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Fig. 4 continued

vary, although it is usually located on the PV trunk
(Figs. 1, 3h, 4h). In the porcine liver, a demarcation line
can be clearly observed after selective ligation of the HA
branch (Fig. 3a, f, g). Selective temporal clamping of the
HA branch of the RML and preceding confirmation of a
related demarcation line on the RML are reasonable pro-
cedures to avoid unexpected obstruction of the HA flow to
the RLL (Fig. 3e-g).

Anatomical variations are frequently found during sur-
gery. Isolation of the HA branch to the RLL, skeletoniza-
tion of the PV branch for the RML and preservation of the

@ Springer

Hepatic margin

GC from the RLL to the CBD are keys in this model. The
HA branch to the RLL is located above or behind the PV
trunk. The PV branch for the RML diverges from the RPV
or PV trunk. The GC from the RLL to the CBD is nestled
in front of the PV branch for the RLL or is located between
the PV branches for the RML and RLL.

The hanging maneuver is a technique used for passing a
tape between the anterior surface of the inferior vena cava
and the liver, which permits the liver to be suspended
during parenchymal transection. The hepatic inferior vena
cava and hepatic veins are completely covered by liver
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parenchyma. Therefore, the hanging maneuver is difficult
or impossible to perform in this model.

During liver resection, careless and blinded dissection of
crossing tissues or vessels may result in unexpected inju-
ries. To prevent any irrelevant damage to the liver remnant
or grafts, we did not employ the Pringle maneuver in
animal experiments, although the Pringle maneuver can be
performed. Note that the GCs of the LML and LLL form
dense tissues (Figs. 1, 2e, 3d, 4f), and that the HVs to the
LML and LLL are located near each GC (Fig. 4g). For
these reasons, we employ a two-step process (Fig. 4f) to
skeletonize each GC to the LML and LLL. Although
manual procedures using a crash method with adequate
retraction are safe [8, 10] (Fig. 4c—e), the use of specially
developed devices is helpful, especially for hemostasis
[10-12]. We use an electrocautery scalpel and bipolar
forceps with saline irrigation to ensure hemostasis [13, 14].

Subtle injuries of the cut surface and hepatic margin will

cause intractable bleeding, especially in the RML close to
the RLL. Note that the RML close to the RLL receives
blood flow even after the ligations of the HA and PV
branches to the RML (Fig. 4j). This is an important reason
for an up-front confirmation of the demarcation line on the
RML, even though other demarcation lines can be used for
‘confirmation before ligations of the HA and PV branches.

The GCs of each lobe aggregate with the CBD at a
relatively left side of the liver (Figs. 1, 2e, 3d), and the GCs
from the RLL to CBD overlap with the critical vessels to
the RML and RLL (Figs. 1, 2e, 3d, h). Moreover, there are
various types of GC branches to the RLL, and we experi-
enced a case with a GC branch to the RLL running at the
RPV bifurcation to the RLL and RML. Therefore, selective
ligation of the PV branch to the RML can involve technical
difficulties, because subtle injuries to the GCs from the
RLL to CBD should be avoided (Fig. 3h). However, from
the viewpoints of an accurate functional liver volume and
the control of hemostasis from the cut surface, selective
ligation of the PV branch to the RML is crucial in this
model.

An insufficient remnant in extended hepatectomy and a
small-for-size graft in liver transplantation are important
issues in the field of liver surgery [1]. Reliable and repro-
ducible animal models that can provide clinically relevant
data are required. We hope that our porcine model will be
informative for researchers with an interest in liver surgery.
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Abstract

AIM: To investigate oxidative stress (OS)-mediated
damage and the behavior of extracellular matrices in
various rat models because shear stress with portal hy-
pertension and cold ischemia/warm reperfusion injury
trigger the liver regeneration cascade after surgery.
These injuries also cause fatal liver damage.

144
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METHODS: Rats were divided into four groups accord-
ing to the surgery performed: control; hepatectomy
with 40% liver remnant (60% hepatectomy); ortho-
topic liver transplantation (OLT) with whole liver graft
(100% OLT); and split OLT (SOLT) with 40% graft (40%
SOLT). Survival was evaluated. Blood and liver samples
were collected at 6 h after surgery. Biochemical and
histopathological examinations were performed. OS-
induced damage, 4-hydroxynonenal, ataxia-telangiec-
tasia mutated kinase, histone H2AX, phosphatidylinosi-
tol 3-kinase (PI3K) and Akt were evaluated by western
blotting. Behavior of extracellular matrices, matrix
metalloproteinase (MMP)-9, MMP-2, tissue inhibitor
of metalloproteinase (TIMP)-1 and TIMP-2 were also
evaluated by western blotting and zymography.

RESULTS: Although 100% OLT survived, 60% hepa-
tectomy and 40% SOLT showed poor survival. His-
topathological, immunohistological, biochemical and
protein assays revealed that 60% hepatectomy, 100%
OLT and 40% SOLT showed liver damage. PI3K and
Akt were decreased in 60% hepatectomy and 40%
SOLT. For protein expression, 40% SOLT showed differ-
ences in MMP-9, MMP-2 and TIMP-2. TIMP-1 showed
differences in 60% hepatectomy and 40% SOLT. For
protein activity, MMP-9 demonstrated significant differ-
ences in 60% hepatectomy, 100% OLT and 40% SOLT.

CONCLUSION: Under conditions with an insufficient
liver remnant, prevention of OS-induced damage via
the Akt/PI3K pathway may be key to improve the post-
operative course. MMP-9 may be also a therapeutic
target after surgery.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Free radicals; Akt; Phosphatidylinositol 3-ki-

nase; Matrix metalloproteinase; Tissue inhibitors of me-
talloproteinase
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Kogure T, Nguyen JH. Oxidative stress and extracellular ma-
trices after hepatectomy and liver transplantation in rats. World
J Hepatol 2014; 6(2): 72-84 Available from: URL: http://www.
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INTRODUCTION

Liver resection is considered the standard treatment for
primary malignant tumors and liver metastases. Ad-
vanced surgical techniques for hepatectomy, develop-
ment of preoperative evaluation, and improvements in
intensive postoperative care have resulted in a decline in
perioperative morbidity and mortality. However, post-
operative liver failure still occurs despite these develop-
ments. Extended hepatectomy has the advantage of high
curability but increases motbidity and mortality™. Insuf-
ficient volume of the remnant liver is correlated with
perioperative morbidity and mortality™. Prognosis of
postoperative liver failure due to insufficient liver rem-
nant is poor'?.

