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Introduction

Summary

Leptin is an adipocytokine that reduces ischemic damage in several organs
including brain and heart. STAT3 activation is a key step for the attainment of
leptin effects in various tissues. We evaluated the possible effect of leptin on
liver viability and STAT3 activation, in a rat model of ischemia-reperfusion
injury. Rat livers, flushed and stored with Belzer solution (4° C for 24 h), were
warmly reperfused (3.5 ml/min/g liver for 1 h at 37° C with O,) with Krebs—
Ringer bicarbonate. Treatment group underwent an identical protocol with the
adjunct of Leptin (10 ng/ml). Liver effluent was harvested to assess LDH and
AST output. Liver tissue was used for pSTAT3 expression (western blot and
immunostaining), optical microscopy, TUNEL, and Cell Death Detection
assays. The pSTAT3 expression was enhanced by administration of leptin. In
parallel, LDH and AST output were reduced (P = 0.04 and P = 0.02 for LDH
and AST, respectively). Optical microscopy, TUNEL, and Cell Death Detection
assay results demonstrated increased viability in livers treated with leptin in
comparison with others (Optical microscopy P = 0.02; TUNEL P = 0.01; Cell
death Detection assay P = 0.003). In conclusion, cold storage and reperfusion
with leptin reduce liver ischemia—reperfusion injury. This effect is associated
with an increased expression of pSTAT-3.

age appears to cause injury to sinusoidal endothelial cells
(SECs), whereas warm reperfusion affects both hepato-

Ischemia—reperfusion injury (IRI) is responsible for signif-
icant organ dysfunction and failure after liver transplanta-
tion (LT), liver resection, and hemorrhagic shock [1-3].
In the setting of LT, the major damages are determined
during graft cold preservation and subsequent warm rep-
erfusion at implantation. Necrosis and/or apoptosis are
the predominant mode of cell death following this proce-
dure [1].

The complex mechanisms involved in liver IRI are far
from being completely elucidated and possible factors
contributing to damage include cellular and humoral pro-
cesses, endogenous signal cascades, and others. Cold stor-

cytes and endothelial cells.

Several laboratories reported evidence for apoptotic cell
death during hepatic ischemia-reperfusion [4,5]. Accord-
ing to these studies, nearly 50% of both endothelial cells
and hepatocytes undergo apoptosis during reperfusion.

Modulation of Signal Transducer and Activator of
Transcription-3 (STAT-3) has been considered a possible
strategy to reduce IRI damage in several organs including
liver [6-8], heart [9,10], and intestine [11]. Under appro-
priate stimuli, STAT-3 undergoes phosphorylation and
translocation in the nucleus where it enhances expression
of survival and antiapoptotic genes [12-18]. In this
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perspective, any possible factor increasing STAT-3 activity
may be interesting as a therapy against liver IRIL.

Leptin, a circulating hormone secreted by adipocytes,
influences body weight homeostasis through effects on
food intake and energy expenditure [19]. Binding of leptin
to its receptor long-form determines activation of Janus
tyrosine kinase 2 (JAK-2) and in turn phosphorylation and
activation of target proteins including STAT-3. On the
other hand, STAT-3 activation is considered a key step for
different leptin biological effects as demonstrated in exper-
imental models in which this process was suppressed by a
specific phosphopeptide STAT-3 inhibitor [20].

Given the leptin-related activation of STAT-3 and the
beneficial effect of the latter on IRI, several authors have
evaluated the role of this hormone in attenuating ischemic
damage in heart [21], brain [22,23], intestine [24,25], and
kidney [26] with encouraging results. Possible effects of
leptin on liver IRI have so far never been assessed. The aim
of this study was to evaluate the effect of leptin administra-
tion on an isolated perfused rat liver model of IRI.

Materials and methods

Animal model

Surgical procedure and cold ischemia

All procedures were in compliance with the standard
indications for animal care and treatment of our institu-
tion deriving from NIH Guide for the Care and Use of
Laboratory Animals. Male Wistar rats were obtained from
Charles River (Milan, Italy). Animals were allowed free
access to rodent food and had a 12-h day-night rhythm
before experiments. Normal control rats (n=8;
200 £ 10 g body weight) were sacrificed shortly after
anesthesia (sodium pentobarbital 50 mg/kg body weight,
intraperitoneally), the others underwent the following
protocol of IRI and treatment as previously described
[27]. The abdomen was incised and the pancreatoduode-
nal collateral branch of portal vein ligated. After systemic
heparinization, the portal vein and the inferior vena cava
were cannulated with an 18-gauge and a 16-gauge Teflon
intravenous catheter, respectively. Livers were flushed and
stored at +4° C with 50 cc of Belzer solution (control
n=10; 200 =10 g body weight), or Belzer + Leptin
10 ng/ml (treated n = 10; 200 = 10 g body weight). Livers
were then stored for 24 h at +4° C in Belzer solution
(cold ischemia time).

