets to KCs in the acini, i.e., platelets firmly 
attached to KCs for longer than 20 s (one acinus is approximately 
HTXDO�WR�RQH�¿HOG�>RQH�¿HOG� �DSSUR[LPDWHO\�����PP2]); (2) sinusoidal 
SHUIXVLRQ�UDWH�����DV�DQ�LQGH[�RI�PLFURFLUFXODWRU\�GLVWXUEDQFH��FDOFX-
lated as the ratio of perfused sinusoids among the sinusoids observed 
in one acinus after 120 min of reperfusion (Perfused sinusoids were 
GH¿QHG� DV� VLQXVRLG� LQ� ZKLFK� WKH� ÀRZ� RI� ÀXRUHVFHLQ� PLFURVSKHUHV�
could be viewed without delay during the observation period, and 
QRQ�SHUIXVHG� VLQXVRLGV� DV� WKRVH� LQ� ZKLFK� WKH� ÀRZ� RI� ÀXRUHVFHLQ�
microspheres was not seen or noticebly slow.); (3) the number of KCs 
in the acini.

Histology and Immunohistochemistry
Liver tissue was obtained before ischemia to assess the degree 

of steatosis and after 120 min of reperfusion to assess the histological 
FKDQJHV�GXH�WR�,5���7KH�VDPSOHV�ZHUH�¿[HG�ZLWK�����IRUPDOLQ��DQG�
HPEHGGHG� LQ� SDUDI¿Q�� � 7KLQ� VHFWLRQV� ��� ȝm) were prepared and 
stained with hematoxylin-eosin (HE).  Tissue damage was evaluated 
LQ���UDQGRPO\�VHOHFWHG�KLJK�SRZHU�¿HOGV��î��������+LVWRORJLFDO�DOWHUD-
tions were determined according to the palisade arrangement grade of 
each acinus as follows: grade 0, no damage; grade 1, loss of palisade 
arrangement in less than half of the sinusoids in the acini; grade 2, 
loss of palisade arrangement in more than half of the sinusoids in the 
acini; and grade 3, total loss of palisade arrangement.  In addition, the 
samples were immunolabeled to evaluate histologically the number of 
.&V� LQ� WKH� DFLQL�� �7KH� VHFWLRQV�ZHUH� LPPHUVHG� LQ� ������K\GURJHQ�
peroxidase to block endogenous peroxidase activity, and then blocked 
ZLWK� ���ERYLQH� VHUXP� DOEXPLQ� WR� UHGXFH� EDFNJURXQG� VWDLQLQJ�� �7R�
VSHFL¿FDOO\�UHFRJQL]H�.&V��PRXVH�DQWL�UDW�('��DQWLERG\��6DQWD�&UX]�
Biotechnology, Santa Cruz, CA, USA) was used as the primary anti-
body.  The sections were incubated with primary diluted antibodies 
(1:50) at room temperature for 60 min.  Primary antibody reactions 
were enhanced using horseradish peroxidase EnVision (Dako Japan, 
7RN\R�� -DSDQ��� � 7KH� LPPXQRUHDFWLRQ� ZDV� YLVXDOL]HG� ZLWK� ������
3,3-diaminobenzidine (DAB) solution.  After washing in distilled 
water, specimens were counterstained with hematoxylin.  The number 
of ED2-positive cells was counted as KCs in 5 randomly chosen 
acini.

Biochemical Assays
As a marker of liver deterioration, serum ALT levels were mea-

sured using a Drychem 7000V autoanalyzer (Fuji Film, Tokyo, 
-DSDQ��� � ,Q� DGGLWLRQ�� OHYHOV� RI� LQWHUOHXNLQ� �,/���� LQ� ���� O\VDWHV� RI�
liver tissue were measured using commercial ELISA kits (R&D 
Systems, Minneapolis, MN, USA).