Orthotopic liver transplantation (OLT) is an accepted
therapy for end-stage liver disease and currently provides
long-term survival and good quality of life. However, cold
ischemia/warm repetfusion (CIWR) injury is stll a major
cause of morbidity and mortality after OLTY. Currently,
strategic procedures are needed to improve the liver toler-
ance against CIWR injury. A small-for-size graft (SFSG) is
used for deceased donor liver transplantation (DDLT) and
living donor liver transplantation (LDLT)™’. The SFSG
is defined as a ratio of graft weight against standard liver
volume < 40%*", An inevitable insufficiency of graft size
cannot be avoided in the LDLT or split orthotopic liver
transplantation (SOLT) for DDLT. The SFSG in LDLT
or SOLT is accompanied with CIWR injury and shear
stress with portal hypertension. Hence, the SFSG results
in high mortality and morbidity. The choice of a left-side
graft is preferred from the viewpoint of greater donor
safety and expanded donor candidates in LDLT™?, Guat-
anteed SOLT with successful outcomes resolves a donor
shortage in DDLT™. Currently, the 40% SFSG is a criti-
cal matter to overcome the donor shortage in DDLT and
ensute donor safety in LDLT™,
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Oxygen is required for cell survival. However, it also
poses a potential hazard »a reactive oxygen species (ROS)
and reactive nitrogen species (RNS), with biological and
functional alterations of lipids, proteins and DNAPM,
Control of ROS/RNS production plays physiological
roles, especially in regulating cell signaling, cell prolifera-
tion, differentiation and apoptosis” . Oxidative stress
(OS) mediated by free radicals is defined as an imbalance
between the production of ROS/RNS and the antioxi-
dant capacity of the cell”",

The extracellular matrix has important effects on in-
flammation, carcinogenesis and regeneration”>', There
are diverse types of proteases that control remodeling
of the extracellular matrix, trigger liver regeneration and
drive tumor progression"”'¥. Matrix metalloproteinases
(MMPs) are a family of enzymes that degrade constitu-
ents of extracellular matrices and basement membranes.
Currently, a total of 28 MMPs have been identified".
MMPs have been intensively studied and shown to play
key roles in inflammation, carcinogenesis and regenera-
t1 0" MMP-2 and MMP-9 are 1mphcated in liver

injury and remodeling, In particular, previous research-
ers reported that MMP-9 and MMP-2 contribute to
liver failure after liver surgery"*?"). Tissue inhibitors of
metalloproteinases (TIMPs) are a family of endogenous
inhibitors of MMPs. Alteration in the MMP-TIMP bal-
ance is linked to pathophysiological conditions®?*”, Cur-
rently, four members have been identiﬁed in the TIMP
family which can inhibit various MMPs™. In particular,
many researchers have focused on TIMP-1 and TIMP-2
during liver regeneration™?",

Although shear stress with portal hypertension and
CIWR injury trigger the liver regeneration cascade after
liver surgery, these injuries also cause fatal liver dam-
age™?", Tnitial damage is confirmed at the eatly postop-
erative period after liver surgery™>">"*** Therapeutic
strategies to reduce this damage have the advantage of
improving clinical results after liver sutgery and overcom-
ing the current issue of insufficient liver volume in the
field of liver surgery. In the present preliminaty study,
we investigated OS-mediated damage and the behavior
of extracellular matrices in vatious rat models with shear
stress and portal hypertension and/or CIWR injury.

MATERIALS AND METHODS

Animals

Lewis rats (RT-1)) were purchased from Harlan Labora-
tories (Indianapolis, IN, United States). Male rats were
8-12 wk old and weighed 250 g The experimental pro-
tocols were approved by the Ethical Committee of our
institution (Mayo Clinic, Institutional Animal Care and
Use Committee, No. A19609). Rats were cared for in
accordance with the Institutional Guidelines for Animal
Welfare based on The National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Surgical procedures and postoperative care
Comprehensive details of the surgical procedures for rat
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‘Growp . * . Hepatic remnant volume

Control = o
60%-hepatectomy
(100%-OLT :
40%sOLT

~ Cold ischemia warm reperfusion  Shear stress portal hypertension

OLT: Orthotopic liver transplantation; SOLT: Split orthotopic liver transplantation.

and postoperative care in our institution have been previ- and D Systems, Minneapolis, MN, United States).

ously desctibed®*". In the hepatectomy model, 40% of

liver remnant consisted of the left median and lateral seg-  Histopathological and immunohistological assessments
ments®>*, In the transplantation model, the syngeneic Liver tissue was fixed in 10% neutral-buffered formalin,
graft had a cold ischemic time of 3-4 h at 4 C in normal embedded in paraffin, and sliced into 4-pum sections. The
Ringer’s solution””. The 40% SFSG was also formed by ~ morphological characteristics and graft injury scores were
the left median and lateral segments at the back table®™, assessed after hematoxylin-eosin (HE) staining, The graft

To avoid any itrelevant signaling, the hepatic artery was ~ damage scote has been described previously®®. Scores
reconstructed by ultramicrosurgery®”. Each rat was were counted in 10 fields (X 100 magnification) in each
kept sepatately after surgery and body temperature was slide and these scotes were averaged in each HE slide.

maintained by a heating pad. Postoperative observation Induction of apoptosis was assessed by immunostain-

was petformed every 30 min until 6 h after surgery and  ing of terminal deoxynucleotidyl transferase-mediated
1.0 mL of warm lactate Ringer’s solution was routinely deoxyutidine triphosphate nick-end labeling (TUNEL)
administered every 1 h until 6 h after surgery. In the (ApopTag Peroxidase Ir Sitn Apoptosis Detection Kit,
transplantation model, we previously demonstrated the §7100; Chemicon International, Billetica, MA, United
importance of a shortened anhepatic phase and exclu-  States) and cysteine aspartic acid protease (caspase) 3
sion of unreliable samples based on autopsy findings™*", [Cleaved Caspase-3 (Asp175) Antibody, 9661S; Cell
In this study, the anhepatic phase was kept within 20 min ~ Signaling Technology, Danvers, MA, United States]. A
in the transplantation model. No sutgical complications =~ TUNEL-positive nucleus was stained brown and a nega-

were observed in each case at sampling autopsy. tive nucleus was counterstained light blue. A caspase-