Warm reperfusion

Livers were reperfused for 1 h with Krebs—Ringer bicarbon-
ate (KRB) solution (NaCl 118 mm, KCI 4.8 mm, NaHCO;
25 mm, KH,PO, 12mm, MgSO, 1.2 mM, CaCl, 1.9mm, p-
glucose 5.5 mm) at 37° C, pH 7.4, gassed with O,-Co, (95—
5%) at 3.5 ml/min/g liver. Leptin was added to the perfu-
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sion media, at a physiological concentration of 10 ng/ml as
previously described by others [28,29]. Grafts were trans-
ferred into a temperature-controlled chamber. Aliquots of
effluent were harvested every 5 min to assess lactate dehy-
drogenase (LDH) release. At the end of the experiments,
tissue specimens were formalin-fixed and paraffin-embed-
ded, or snap frozen in liquid nitrogen or homogenized
before freezing at —80° C, for further analysis.

Biochemical analysis

Lactate dehydrogenase and AST were determined specto-
photometrically using a Beckman DU-640 apparatus (Ful-
lerton, CA, USA) employing commercially available kits
(Bio-Sud Spa, Riardo, Italy) and following the instruc-
tions of the vendor, as previously described [27].

Immunoblot analysis

STAT-3 and pSTAT-3 western blot analysis were conducted
as previously described [27,30]. Whole liver tissue speci-
mens were homogenized in RIPA buffer (50 mm Tris pH
7.5, 150 mm NaCl, 1% NP-40, 0.5% deoxycholic acid,
0.1% sodium dodecyl sulfate, 2 mm ethylediaminetetracetic
acid, 10 mm NaF, 10 pug/ml Leupeptin, 20 pg/ml aprotinin,
imM phenylmethylsulphonil fluoride). Proteins (50 pg)
were then resolved on a sodium dodecyl sulfate 7.5% poly-
acrylamide gel electrophoresis and blotted on a nitrocellu-
lose membrane (Bio-Rad, Hercules, CA, USA). The
membrane was blocked with a 5% solution of nonfat dry
milk in TBST (50 mm Tris, 150 mm NaCl with 0.05%
Tween 20). After overnight incubation (+4° C) with STAT-
3 or phosphorylated STAT-3 (pSTAT-3) primary antibody
in TBST, membranes were washed five times in TBST and
incubated for 1 h (room temperature) with secondary anti-
body. Excess antibody was removed by washing five times
with TBST and proteins were visualized using chemilumi-
nescence (ECL Plus Kit; Amersham Life Science, Milan,
Italy). The intensity of bands was evaluated by scanning
video densitometry employing a Chemilmager 4000 low
light imaging system (Alpha Innotech Corp, San Leandro,
CA, USA).

Immunostaining

Frozen sections (5 pm) from three separate experiments
were fixed in absolute methanol (30 min at —20° C), and
washed three times in phosphate-buffered saline (PBS)
(pH 7.4). Sections were then blocked with 10% serum,
0.5% bovine serum albumin, and 0.5% of Triton X-100 in
PBS for 30 min. Slides were washed again with PBS three
times for 5 min and incubated overnight with primary
antibody. After washing with PBS, slides were incubated
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with a biotin-labeled secondary antibody (Dako Italia,
Milan-Italy) for 1 h at room temperature. A peroxidase-
labeled avidin-biotin complex with diaminobenzidine was
used as a substrate for the reaction. Sections were washed
again with PBS, a coverslip was mounted, and sections
were examined under the microscope (BX 40; Olympus
Optical Co., Milan, Italy). The number of p-STAT-3 posi-
tive cells per field was evaluated under a 20X objective. Ten
fields for each separate experiment were examined.

Optical microscopy and terminal deoxynucleotidyl
transferase dUTP Nick End Labeling (TUNEL)
assay for assessment of apoptosis

The number of apoptotic cells was assessed in formalin-
fixed paraffin-embedded liver tissue specimens. For opti-
cal microscopy, ematoxilin—eosin-stained liver sections
were examined under a 20X objective and apoptosis was
identified according to the presence of chromatin conden-
sation, cell shrinkage, and apoptotic bodies. Ten fields for
each separate experiment were examined and results were
expressed as apoptotic nuclei per field. For TUNEL assay,
we employed the In situ Cell Death Detection Kit (Roche,
Milan, Italy) according to the instructions of the vendor.
Slides were analyzed under a fluorescence microscope
(BRC 600 laser scanning confocal microscope) using as
positive controls, sections incubated with DNase I
(3000 U/ml for 10 min at room temperature). The num-
ber of apoptotic nuclei was evaluated under a 20X objec-
tive and expressed as apoptotic nuclei per field. Ten fields
for each separate experiment were examined.