Fatty Acid Composition of Liver
An aliquot (0.1 g) of liver samples snap-frozen by liquid nitro-

gen was homogenized in 1 mL of normal saline before ischemia.  The 
fatty acid composition was measured by gas chromatography at SRL, 
,QF�� �7RN\R�� -DSDQ��� �%ULHÀ\�� WRWDO� OLSLGV� LQ� OLYHU�KRPRJHQDWHV�ZHUH�
extracted according to the Folch procedure, IROORZHG�E\�WUDQVHVWHUL¿-
FDWLRQ�RI�IDWW\�DFLGV�ZLWK�ERURQ�WULÀXRULGH�PHWKDQRO�DW�����&�IRU����
min (Folch et al. 1957).  The methylated fatty acids were then 
extracted with hexane and analyzed using a GC-17A gas chromato-
graph (Shimadzu Corporation, Kyoto, Japan) and a TC-70 capillary 
column (GL Sciences Inc., Tokyo, Japan).

Western blotting
For Western blot analysis, liver protein lysates were prepared, 

VHSDUDWHG�E\�����VRGLXP�GRGHF\O�VXOIDWH�SRO\DFU\ODPLGH�JHO�HOHFWUR-
phoresis (SDS-PAGE) and transferred to a nitrocellulose membrane 
(Millipore, Bedford, MA).  Phospho-SAPK/JNK (9251) and total-
SAPK/JNK antibodies (9252) (Cell Signaling Technology, Beverly, 
MA) were used as the primary antibody.  Secondary goat anti-rabbit 
antibody conjugated with horseradish peroxidase was purchased from 
Zymed Laboratories (San Francisco, CA).

Statistical Analysis
All data were expressed as mean ± SEM.  The Mann-Whitney 

test and analysis of variance (ANOVA) were used, followed by 
Scheffe’s test.  P�YDOXHV��������ZHUH�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQL¿-
cant.

Results
Mild and Moderate Steatotic Liver Models

The rats fed on CDD for 2 weeks histologically had 
OLSLG�GURSOHW�¿OWUDWLRQ� LQ���� WR�����RI�KHSDWRF\WHV�� VR�ZH�
identified these findings as mild steatosis (Fig. 2).  
6LPLODUO\��ZH�LGHQWL¿HG�WKH�UDWV�IHG�RQ�&''�IRU���ZHHNV�DV�
KDYLQJ� PRGHUDWH� VWHDWRVLV� GXH� WR� WKH� KLVWRORJLFDO� ¿QGLQJ�
WKDW� WKHUH�ZDV� OLSLG�GURSOHW�¿OWUDWLRQ�LQ����WR�����RI� WKHLU�
hepatocytes (Fig. 2).

The interaction between KCs and Platelets
The adhesion of KCs to platelets indicated the interac-

tion between KCs and platelets.  The number of adhesions 
of KCs to platelets after reperfusion in sinusoids in the 
PRGHUDWH� VWHDWRVLV� JURXS� ZDV� VLJQL¿FDQWO\� KLJKHU� WKDQ� LQ�
the normal liver group ( p ���������DQG�WKH�QXPEHU�RI�DGKH-
sions in the mild steatosis group was markedly lower than 
in the normal liver group (p ���������)LJ���$�DQG�%����7KHUH�
ZDV� QR� VLJQL¿FDQW� GLIIHUHQFH� EHWZHHQ� DOO� JURXSV� LQ� WKH�
number of blood platelets (data not shown).

Sinusoidal Perfusion Rate
The sinusoidal perfusion rate was one of the indexes 
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Fig. 2.  Mild and moderate steatotic liver models (HE stain).
� 7KH�PLOG�VWHDWRVLV�UDWV�ZHUH�IHG�D�FKROLQH�GH¿FLHQW�GLHW��&''��IRU���ZHHNV��DQG�WKH�PRGHUDWH�VWHDWRVLV�UDWV�ZHUH�IHG�D�

&''�IRU���ZHHNV���,Q�WKH�PLOG�VWHDWRVLV�JURXS�����WR�����RI�KHSDWRF\WHV�KDG�GHSRVLWLRQV�RI�OLSLG�GURSOHWV��FRPSDUHG�WR�
���WR�����LQ�WKH�PRGHUDWH�VWHDWRVLV�JURXS���39��SRUWDO�YHLQ��&9��FHQWUDO�YHLQ���6FDOH�EDU������ȝm.
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cently stained platelets.  White circles indicate KC and platelet adhesion in the same place.  Scale bars: 100 ȝm.  (B) 
7KH�QXPEHU�RI�DGKHVLRQV�RI�SODWHOHWV�DQG�.&V�ZDV�VLJQL¿FDQWO\�PRUH�LQ�WKH�PRGHUDWH�JURXS�WKDQ�WKH�QRUPDO�JURXS��DQG�
less in the mild steatosis group compared with the normal liver group at 30 min after reperfusion and concomitant with 
the duration of reperfusion.  Mean ± SEM; n = 6.  **p �������YV��WKH�PLOG�VWHDWRVLV�JURXS����p �������YV� the normal liv-
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higher in the mild steatosis group than the normal liver and moderate steatosis groups.  The rate in the normal liver 
group was higher than in the moderate steatosis group.  Mean ± SEM; n = 6.  *p �������YV� WKH�QRUPDO�OLYHU�JURXS���p ��
0.05 vs. the moderate steatosis group.
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of hepatic IR injury (Vollmar et al. 1994).  After 120 min of 
UHSHUIXVLRQ�� WKH� UDWH� RI� VLQXVRLGDO� SHUIXVLRQ� ZDV� VLJQL¿-
cantly higher in the mild steatosis group than in the normal 
liver group (p �� ������� EXW�ZDV� VLJQL¿FDQWO\� ORZHU� LQ� WKH�
moderate steatosis group than in the normal liver group  
( p  ���������)LJ���&��

Number of KCs in Acini
The numbers of KCs in the normal liver group and the 

moderate steatosis group were high compared to the mild 
steatosis group at any point of time before and after IR 
according to our IVM study (p ���������)LJ���$����,Q�DGGL-
WLRQ�� WKH� QXPEHU� RI�.&V�ZDV� YHUL¿HG� LPPXQRKLVWRFKHPL-
cally.  In immunohistochemical staining, the numbers of 
ED2-positives in the normal liver group and the moderate 
steatosis group were greater than in the mild steatosis group 
( p ���������)LJ���%����2Q�WKH�RWKHU�KDQG��XQOLNH�WKH�QXPEHU�
of adhesions of KCs to platelets, there was no difference 
between the normal liver group and the moderate steatosis 
group in the number of KCs.

Serum ALT and Liver IL-6 Levels
7KH� VHUXP�$/7� OHYHO�ZDV� VLJQL¿FDQWO\� KLJKHU� LQ� WKH�

moderate steatosis group than the normal liver group after 
30 min of reperfusion ( p ���������DQG�ZDV�VWULNLQJO\�ORZHU�
in the mild steatosis group than in the normal liver group 
after 120 min of reperfusion ( p ���������7DEOH������,/���FRQ-
centration in the liver tissue showed a tendency similar to 
WKH� VHUXP�$/7� OHYHOV�� KRZHYHU�� WKHUH� ZDV� QR� VLJQL¿FDQW�
difference except for between the mild steatosis group and 
the moderate steatosis group (p �� ������ DIWHU� ����PLQ� RI�
reperfusion) (Table 1).

Histological Findings
In the normal liver and moderate steatosis groups, dis-

turbance of the hepatocyte palisade arrangement and sinu-
VRLGDO� QDUURZLQJ�ZHUH� REVHUYHG�� � /\PSKRF\WH� LQ¿OWUDWLRQ�
was also observed.  In addition, such histological damage to 
the liver was greater in the moderate steatosis group than in 
WKH�QRUPDO�OLYHU�JURXS���+RZHYHU��WKHVH�¿QGLQJV�ZHUH�VOLJKW�
in the mild steatosis group compared with the other 2 
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Fig. 4.  The number of Kupffer cells in sinusoids.
 (A) The number of Kupffer cells in sinusoids observed in the IVM.  The numbers of KCs in the normal liver group and 