3-positive nucleus was stained brown and a negative
Study design nucleus was counterstained blue. Slides were scanned
Rats were divided into four groups according to the sur- * with an automated high-throughput scanning system

gery performed: (1) laparotomy only (control); (2) hepa- (Scanscope XT, Aperio Technologies, Vista, CA, United
tectomy with 40% liver remnant (60% hepatectomy); (3) States). To quantify the immunobhistological findings,
OLT with whole liver graft (100% OLT); and (4) SOLT positive-stained nuclei wete counted by Aperio Image-
with 40% SFSG (40% SOLT) (Table 1). The survival scope software (Aperio Technologies). All nuclei were

study was performed on 10 rats in each group. Cell sig- classified into four color intensity levels and the higher
naling involved in proliferation, differentiation and apop- two levels were considered as positive. The ratio of pos-
tosis was confirmed at the eatly postoperative period itive-stained nuclel to all nuclei was calculated and the
after liver surgery and subsequently progressive necrosis mean ratio/mm” was determined.

i . 3,12,13,18,29-31
was observed, as described previously #3, Serum

and plasma were collected at 6 h after surgery (» = 5, Western blotting and gelatin zymography

in each group). Liver samples were also collected at 6 h The primary antibodies for malondialdehyde (MDA)
after surgery for histopathological/immunohistological (Anti-Malondialdehyde antibody, ab6463; Abcam, Cam-
assessments, western blotting and gelatin zymography (» bridge, MA, United States); 4-hydroxynonenal (4-HNE)

= 5, in each group). (4 Hydroxynonenal antibody, ab46545; Abcam); ataxia
telangiectasia mutated kinase (ATM) (Phospho-ATM/
Biochemical assays and coagulation profile ATR Substrate Rabbit mAb, 2909; Cell Signaling Tech-

Aspartate aminotransferase (AST), alanine aminotrans- nology); phosphorylated histone H2AX (yH2AX)
ferase (ALT), total bilirubin (T-Bil), the international (Phospho-Histone H2A.X Antibody, 2577; Cell Signal-
normalized ratio of prothrombin time (PT-INR) and ing Technology); phosphatidylinositol 3-kinase (PI3K)
hyaluronic acid (HA) were measured. Serum AST, ALT (Phospho-PI3K p85/p55 Antibody, 4228; Cell Signaling
and T-Bil were assessed by commercial kits (SGOT, Technology); Akt (Phospho-Akt Rabbit mAb, 4058; Cell
SGPT and total bilirubin reagent, respectively; Biotron, Signaling Technology); superoxide dismutase (SOD)
Hemet, CA, United States). The PT-INR in the plasma (Cu/Zn Superoxide Dismutase, LS-B2907; LifeSpan Bio-
was measured by the i-STAT System (Abbott, Princeton, Sciences, Seattle, WA, United States); catalase (Catalase,
NJ, United States). Serum HA was measured using a LS-B2554; LifeSpan BioSciences); MMP-9 (Anti-MMP-9,
commercial kit (Quantikine Hyaluronan ELISA Kit; R Catalytic domain, AB19016; Millipore, Temecula, CA,

"

Beenidenge  WJH | www.wjgnet.com 74 February 27, 2014 | Volume 6 | Issue 2 |
—- 482 -



Control (7 = 10)

60% hepatectomy (7 = 10)
100% OLT (#7 = 10)

40% SOLT (7 = 10)

® @ @ O

1.0 ©

0.8 |
o ovse P<0.05
£ 06+ Ovs ® NS
5] Oows © P<0.05
S 04
]

0.2

0.0 1 1 L I ! L L 1

0 10 20 30 40 50 60 70 80

Time after surgery (h)

Figure 1 Survival curves. OLT. Orthotopic liver transplantation; SOLT: Split
orthotopic liver transplantation.

United States); MMP-2 [MMP-2 antibody (MMP2/8B4),

ab7032; Abcam]; TIMP-1 [Anti-TIMP-1 Mouse mAb -

(102D1), IM63; Calbiochem, San Diego, CA, United
States]; and TIMP-2 [Anti-TIMP2 antibody (3A4),
ab1828; Abcam)] were used. Glyceraldehyde-3-phosphate
dehydrogenase served as a control. Signals were quanti-
fied using ImageQuant 5.0 software (Molecular Dynam-
ics, Sunnyvale, CA, United States). Gelatinase activity
was visualized by fluorescence microscopy (Olympus
- BX50; Olympus Optical, Tokyo, Japan).

Statistical analysis

The results were presented as mean * SD. Student’s #
test was used for the comparison of unpaired continu-
ous vatiables between groups. Survival curves were con-
structed by the Kaplan-Meier method (Log-rank test).
Statistical calculations were performed using SPSS ver-
sion 16.0 (SPSS Inc., Chicago, IL, United States). P < 0.05
was considered statistically significant.

RESULTS

Survival curves

Survival curves for each group are shown in Figure 1.
All rats that underwent a laparotomy or 100% OLT sur-
vived. The 60% hepatectomy and 40% SOLT groups
cleatly showed poorer survival than the controls (P <
0.0001). Insufficient liver remnant resulted in poor sur-
vivals after 60% hepatectomy. Especially, 40% SOLT
showed very poor survivals.

Liver parenchymal damage

In compatison with the controls (0.1 £ 0.1 points), there
were significant differences in the graft damage score for
60% hepatectomy (3.7 + 0.7 points, P < 0.0001), 100%
OLT (4.0 £ 0.6 points, P < 0.0001) and 40% SOLT (5.8
+ 1.1 points, P < 0.0001) (Figure 2A).

Immunohistological assessment of apoptosis induction
In comparison with the controls (0.003 + 0.004), the
rates of TUNEL-positive nuclei showed significant dif-

(44
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ferences in 60% hepatectomy (0.017 £ 0.009, P = 0.0278),
100% OLT (0.107 £ 0.012, P = 0.0001) and 40% SOLT
(0.166 £ 0.052, P <0.0001) (Figure 2B). In compatison
with the controls (0.002 + 0.002), the rates of caspase-
3-positive nuclei revealed significant differences in 60%
hepatectomy (0.044 + 0.023, P = 0.0033), 100% OLT
(0.063 + 0.014, P < 0.0001) and 40% SOLT (0.115 *
0.019, P < 0.0001) (Figure 2C).