Cell death detection assay

For detection of apoptotic nucleosomes, Cell Death detec-
tion ELISA assay (Roche, Milan, Italy) was employed
according to the instructions of the vendor and as previ-
ously described by others [31]. The cytoplasmic fraction
of frozen tissue lysates was analyzed using a Beckman
DU-640 apparatus. Results were expressed as absorbance
at 405 nm for g of liver.

Reagents

All reagents were from Sigma-Aldrich (Milan, Italy),
unless otherwise specified. Purified mouse anti-STAT3
and anti-pSTAT3 and secondary HRP-labeled antibody
were from Becton-Dickinson (Milan, Italy).

Statistical analysis

Data were analyzed using the NCSS 2000 software pack-
age (NCSS, Kaysville, UT, USA). Differences between
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groups were evaluated with the Student’s t-test for
unpaired data or aNova for multiple comparison groups.
A P < 0.05 was considered statistically significant.

Results

LDH and AST release during reperfusion

Sinusoidal efflux of LDH and AST (U/min X g liver) dur-
ing warm reperfusion was studied in 5-min aliquots as a
biochemical marker of cytolysis. Livers treated with
IRI+leptin exhibited a reduced cumulative LDH and AST
release in the perfusate in comparison with IRI livers
(LDH 0.6 £ 0.4 vs. 0.3 £ 0.2, P = 0.04; AST 0.4 £ 0.2 vs
0.13 £ 0.07, P =0.02). LDH and AST levels in control
livers are also reported in Fig. 1 for comparison.

STAT-3 expression and activation

STAT3 and pSTAT-3 expression were assessed by immu-
noblot analysis (Fig. 2). These experiments demonstrated
a uniform expression of STAT-3 comparing normal, IRI,
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Figure 1 Graphic representation of cumulative output of LDH and
AST in liver undergoing ischemia—reperfusion injury (IRI) and IRI+leptin.
Data on normal liver are also reported for comparison. The addition
of leptin determined a statistically significant decrease in liver enzymes
output. §Statistically significant difference (P = 0.04) between IRI+Lep-
tin and IRI. *Statistically significant difference (P = 0.02) between
IRI+Leptin and IRI.
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Figure 2 Panel a: Western blot analysis demonstrating increased
expression of pSTAT3 in liver exposed to Leptin during ischemia-rep-
erfusion injury (IRI). Normal liver served as control. In the same experi-
ments, there were no differences in the expression of STAT3. Actin
served as control. Panel b: Graphic representation of the different rate
of expression of p-STAT3. S§Statistically significant difference
(P =0.001) between IRI+Leptin and IRI.

or IRI+leptin livers. However, the expression of STAT-3
activated form p-STAT-3 was enhanced in livers undergo-
ing IRI+leptin (P = 0.001). Enhanced expression of

(@)

Leptin and liver ischemia

p-STAT-3 in IRI livers treated with leptin was also con-
firmed by immunostaining data. In fact, leptin-treated
livers showed an increased number of p-STAT-3 positive
cells in comparison with livers undergoing IRI only (IRI
3 + 1.6 vs. IRI+Leptin 35.1 * 4.4; P < 0.001).

Assessment of liver viability

Assessment of liver necrosis—apoptosis was carried out by
optical microscopy examination, TUNEL, and Cell Death
ELISA assays. Fig. 3 shows the comparative results
obtained by optical microscopy and TUNEL assay in nor-
mal, IRI, and IRI+leptin livers. Leptin pretreatment deter-
mined a relevant reduction in nonviable cells in
comparison with control IRI, that was evidenced by both
optical microscopy and TUNEL assay (P = 0.02 and
P =0.01 for optical microscopy and TUNEL, respec-
tively). These results were corroborated by the reduced
levels of histone-containing DNA fragments in cytoplas-
mic fraction of IRI livers treated with leptin (Fig. 4).

Discussion

Different approaches are currently being investigated to
minimize liver IRI. These may be divided into surgical or
pharmacological strategies [32]. With regard to the latter,
the use of antioxidant, vasoactive, or anti-inflammatory
drugs has been tested with encouraging, but not conclu-
sive results, also in humans.