WKH�PRGHUDWH�VWHDWRVLV�JURXS�ZHUH�VLJQL¿FDQWO\�JUHDWHU�WKDQ�LQ�WKH�PLOG�VWHDWRVLV�JURXS�DW�DQ\�SRLQW�LQ�WLPH�EHIRUH�DQG�
after IR.  On the other hand, there was no difference between the normal liver group and the moderate steatosis group.  
Mean ± SEM; n = 6.  **p �������YV��WKH�PLOG�VWHDWRVLV�JURXS����%��,PPXQRKLVWRFKHPLFDO�VWDLQLQJ�RI�.&V���('��SRVLWLYH�
cells means KCs.  Similar to the IVM observation, the numbers of ED2-positive cells in the normal liver group and the 
PRGHUDWH�VWHDWRVLV�JURXS�ZHUH�VLJQL¿FDQWO\�PRUH�WKDQ�LQ�WKH�PLOG�VWHDWRVLV�JURXS���0HDQ���6(0��n = 6.  **p �������YV��
the mild steatosis group.

A B

Table 1.  Serum ALT and Liver IL-6 levels.

After reperfusion pre ischemia 30 min 60 min 120 min

Serum ALT 
mean ± SEM (IU/L)

normal liver 23.3 ± 0.9  45.2 ± 6.0  86.5 ± 12.1 175.0 ± 29.1
mild steatosis 21.2 ± 1.9  33.7 ± 5.0  57.8 ± 10.5  98.5 ± 8.1*
moderate steatosis 29.7 ± 5.6 127.2 ± 20.6**�� 219.7 ± 31.3**�� 347.5 ± 57.2**��

Liver IL-6 
mean ± SEM (ng/g)

normal liver  2.2 ± 0.04 – –  4.9 ± 0.3
mild steatosis  2.2 ± 0.1 – –  4.1 ± 0.3
moderate steatosis  2.3 ± 0.08 – – � ����������

* p �������YV��WKH�QRUPDO�OLYHU�JURXS��** p �������YV��WKH�QRUPDO�OLYHU�JURXS����p �������YV� WKH�PLOG�VWHDWRVLV�JURXS�����p �������YV��
the mild steatosis group.
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groups (Fig. 5).

The Composition of Palmitoleate in the Liver
In the mild steatosis group, the concentration of palmi-

WROHDWH�LQ�WKH�OLYHU�WLVVXH�ZDV�VLJQL¿FDQWO\�KLJKHU�WKDQ�LQ�WKH�
other 2 groups ( p �������YV��WKH�QRUPDO�OLYHU�JURXS��p �������
vs. the moderate steatosis group) (Fig. 6A).  There was no 
VLJQL¿FDQW� GLIIHUHQFH� EHWZHHQ� WKH� QRUPDO� OLYHU� JURXS� DQG�

)LJ������+LVWRORJLFDO�¿QGLQJV�DIWHU�����PLQ�RI�UHSHUIXVLRQ�
 In the normal liver and moderate steatosis, disturbance of the hepatocyte palisade arrangement or sinusoidal narrowing 

were observed.  In addition, such histological changes in the liver were more obvious in moderate steatosis than in the 
QRUPDO�OLYHU��KRZHYHU��WKHVH�¿QGLQJV�ZHUH�VOLJKW�LQ�PLOG�VWHDWRVLV�FRPSDUHG�ZLWK�WKH�RWKHU���JURXSV���39��SRUWDO�YHLQ��
CV, central vein.  Scale bar: 100 ȝm.
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Fig. 6.  Liver palmitoleate level and JNK phosphorylation.
 (A) Liver palmitoleate levels.  In the mild steatosis group, the concentration of palmitoleate in the liver tissue was sig-

QL¿FDQWO\�KLJKHU�WKDQ�WKH�RWKHU���JURXSV���0HDQ���6(0��n = 6.  ** p �������YV��WKH�QRUPDO�OLYHU�JURXS����p �������YV��WKH�
moderate steatosis group.  (B) Phosphorylation of JNK.  After 120 min of reperfusion, phosphorylation of JNK in the 
normal liver and the moderate steatosis group was observed.  On the other hand, phosphorylation of JNK was not de-
tected in the mild steatosis group.
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the moderate steatosis group (Fig. 6A).

Phosphorylation of JNK
After 120 min of reperfusion, phosphorylation of JNK 

in the normal liver group and the moderate steatosis group 
was observed.  On the other hand, phosphorylation of JNK 
was not detected in the mild steatosis group (Fig. 6B).