Conventional liver function tests, coagulation profile
and endothelial damage

In compatison with the controls (42.5 £ 8.6 U/L), AST
levels showed significant differences in 60% hepatec-
tomy (202.4 £ 41.9 U/L, P < 0.0001), 100% OLT (290.5
+ 31.9 U/L, P < 0.0001) and 40% SOLT (387.4 + 36.8
U/L, P < 0.0001) (Figute 3A). In comparison with the
controls (59.8 = 9.6 U/L), ALT levels showed significant
differences in 60% hepatectomy (213.8 £ 57.0 U/L, P <
0.0001), 100% OLT (309.4 £ 38.3 U/L, P < 0.0001) and
40% SOLT (392.2 £ 76.7 U/L, P < 0.0001) (Figure 3B).
In compatison with the controls (0.41 + 0.13 mg/dL),
there were no significant differences in T-Bil levels in
60% hepatectomy (0.50 + 0.26 mg/dL, P = 0.4798) and
100% OLT (0.58 + 0.15 mg/dL, P = 0.0801), but thete
was in 40% SOLT (1.37 + 0.29 mg/dL, P = 0.0001)
(Figure 3C).

In comparison with the controls (0.99 + 0.04), PT-
INR values revealed significant differences in 60% hepa-
tectomy (1.16 + 0.09, P = 0.0052), 100% OLT (1.12
t 0.04, P = 0.0008) and 40% SOLT (1.22 + 0.06, P <
0.0001) (Figute 3D).

In compatison with the controls (76.6 = 14.9 ng/
mlL), HA levels demonstrated significant differences in
60% hepatectomy (264.0 = 58.8 mg/dL, P = 0.0001),
100% OLT (188.0 £ 29.0 mg/dL, P < 0.0001) and 40%
SOLT (350.2 + 136.6 mg/dL, P = 0.0021) (Figure 3E).

Oxidative stress

The western blotting intensities of MDA in each group
are shown in Figure 4A. In comparison with the controls
(1.00 + 0.10), normalized MDA showed significant dif-
ferences in 60% hepatectomy (1.64 £ 0.39, P = 0.0074),
100% OLT (2.12 + 0.78, P = 0.0133) and 40% SOLT
(2.30 £ 0.26, P < 0.0001) (Figure 4B).

Lipid peroxidation

In comparison with the controls (1.00 £ 0.09), normal-
ized 4-HNE showed significant differences in 60% hepa-
tectomy (1.30 £ 0.20, P = 0.0152), 100% OLT (1.41 *
0.20, P = 0.0028) and 40% SOLT (1.40 £ 0.19, P = 0.0032)

(Figure 4C).

Responses and repairs to DNA damage

In comparison with the controls (1.00 £ 0.098), normal-
ized ATM showed significant differences in 60% hepa-
tectomy (1.15 + 0.09, P = 0.0336), 100% OLT (1.28 +
0.10, P = 0.0015) and 40% SOLT (1.21 + 0.09, P = 0.0053)
(Figure 4D). In comparison with the controls (1.00 £
0.17), normalized yH2AX showed significant differences
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Figure 2 Histopathological and immunohistological assessments. A: Liver damage score in HE staining; B: TUNEL-positive rate; C: Caspase-3-positive rate. °P
< 0.05 vs control. OLT: Orthotopic liver transplantation; SOLT: Split orthotopic liver transplantation.

in 60% hepatectomy (1.39 * 0.29, P = 0.0071), 100%
OLT (1.67 £ 0.38, P = 0.0303) and 40% SOLT (2.59 *
0.66, P = 0.0008) (Figure 4E).

Promotion of cell survival
The western blotting intensities of PI3K and Akt in
each group are shown in Figure 4F.

In compatison with the controls (1.00 £ 0.08), there
was no significant difference in normalized PI3K in
100% OLT (0.92 * 0.09, P = 0.1726), but there were
significant differences in 60% hepatectomy (00.36 + 0.11,
P < 0.0001) and 40% SOLT (0.42 * 0.19, P = 0.0002)
(Figure 4G). In comparison with the controls (1.00 +
0.12), there was no significant difference in normalized
Akt in 100% OLT (0.92 £ 0.37, P = 0.6486), but there
wete significant differences in 60% hepatectomy (0.37
+ 0.23, P = 0.0007) and 40% SOLT (0.34 £ 0.24, P =
0.00006) (Figure 4H).

Activities of antioxidant enzymes
In comparison with the controls (1.00 + 0.09), normal-
ized SOD did not show significant differences in 60%
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hepatectomy (0.97 = 0.09, P = 0.6503), 100% OLT (0.96
= 0.11, P = 0.5461) and 40% SOLT (0.87 + 0.09, P =
0.0595) (Figure 4I). In comparison with the controls (1.00
+ 0.17), normalized catalase also revealed no signifi-
cant differences in 60% hepatectomy (0.91 £ 0.11, P =
0.3665), 100% OLT (0.90 % 0.15, P = 0.3365) and 40%
SOLT (0.95 + 0.14, P = 0.6454) (Figure 4J).

Behavior of MMP-9, MMP-2, TIMP-1 and TIMP-2

Protein expression and activity of MMP-9 are shown in
Figure 5A. Protein expression was evaluated by western
blot densitometry (Figure 5B-D). In compatison with
the controls (1.00 * 0.34), there were no significant dif-
ferences in normalized MMP-9 in 60% hepatectomy
(1.14 = 0.43, P = 0.5811) and 100% OLT (1.18 £ 0.35,
P = 0.4254), but thete was a significant difference in
40% SOLT (2.16 £ 0.26, P = 0.0003) (Figure 5B). In
comparison with the controls (1.00 = 0.16), there were
no significant differences in normalized MMP-2 in 60%
hepatectomy (0.78 £ 0.17, P = 0.0716) and 100% OLT
(0.80 £ 0.23, P = 0.1437), but there was a significant dif-
ference in 40% SOLT (0.78 + 0.12, P = 0.0385) (Figure
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Figure 3 Biochemical and coagulation profiles. A: Serum aspartate aminotransferase (AST); B: Serum alanine aminotransferase (ALT); C: Serum total bilirubin (T-
Bil); D: Plasma international normalized ratio of prothrombin time (PT-INR); E: Serum hyaluronic acid (HA). ®P < 0.05 vs control. NS: Not significant (P = 0.05); OLT:

Orthotopic liver transplantation; SOLT: Split orthotopic liver transplantation.