Recently, adipocytokines, peptide hormones produced
by adipose tissue, are gathering a growing interest because
of their relationship with ischemic damage in cardiac
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Figure 3 Optical microscopy (panel a, b, and ¢) and Terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) observations (panel d,
e, and f) illustrate the net reduction in nonviable cells (red arrows for optical microscopy, nuclear staining for TUNEL) in liver undergoing ische-
mia—reperfusion injury (IRI) with the addition of Leptin in comparison with those exposed to IRl only. Normal liver served as control. The graph rep-
resents the number of positive cells x field (10 fields were evaluated for each separate experiment). §Statistically significant difference (P = 0.02)
between IRI+Leptin and IRI. *Statistically significant difference (P = 0.01) between IRI+Leptin and IRI.
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Figure 4 Cell Death Detection Assay results showing a statistically
significant reduction in DNA fragmentation in liver undergoing ische-
mic—reperfusion injury (IR) with the adjunct of leptin in comparison
with those exposed to IRl only. Normal liver served as control. §Statis-
tically significant difference (P = 0.003) between IRI+Leptin and IRI.

muscle [33]. Among them, leptin was evaluated as a pos-
sible cytoprotective and antiapoptotic hormone in various
tissues exposed to ischemic damage. Different studies,
conducted in various tissues such as brain [34], intestine
[35], and heart [21], underscore the beneficial role of lep-
tin administration in reducing ischemic cellular damage.

In regard to the liver, a few studies conducted on stea-
totic genetically leptin-deficient mice have supported an
increased graft damage after IRI [36,37]. More recently,
another study investigated fluctuations of endogenous
leptin levels in a rat model of 70% liver IRI [38].
Although the author suggested a possible protective role
of leptin in this setting, given the increased serum level of
this hormone during ischemic damage, no data were
shown to support this hypothesis.

With this background, we sought to evaluate, in a rat
model of liver IRI, the possible effects of cold storage and
reperfusion with leptin. Our results are the first demon-
stration that: (i) exposing the liver to leptin during IRI
increases tissue viability; (ii) this phenomenon is associ-
ated with an enhanced expression of STAT3 in its phos-
phorylated—activated form.

The role of STAT3 activation in cellular protection and
proliferation has been well documented. As regards the
liver, IRI-induced apoptosis was demonstrated to be
inhibited in primary hepatocyte cultures by STAT-3,
probably with a mechanism involving manganese super-
oxide dismutase (Mn-SOD), a scavenger of reactive oxy-
gen species [39]. However, other mechanisms may
contribute to leptin cytoprotection during IRI, at least in
cardiac muscle, such as modulation of mitochondrial
potential changes and cytochrome C release [40].

Another interesting effect that might have an impor-
tance as regards the liver is the leptin-related protection
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from lipotoxicity [33]. The latter is a damage modality
related to lipid overload in tissue as probably observed in
non-alcoholic-steato-hepatitis (NASH) in humans and
seems to be related to fatty acids-induced cell damage
[41]. Lipotoxicity is characteristic of leptin deficiency sta-
tus. In this perspective, it is possible to hypothesize that
the use of leptin may protect steatotic marginal grafts
from the widely reported increased IRI, thus allowing
their use for LT in humans, a use for which they are usu-
ally excluded. However, this consideration remains specu-
lative at this stage.

The possible contribution of oncotic necrosis or apop-
tosis in IRI of the liver is controversial [42—44]. Although
some authors suggest oncotic necrosis to be the main
modality of cell death during IRI of the liver [43], the
complex process at the basis of the cellular insult suggests
that these two death modalities may share a similar
mechanism in this setting. In addition, liver damage dur-
ing IRI is supported by two different phases: cold ische-
mia and warm reperfusion that may contribute differently
to the onset of necrosis or apoptosis in the liver. Given
the complexity of damage in this setting, and even though
the net differentiation between cellular necrosis and apop-
tosis was behind the scope of this study, we decided to
employ different and alternative methods to evaluate the
viability of the liver.

First, we assessed cell necrosis monitoring LDH and AST
levels during liver reperfusion, demonstrating that cold
storage and reperfusion with leptin reduced IRI-induced
liver enzyme release by one half. Then, we employed optical
microscopy, TUNEL assay, and cell death ELISA assay. The
first two methods were used as they are recognized as reli-
able strategies to indentify apoptotic bodies also in the
liver, the third as it detects DNA fragmentation occurring
both after apoptosis or oncotic necrosis. All tests demon-
strated a nearly 50% improvement of tissue viability in the
livers undergoing cold storage and reperfusion with leptin,
allowing us to conclude that leptin attenuates liver damage
induced by IR, acting on apoptotic as well as on oncotic
necrosis. In conclusion, our data support the findings that
cold storage and reperfusion with leptin increase liver via-
bility in a rat model of IRI. The possible extrapolation of
these findings to the clinical fields of liver resection or
transplantation in human is intriguing, but needs to be
assessed.
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