Discussion
It is well known that liver steatosis increases the risk 

of postoperative complications following major liver resec-
tion, since the steatotic liver is particularly vulnerable to IR 
injury (Selzner and Clavien 2001).  Activation of KCs plays 
a pivotal role in the development of hepatic IR injury 
(Bremer et al. 1994).  Therefore one of the factors that 
advance IR injury is that KCs are more sensitive to distur-
bances in microcirculation and dysregulation of cytokine 
production in the steatotic liver (Teramoto et al. 1993).  It 
has been reported that inactivation of KCs was effective in 
preventing IR injury in the steatotic liver (Bruns et al. 
2011).  In our present study, we focused on the interaction 
between KCs and platelets in IR injury in order to compare 
the normal liver and the mild and moderate steatotic livers.  
We evaluated the IR injury by serum ALT levels, liver IL-6 
OHYHOV�� KLVWRORJLFDO�¿QGLQJV�� DQG� VLQXVRLGDO� SHUIXVLRQ� UDWH���
We demonstrated that the degree of IR injury was not sim-
ply proportional to the severity of steatosis.

We have investigated the roles of leukocytes, platelets, 
and KCs in hepatic IR injury using IVM (Nakano et al. 
2008, 2009; Pak et al. 2010; Tamura et al. 2012).  We previ-
ously showed that KC-platelet interaction such as adhesion 
induced hepatic IR injury (Tamura et al. 2012, 2013).  
Moreover, we demonstrated that IR injury in the mild stea-
totic liver was attenuated compared with the normal liver, 
and that it resulted from the reduction of KC-platelet inter-
action due to the decreased number of KCs (Ogawa et al. 
2013).  In this study, the number of the adhesions of plate-
lets and KCs was inversely correlated with the sinusoidal 
perfusion rate.  This indicated that KC-platelet interaction 
affects hepatic IR injury through the reduction of sinusoidal 
perfusion.  Compared to the normal liver, moderate steato-
sis facilitated the adhesion of KCs to platelets, which 
enhanced the IR injury.  The intensity of interaction 
between KCs and platelets depends on the number of KCs 
in sinusoids, and the activity of KCs.  In addition, the mor-
phological changes such as twisting and narrowing of the 
sinusoids due to massive fatty depositions may magnify IR 
injury induced by KC-platelet interaction (Sun et al. 2001; 
Federico et al. 2010).  KCs are more likely to be activated 
in the steatotic liver (Teramoto et al. 1993; Bruns et al. 
2011), and hepatic IR also activates KCs (Zhai et al. 2011).  
It seems that KC activation and sinusoidal morphological 
change in steatosis appeared to increase according to the 
degree of steatosis.  We considered that in moderate steato-
sis, the KC-platelet interaction increased due to enhance-
ment of KC activation and sinusoidal morphological change 

even if the KC number was equal to that in the normal liver.  
$OGHJXHU�HW�DO���������K\SRWKHVL]HG�WKDW�OLYHU�,/���UHÀHFWV�
.&�DFWLYLW\�DV�ZHOO�DV�WKH�LQÀDPPDWRU\�UHVSRQVH�DIWHU�,5��
because KCs are the most potent producers of IL-6 in the 
liver.  Our data that liver IL-6 levels were high in moderate 
steatosis compared to the other two models supports those 
reports.