5C). In comparison with the controls (1.00 £ 0.30), there
was no significant difference in normalized TIMP-1 in
100% OLT (0.82 + 0.43, P = 0.4654), but there were
significant differences in 60% hepatectomy (1.41 + 0.26,
P = 0.0491) and 40% SOLT (1.46 £ 0.32, P = 0.0480)
(Figure 5D). In comparison with the controls (1.00 *

&

T
JBaishideng®

WIH | www.wjgnet.com

77

0.24), there were no significant differences in normalized
TIMP-2 in 60% hepatectomy (1.23 * 0.24, P = 0.1605)
and 100% OLT (0.95 + 0.17, P = 0.6846), but there was
a significant difference in 40% SOLT (1.28 = 0.12, P =
0.0471) (Figure 5E).

Protein activities were evaluated by intensity in zy-
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Figure 4 Protein expression of malondialdehyde, 4-hydroxynonenal, ataxia-telangiectasia mutated kinas/H2AX, phosphatidylinositol 3-kinase/Akt and
antioxidant enzymes. A: Actual intensities of malondialdehyde (MDA) in western blotting; B: Normalized MDA; C: Normalized 4-hydroxynonenal (4-HNE); D: Normal-
ized ataxia-telangiectasia mutated kinase (ATM); E: Normalized yH2AX; F: Actual intensities of phosphatidylinositol 3-kinase (PI3K) and Akt in western blotting; G:
Normalized PI3K; H: Normalized Akt; I: Normalized superoxide dismutase (SOD); J: Normalized catalase. °P < 0.05 vs control. NS: Not significant (P = 0.05); OLT:

Orthotopic liver transplantation; SOLT: Split orthotopic liver transplantation.

mography (Figure 5F-I). In comparison with the con-
trols (1.00 % 0.15), relative MMP-9 cleatly demonstrated
significant differences in 60% hepatectomy (1.37 £
0.23, P = 0.0156), 100% OLT (1.47 £ 0.33, P = 0.0211)
and 40% SOLT (2.10 £ 0.75, P = 0.0125) (Figute 5F).
In compatison with the controls (1.00 * 0.17), relative
MMP-2 did not reveal significant differences in 60%
hepatectomy (1.03 = 0.12, P = 0.7444), 100% OLT (0.98
+ 0.15, P = 0.8821) and 40% SOLT (1.04 £ 0.13, P =
0.6847) (Figute 5G). In comparison with the controls
(1.00 *+ 0.15), relative TIMP-1 did not reveal signifi-
cant differences in 60% hepatectomy (0.96 £ 0.29, P =
0.7926), 100% OLT (0.98 % 0.09, P = 0.8217) and 40%
SOLT (0.91 £ 0.26, P = 0.5347) (Figure 5H). In com-
patison with the controls (1.00 + 0.12), relative TIMP-2
did not show significant differences in 60% hepatectomy
(1.04 £ 0.09, P = 0.5974), 100% OLT (1.03 + 0.11, P =
0.6845) and 40% SOLT (1.03 £ 0.16, P = 0.7495) (Figure

51).

Statistical differences between groups

As desctibed above, the data in comparisons with the
controls are shown. Statistical differences between groups
are summatized in Table 2.

DISCUSSION

In survival and histopathological studies, 40% SOLT
involved dual damage (i.e., shear stress with portal hy-
pertension and CIWR injury) and showed the poorest
survival and most severe liver damage. Although 100%
OLT showed good survival, CIWR injury was observed
by histopathological and biochemical findings. Here, we
used plasma PT-INR and serum HA levels as markers
of sinusoidal endothelial damage and all groups showed
significant differences. Survival in the 60% hepatectomy
and 40% SOLT groups seemed to be higher than in

K
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the 100% OLT group and this may reflect the damage
induced by shear stress and portal hypertension. Our
histopathological, immunohistological and biochemi-
cal findings revealed that liver damage and apoptotic
induction were observed in the eatly postoperative pe-
tiod after liver surgery, as in previous studies™>">"***!,
Paradoxically, the eatly postoperative petiod may have a
therapeutic potential for a subsequent course after liver

surgery.

79

OS causes DNA damage and subsequent apoptosis
and is an imbalance between production of free radi-
cals and antioxidant defenses’'". From the viewpoint
of production of free radicals, ROS/RNS can attack
and damage a variety of critical biological molecules,
including lipids, essential cellular proteins and DNA®Y,
Products of lipid peroxidation can be easily detected in
biological fluids and tissues and can reliably and rapidly
reflect the sensitive and specific signals of lipid peroxi-
dation that occur 7 viwd™. The compound 4-HNE is
an end product of lipoperoxidation with antiproliferative
and proapoptotic properties®™?, Our results with MDA
and 4-HNE confirmed that OS occurted even in the
early postoperative petriod.

With regard to DNA damage responses, the protein
kinase ATM can be initiated through rapid intermo-
lecular autophosphorylation induced by DNA damage,
phosphorylate various proteins and subsequently amplify
the responses to DNA darnage[%’m. This DNA damage-
inducible kinase activates H2AXPY, H2AX is required
for cell cycle arrest and DNA repair following double-
stranded DNA breaks®™”. DNA damage results in the
rapid phosphorylation of H2AX by ATMP*, Within
minutes of DNA damage, H2AX is phosphorylated at
the sites of the DNA damage®™. This early event in the
DNA-damage response is required for the recruitment
of many DNA-damage response proteins. Therefore,
histone H2AX is activated by ATM after DNA dam-
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Figure 5 Protein expression and activities of matrix metalloproteinases and tissue inhibitor of metalloproteinases. A: Actual protein expression and activi-
ties of matrix metalloproteinase (MMP)-9; B: Normalized MMP-9; C: Normalized MMP-2; D: Normalized tissue inhibitor of metalloproteinase (TIMP)-1; E: Normalized
TIMP-2; F: Relative MMP-9; G: Relative MMP-2; H: Relative TIMP-1; I: Relative TIMP-2. °P < 0.05 vs control. NS: Not significant (P = 0.05); OLT: Orthotopic liver
transplantation; SOLT: Split orthotopic liver transplantation.
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OLT: Orthotopic liver transplantation; SOLT: Split orthotopic liver transplantation; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; T-Bil:
Total bilirubin; PT-INR: International normalized ratio of prothrombin time; HA: Hyaluronic acid; MDA: Malondialdehyde; 4-HNE: 4-hydroxynonenal;
ATM: Ataxia-telangiectasia mutated kinase; PI3K: Phosphatidylinositol 3-kinase; SOD: Superoxide dismutase; MMP: Matrix metalloproteinase; TIMP: Tis-
sue inhibitor of metalloproteinase.

age®. Thus, the ATM/H2AX signaling pathway is im- OLT) caused OS-induced damage and subsequent apop-
portant in the response to and repair of DNA damage totic process. However, this group showed differences
induced by OSP* Our results with ATM and H2AX not in PI3K/Akt, but in ATM/H2AX. These results
cleatly showed that OS after liver surgery caused DNA suggested that CIWR injury induce apoptosis due to OS
damage signaling and triggered subsequent DNA repair. via the ATM/H2AX pathway.

In this study, groups with only CIWR injury (e, 100% Akt also plays a critical role in controlling apoptosis
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and promotes cell survival to prohibit apoptosis™ ™.

Apoptotic machinery is inhibited by the activation of
Akt™™ Akt is an integral component of the antiapop-
totic process related to the activation of PI3K™*, Our
results clearly showed that groups with accompanying
shear stress and portal hypertension (i.e., 60% hepatec-
tomy and 40% SOLT) had decreased PI3K and Akt.
This suggested that a subsequent apoptotic process was
triggered in these groups. Shear stress and portal hyper-
tension due to insufficient liver volume induce apoptosis
due to OS via the Akt/PI3K pathway.

With regard to antioxidant defense, scavenging en-
zymes of free radicals, such as SOD and catalase, also
play an important role in reducing DNA damage and
subsequent apoptosis'*'". Cells are normally able to
defend themselves against OS-induced damage through
this scavenging system!”'". Our results revealed that
this scavenging system did not appear to be triggered,
although these scavenging enzymes can cope with large
amounts of ROS". Shear stress with portal hyperten-
sion and/ot CIWR injury after liver surgeries in this
study caused considerable liver damage. A possible ex-
planation is that this scavenging system failed to stimu-
late some reactive molecules because of considerable
damage after liver surgery.

MMPs have been intensively studied and shown to
play key roles in inflammation, carcinogenesis and re-
generation and many researchers have already focused
on MMP-2 and MMP-9 after liver surgery" > In the
present study, 40% SOLT increased protein expression
of MMP-2 in western blotting, although zymography
did not show any differences. Contrary to MMP-2, post-
operative MMP-9 clearly showed differences in protein
expression and function. Additionally, MMP-9 showed
high reproducibility in our previous studies®"*¥, The
present results for MMP-9 suggested that MMP-9 clearly
increased even in the early postoperative period after
liver surgery and MMP-9 is a major therapeutic target
after liver surgery.

TIMPs are also important after liver surgery. Many
researchers have focused on TIMP-1 and TIMP-2 duting
liver regeneration[zs'zsl. Some researchers have focused
on postoperative behavior of TIMP-1, In particular,
TIMP-1 has extrahepatic effects during liver failure®™**?
and therefore we initially expected that TIMP-1 would
show differences in the liver samples. However, zy-
mography for TIMP-1 did not show any differences,
although groups with shear stress and portal hyperten-
sion (Z.e., 60% hepatectomy and 40% SOLT) showed
increased protein expression of TIMP-1 in western blot-
dng, TIMP-1 is an endogenous inhibitor of MMP-9 and
a balance of MMP-9/TIMP-1 is linked®™””. However,
the behavior of TIMP-1 in the postoperative liver is still
unclear and further studies are required.

Liver damage and apoptotic induction are confirmed
even in the eatly postoperative period after liver surgery
but liver injury triggers the liver regeneration cascade
after surgery. Once hepatic failure occurs after liver
surgety, this damage is usually intractable and fatal.
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Therefore, the eatly postoperative period may be a suit-
able time for treatment to achieve a good postoperative
course after liver surgery and our lab focused on OS-me-
diated damage and the behavior of extracellular matrices
after liver surgery®*™*"***) The inhibition of apoptotic
induction due to OS iz the ATM/H2AX pathway may
be important for a strategy against CIWR injury, even in
the condition of sufficient liver volume. Under condi-
tions with insufficient liver remnant, the prevention of
apoptotic induction due to OS via the Akt/PI3K path-
way may be key to improving postoperative course. Also,
MMP-9 may be a reliable therapeutic target, especially
in the condition of CIWR injury with insufficient liver
volume. We hope that our results will be informative for
researchers in the hepatology field.
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Background

After liver surgery, shear stress with portal hypertension and cold ischemia/
warm reperfusion injury trigger the liver regeneration cascade and also cause
fatal liver damage.

Research frontiers

Changes and behaviors of oxidative stress and extracellular matrices are still
unknown.

Innovations and breakthroughs

Here, the authors investigate the oxidative stress-mediated damage and the
behavior of extracellular matrices after liver surgery in various rat models.
Applications

Under conditions with insufficient Iiyer remnant, prevention of oxidative stress-
induced damage via the Ak/PI3K pathway may be key to improve postopera-
tive course. MMP-9 may be also a therapeutic target after liver surgery.
Terminology

Regulations for oxidative stress and MMP-9 may have a therapeutic potential,
in order to resolve the current problems after liver surgery.

Peer review

This is a very interesting paper about the pathophysiology of hepatic failure
after hepatectomy and liver transplantation.
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The use of ultraviolet (UV)-B irradiation after alloantigen immunization is unknown because previous studies
focused on UV-B irradiation before immunization. Here, we investigated immunosuppressive effects induced
by UV-B irradiation after immunization, and examined the phenotype of induced regulatory T cells and the pos-
sible mechanism of induction.