The present study showed that the number of KCs in 
the sinusoids was independent of the degree of steatosis.  
Several studies reported that steatosis altered the number of 
.&V��KRZHYHU��WKH�LQÀXHQFH�RI�IDWW\�FKDQJH�RQ�.&V�KDV�QRW�
yet been well established (Vetelainen et al. 2007; Shono et 
al. 2011; Guo et al. 2012).  In the present study, the number 
of KCs in moderate steatosis was greater than in mild ste-
atosis, but was equal to the normal liver.  The results were 
FRQ¿UPHG� E\� ERWK� ,90� VWXG\� DQG� LPPXQRKLVWRFKHPLFDO�
examination.  The relationship between the number of KCs 
and steatosis has not been well investigated yet (Vetelainen 
et al. 2007; Shono et al. 2011).  We focused on the change 
in the proportions of fatty acids, especially palmitoleate, in 
the liver, because there were some reports that palmitoleate 
reduced the numbers of KCs, and decreased the expression 
RI� SURLQÀDPPDWRU\� F\WRNLQHV� LQ� WKH� OLYHU� �$ND]DZD� HW� DO��
2010; Guo et al. 2012).  It was reported that palmitoleate, 
which is available from dietary sources and produced 
endogenously by adipocytes, has a protective effect against 
hepatic lipotoxicity as well as insulin resistance (Matsuzaka 
et al. 2007; Cao et al. 2008).  The progression of steatosis 
altered the proportions of the various fatty acids in the liver 
(Sato et al. 2004).  Previous investigators reported that KCs 
FULWLFDOO\� GHWHUPLQH� OLYHU� LQÀDPPDWRU\� VWDWXV� �'HQJ� HW� DO��
2009).  Thus, it was likely that palmitoleate provided the 
DQWL�LQÀDPPDWRU\�HIIHFW�RQ�WKH�OLYHU�E\�UHGXFLQJ�WKH�QXP-
ber of KCs.  Our results demonstrated that the level of pal-
PLWROHDWH�LQ�FRQGLWLRQV�RI�PLOG�VWHDRWRVLV�ZDV�VLJQL¿FDQWO\�
higher than in the normal liver and moderate steatosis.  
Therefore, it seemed that the difference in the amount of 
palmitoleate brought about a change in the number of KCs.  
3DOPLWROHDWH�DOVR�GHFUHDVHV�LQÀDPPDWRU\�VLJQDOLQJ�WKURXJK�
the JNK pathway (Akazawa et al. 2010).  JNK, a stress-
activated kinase, is induced by various stimuli including 
hepatic IR (Parola et al. 1998; Theruvath et al. 2008).  In 
this study, phosphorylation of JNK after IR was not 
observed in mild steatosis due to overexpression of palmi-
toleate.  This result supports the previous report of palmi-
toleate having a protective effect in liver injury.  On the 
other hand, it is not clear why the proportion of palmitole-
ate changes with the duration of CDD feeding, so future 
investigation is necessary.

Our present study suggests that IR injury in the stea-
totic liver does not intensify parallel to development of ste-
atotic changes.  In liver surgery, there is no difference in the 
resectability between the mild steatotic liver and the normal 
liver.  Furthermore, mild to moderate steatosis sufferers are 
accepted as marginal donors in liver transplantation (Perez-
Daga et al. 2006; Briceno et al. 2005).  Our results suggest 
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that there is more opportunity to utilize donors with mild 
steatosis.  On the other hand, liver with moderate steatosis 
is not suitable as the graft for liver transplantation.  With 
moderate or worse steatosis, it is necessary to be prudent in 
the application of liver surgery in order to avoid aggrava-
tion of postoperative complications.  Also in the steatotic 
liver, KC-platelet interaction and the number of KCs were 
strongly associated with hepatic IR injury.  Therefore, there 
is a possibility that the degree of IR injury can be predicted 
before surgery, if the number of KCs in the liver can be 
TXDQWL¿HG�� L�H���E\� OLYHU�ELRSV\�RU�FRQWUDVW�HQKDQFHG�XOWUD-
sonography with Sonazoid (Salvatore et al. 2012).  For 
clinical application, further studies will be necessary.  
Finally, we admit the limitations of studies using the CDD 
model.  It is unclear whether change in KC numbers in ste-
DWRVLV�IRUPDWLRQ�LV�VSHFL¿F�WR�WKH�&''�PRGHO��WKHUH�PD\�EH�
differences due to the methods of inducing steatosis.  
However, there is no answer in the literature yet, so investi-
gation using various steatosis models is required.

In conclusion, we demonstrated that IR injury in the 
steatotic liver was not simply in proportion to the degree of 
steatosis.  Mild steatosis ameliorated IR injury compared to 
the normal liver, while moderate steatosis aggravated IR 
injury.  Hepatic IR injury was strongly correlated with the 
degree of interaction between KCs and platelets even in the 
steatotic liver.
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