B6 mice (H-2%) were intravenously immunized by splenocytes from CBF1 mice (H-2*4). One week after alloan-
tigen immunization, B6 mice received high-dose UV-B irradiation (40 kJ/m?). Four weeks after UV-B irradiation,
proliferation assays (n=4, in each), transplantations with skin or cardiac allografts (n=5, in each), cytokines in
mixed lymphocyte culture (n=6, in each), and adoptive transfer of CD4* T cells to naive B6 mice (n=5, in each)
were performed. Mice were divided into 4 groups: untreated control, immunized control, UV-irradiated control,
and an immunized and UV-irradiated group. B6C3F1 mice (H-2°%) were used as irrelevant alloantigen with im-
munization controls. Anti-IL-10 monoclonal antibody was used to block IL-10 before and after UV-B irradiation.
Immune responses against the immunizing antigen were markedly suppressed in immunized and UV-irradiated
mice in an alloantigen-specific manner. Surprisingly, CD4* T cells from immunized and UV-irradiated mice pro-
duced significantly larger amounts of IL-10, in an alloantigen-specific manner. Moreover, alloantigen-specific
immunosuppression via CD4* regulatory T cells was transferable to naive B6 mice. IL-10 blocking clearly ab-
rogated alloantigen-specific immunosuppression, indicating that UV-B irradiation evoked T regulatory type 1
cells.

This study demonstrates for the first time that immunization and UV irradiation induces alloantigen-specific
CD4+ T regulatory type 1 cells, and that IL-10 plays an important role for this induction.
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Background

Ultraviolet (UV) light, especially the mid-wave range (UV-B,
280-320 nm), is an important environmental factor that af-
fects human health [1-5]. Although primary carcinogene-
sis is the most common problem, UV irradiation impairs im-
mune responses to oncologic and infectious antigens [1,4,6].
Paradoxically, immunosuppressive effects induced by UV irra-
diation may have therapeutic potential for autoimmune dis-
eases or host-versus-graft rejection [1,3,4,7-12]. Thus, UV-B
irradiation is associated with clinical benefits.

Immunosuppressants have revolutionized clinical transplantation,
but also cause pan-immunosuppressive effects [13]. Regulatory T
cells (Tregs) are important in immunity [14-17], and alloantigen-
specific immunosuppression is critical for organ transplantation
[7,10,16,18-20]. To date, our group has focused on applications
of UV irradiation [21-25]. To induce alloantigen-specific Tregs,
high-dose UV-B irradiation accompanied by alloantigen immuni-
zation is required [5,7,10,11,26-29]. In the late 1980s, many stud-
ies reported that antigen-specific Tregs were induced by high-
dose UV-B irradiation before antigen immunization {7,10,11,26],
because it was thought that UV irradiation-induced alternation/
modulation of antigen-presenting cell (APC) functions were re-
quired for antigen-specific Treg induction [1,7,10,26,29-32].

The focus of our research group is to assess the application of
alloantigen-specific immunosuppression in murine transplan-
tation models. The immune effect of UV-B irradiation after al-
loantigen immunization has not been established. Here, we
investigated the use of UV-B irradiation after alloantigen immu-
nization to induce alloantigen-specific immunosuppression, and
investigated the mechanism and phenotype of induced Tregs.

Material and Methods

Animals

UV-irradiated mice are a useful model to investigate antigen-
specific immunosuppression [7,10]. C57BL/6 (B6, H-2"), (BALB/
(:xC57BL/6)F1 (CBF1, H-2"4), and (C57BL/6><C3H/HeN)F1 (B6C3F1,
H-2"%) mice were obtained from Japan SLC (Hamamatsu, Japan).
These mice were maintained in a specific pathogen-free facili-
ty for laboratory animals at Mie University Graduate School of
Medicine in accordance with institutional guidelines for animal
welfare. To unify age and sex, 6-week-old female mice were
used at the time of the first experimental procedure.

Study design and ethical approval

Study design is summarized in Figure 1. Although graft-ver-
sus-host disease is intractable in the field of bone marrow

transplantation, host-versus-graft reaction and systemic im-
munoresponse are important for organ transplantation. Here,
we mainly focused on organ transplantation to reduce post-
transplant rejection. Therefore, we set a semi-allogeneic com-
bination (not a full-allogeneic combination) in the model with
delayed-type hypersensitivity (DTH). All experimental proce-
dures, including animal care, were approved by the Ethics
Review Committee for Animal Experimentation of Mie University
Graduate School of Medicine (No. 3106), based on the Ethics
Guidelines of the Declaration of Helsinki.

Immunization with alloantigen

Spleens were removed from naive CBF1 mice (H-2%9).
Splenocytes were freshly isolated, and resuspended in phos-
phate-buffered saline (PBS). A total of 2x107 cells/0.5 ml of
single-cell splenocytes were intravenously injected into indi-
vidual age- and sex-matched naive B6 mice (H-2%) via the lat-
eral tail vein.

Immunization with dendritic cells

Bone marrow-derived mature dendritic cells (DC) were obtained
from naive CBF1 mice (H-2*9). Both thighbones were flushed
with Hanks’ solution to obtain bone marrow cells. Red blood
cells and T cells were depleted by sorting system (Dynal mag-
netic beads, Invitrogen, Life Technologies, Carlsbad, CA, USA).
Culture medium comprised complete Roswell Park Memorial
Institute (RPMI) medium (RPMI 1640, Nissui Pharmaceutical
Co., Taito, Tokyo, Japan) supplemented with 10% fetal calf
serum (FCS) (JRH Biosciences, Lenexa, KS, USA) and 0.5 mM
2-mercaptoethanol (2-ME). Sterile flat-bottomed 6-well plates
(Nunclon™ ASurface, Sigma-Aldrich, St. Louis, MO, USA) were
used for cell culture. A total of 6x106 cells/3 ml/well were cul-
tured at 37°C. Granulocyte-macrophage colony-stimulating
factor (GM-CSF) (500 U/0.5 ml) was added. Medium change
and GM-CSF addition were performed on days 1-3, 5, and 7.
Mature DC were obtained at day 8 by cell sorting (AutoMACS
program; Miltenyi Biotec Inc., Auburn, CA, USA). Expression
of MHC class Il and CD11c were analyzed by flow cytometry,
and the purity of DC was maintained at >90%. Age- and sex-
matched naive B6 mice (H-2° were immunized by intravenous
injection of mature DC (2x10° cells/0.5 ml/mouse).

UV-B irradiation after alloantigen immunization

One week after alloantigen immunization, immunized B6 mice
received UV-B irradiation. The UV source was a bank of 3 unfil-
tered UV lamps (UVP Inc., Upland, CA, USA) with an emission
spectrum in the UV-B range (280-320 nm). The mean UV-B
irradiation was 2372 mj/cm?/h. A 10-cm? area of the ventral
skin was carefully shaved without injury to the abdominal
wall. To prevent unevenness of UV-B irradiation, the feet of
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Figure 1. Study design. (A) Naive B6 mice (H-2%)
were intravenously immunized with

42" /d) i

splenocytes from naive CBF1 mice

CBF1 (H- Transplantation with skin or cardiac allografts |
Splenocytes | Harvest of splenic (D4™T cells |
B6 (H-2)

UV-B 40 k)/m?

CBFT (H-274)
Spienocytes

- UV-BAO KM

B6(H-2)

(H-2%4) (2x107 cells/0.5 ml/mouse).
Immunized B6 mice received UV-B
irradiation at a dose of 40 kj/m2 At
4 weeks after UV irradiation, harvest
of splenic CD4*T cells and allograft
transplantations were performed. (B)
Splenic CD4*T cells were purified from
immunized and UV-irradiated mice at
4 weeks after UV irradiation. These
CD4*T cells were transferred into
age- and sex-matched naive B6 mice.
Transferred mice received allografts
immediately.

‘Skin transplantation |
(BF1 graft( H-2bd)
£/B6C3F1 graft (H-22%)
5 &/»
Swks - m

3 B6 graft (H-2")

E Heart transplantatlon }

B6 graft (H-2%)
7 (BF1 graft (H- Zb/"g
e B6C3F1 graft (H-2°%)

anesthetized mice were fixed to a metallic halftone plate by
silk threads. Thus, the shaved abdominal wall was sufficient-
ly extended and exposed equally to the UV lamps. The backs
of mice, which were required for graft beds, were protected
from UV irradiation.

Cell preparation of stimulator cells

To prevent cytokine release from stimulator T cells and prolif-
eration of the stimulator T cells themselves, X-irradiated and
T cell-depleted single splenocytes from naive CBF1 (H-29) and
B6C3F1 (H-2*%) mice were prepared. To deplete T cells, single
splenocytes were incubated with anti-Thy1.2 magnetic beads
(Anti-Mouse CD90.2 [Thy-1.2] Particles-DM; BD Biosciences,
Franklin Lakes, NJ, USA), and the procedures for T cell deple-
tion were performed using a sorting system (BD IMag system;
BD Biosciences). T cell-depleted single splenocyte suspensions
were X-irradiated at a dose of 28 Gy.
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Mixed lymphocyte reactions

One-way allogeneic mixed lymphocyte reactions (MLR) were
performed as proliferation assays in sterile flat-bottomed 96-
well plates for 96 h at 37°C. All cultures were set up in triplicate.
Culture medium comprised complete RPMI medium supplement-
ed with 10% FCS, 0.5 mM 2-ME, and streptomycin. Unfractionated
single splenocytes from B6 mice (5x10° cells) were cultured with
either CBF1 or B6C3F1 stimulator cells (5x10° cells) in a total vol-
ume of 250 pl of culture medium in 96-well plates for 96 h at
37°C. The cultures were pulsed with 1 uCi/well of [*H]-thymidine
for the last 12 h of a 96-h culture and harvested onto glass fi-
ber filters. Proliferation was measured by [>H]-thymidine incor-
poration using liquid scintillation counting (counts per minute).

Skin transplantation

A whole-layer graft of tail skin was transplanted onto graft
beds on the backs of recipient mice by microsurgery (x16
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Figure 2. Purities of sorted CD4*T cells. Sorted splenic CD4*T cells routinely contained >95% of CD4*T cells (red).

magnification). Skin grafts were harvested from age- and
sex-matched donor mice. All grafts were unified to an area of
10x5 mm to allow the quantitative uniformity of alloantigens.
Under anesthesia, a syngeneic graft was transplanted onto the
left- side back, while an allogeneic graft was grafted onto the
right-side back. Transplanted grafts were wrapped in a ster-
ile bandage with an antibiotic ointment. Transplanted recipi-
ent mice were placed in separate cages to avoid scratching of
transplanted grafts by cage mates. They were fed with a sup-
ply of Ringer’s lactate solution. Transplanted grafts were mon-
itored every day after bandage removal at day 7. Graft rejec-
tion was defined as >90% necrosis of graft epithelium [25,33].

" Heart transplantation

As the second model, to confirm immunosuppressive effects in
vivo, heterotopic heart transplantation was employed. Cardiac
grafts were harvested from age- and sex-matched donor mice.
Cardiac grafts were ectopically transplanted to recipient mice.
Surgical procedures, including ultra-microsurgery, were de-
scribed previously [34]. Ultra-microsurgical procedures were
performed under x20 magnification (Surgical Scope M680,

Type 10445496; Leica Microsystems Inc., Bannockburn, IL,
USA). Transplanted mice were placed in separate cages, and fed
with a supply of Ringer’s lactate solution. Graft rejection was
defined as no palpable pulsation of heterotopic graft [28,35].

Cell preparation of splenic CD4"T cells

To prepare CD4*T cells, spleens were harvested from B6 mice.
Single-cell suspensions of whole splenocytes (1x107 cells)
were incubated with CD4 microbeads (CD4 [L3T4] MicroBeads;
Miltenyi Biotec, Inc.) and positively selected over separation
columns (AutoMACS program; Miltenyi Biotec, Inc.). To achieve
a high purity of CD4*T cells, splenocytes were filtrated through
the separation columns twice, although the total amount of
sorted CD4*T cells was decreased. Purities of sorted CD4*T cells
routinely contained >95% CD4'T cells (Figure 2).

Mixed lymphocyte cultures (MLC)
Culture medium comprised complete RPMI medium sup-

plemented with 10% FCS and 0.5 mM 2ME. Stimulator cells
from naive CBF1 and B6C3F1 mice were suspended in culture
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