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We tested a hypothesis that interactions between fi-
bronectin (FN), the major extracellular matrix com-
ponent, and its integrin �4�1 receptor is important
in the development of ischemia/reperfusion injury of
steatotic liver transplants. We examined the effect of
connecting segment-1 (CS1) peptide-facilitated block-
ade of FN-�4�1 interaction in a well-established stea-
totic rat liver model of ex vivo cold ischemia followed
by iso-transplantation. In this model, CS1 peptides
were administered through the portal vein of steatotic
Zucker rat livers before and after cold ischemic stor-
age. Lean Zucker recipients of fatty liver transplants
received an additional 3-day course of CS1 peptides
after transplant. CS1 peptide therapy significantly in-
hibited the recruitment of T lymphocytes, neutrophil
activation/infiltration, and repressed the expression
of proinflammatory tumor necrosis factor-� and in-
terferon-�. Moreover, it resulted in selective inhibi-
tion of inducible nitric oxide synthase expression,
peroxynitrite formation, and hepatic necrosis. Im-
portantly, CS1 peptide therapy improved function/
histological preservation of steatotic liver grafts, and
extended their 14-day survival in lean recipients from
40% in untreated to 100% in CS1-treated OLTs. Thus,
CS1 peptide-mediated blockade of FN-�4�1 interac-
tion protects against severe ischemia/reperfusion in-
jury experienced otherwise by steatotic OLTs. These
novel findings document the potential of targeting
FN-�4�1 in vivo interaction to increase the transplant
donor pool through modulation of marginal steatotic
livers. (Am J Pathol 2003, 162:1229–1239)

Orthotopic liver transplantation (OLT) is an effective ther-
apeutic alternative for end-stage liver disease. The criti-
cal shortage of human donor livers has provided the
rational to identify methods that would allow successful

utilization of marginal steatotic grafts. It has been not fully
elucidated as to why fatty livers exhibit a higher rate of
dysfunction and primary nonfunction after transplanta-
tion, as compared with nonsteatotic OLTs.1,2 Ischemia/
reperfusion (I/R) insult suffered by OLTs is likely to influ-
ence a preferential damage of steatotic OLTs.3,4 The
migration of leukocytes through the vascular endothelium
as well as through the extracellular matrix contributes to
I/R injury. Fibronectin (FN), a large glycoprotein with a
central role in cellular adhesion and migration, is likely a
key extracellular matrix protein involved in these events.
Indeed, a prominent feature of hepatic response to injury
is the very early production of the so-called cellular FN by
sinusoidal endothelial cells.5 The importance of FN in cell
migration and differentiation is underscored by the ob-
servation that mice made null for this extracellular matrix
component die during embryonic development.6,7 The
role of FN in leukocyte adhesion, migration, and activa-
tion has been extensively reported.8–10 FN has been
implicated in many pathological states, including cutane-
ous wounds,11 tumor metastasis,12 rheumatoid arthritis,13

cardiac allograft rejection,14,15 and liver fibrosis.5 Circu-
lating leukocytes, such as T lymphocytes, use �1 inte-
grins for adhesion and migration through endothelial cells
and through distinct tissue microenvironments.16,17 Of
the �1 integrins, �4 has a central role, first, as a matrix
receptor that binds to the alternatively spliced domain of
FN, the connecting segment-1 (CS1), second, as a hom-
ing receptor that binds to the endothelial vascular cell
adhesion molecule-1 (VCAM-1), recognizing a function-
ally different target sequence.18,19 Interestingly, �4 inte-
grin, initially thought to be restricted to mononuclear leu-
kocytes and not to be expressed on neutrophils, also
seems important in mediating neutrophil adhesion and
migration.20,21
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The mechanisms of leukocyte recruitment to sites of
inflammatory stimulation in liver, which is a venous-driven
vascular bed with slow flow rates, may require a distinct
cascade of adhesive events as compared with other
organs with higher flow rates. The present study is the
first to elucidate the significance of FN-�4�1-integrin in-
teractions in steatotic liver I/R injury. We have developed
a steatotic rat liver model of ex vivo cold ischemia fol-
lowed by syngenic OLT in which steatotic liver grafts are
characterized by severe I/R damage.22 In this model, the
blockade of FN-�4�1 integrin interactions with peptides
that mimic the CS1-splicing domain of FN, significantly
increased OLT survival rate from 40 to 100% (at 14 days).
Moreover, our findings support the critical role for FN-
�4�1-integrin interactions in the recruitment of T lympho-
cytes and neutrophils, important mediators of I/R injury,
into steatotic OLTs.

Materials and Methods

Animals and Grafting Techniques

Genetically obese (fa�/fa�) male Zucker (230 to 275 g),
lean (fa/�) Zucker (260 to 300 g), and male Sprague-
Dawley (250 to 300 g) rats were obtained from Harlan
Sprague Dawley, Inc. (Indianapolis, IN). Syngenic OLTs
were performed using fatty and lean livers that were
harvested, respectively, from obese Zucker and lean
Sprague-Dawley rats. Steatotic and lean livers were then
stored at 4°C in University of Wisconsin (UW) solution for
4 hours and 24 hours, respectively, before being iso-
transplanted into lean Zucker or Sprague-Dawley recipi-
ents. The standard techniques of liver harvesting and
orthotopic transplantation without hepatic artery recon-
struction were performed according to the previously
described Kamada’s and Caine’s23,24 cuff technique,
and an anhepatic phase of �16 to 20 minutes. Animals
were fed a standard rodent diet and water ad libitum and
cared for according to guidelines approved by the Amer-
ican Association of Laboratory Animal Care. Fatty Zucker
rats of 230 g to 275 g body weight have �30% (�40%)
liver steatosis, which sets them as marginal donors. Oil
Red-O staining confirmed the high content of fat in the
steatotic donor livers, contrasting with livers harvested
from lean rats in which no signs of steatosis were de-
tected (Figure 1).

Treatment with CS1 Peptides

CS1 peptides were synthesized on a Beckman System
990 peptide synthesizer (Beckman Instruments, Inc., Ful-
lerton, CA) and purified by high-performance liquid chro-
matography, as described.15 The sequence of the pep-
tides used in the study corresponded to the alternatively
spliced CS1 variant of FN (25-mer: DELPQLVTLPHPNL-
HGPEILDVPST) and have been shown in vitro and in vivo
to block the interaction between �4�1 integrin and its FN
ligand.25–30 Most of the adhesion functions mediated by
�4�1 integrin are attributed to interactions with its two
ligands, FN and VCAM-1. Although it is possible that CS1

peptide may interfere with �4�1-VCAM-1 interactions,
�4�1 integrin has been shown to have distinct ligand-
binding sites for VCAM-1 (QIDSPL) and FN (LDV),25

which suggest that CS1 peptide that binds to �4�1 does
not likely inhibit the binding by VCAM-1. Moreover, al-
though VCAM-1 and CS1-FN may share spatial overlap-
ping binding sites on �4�1, the concentration of FN pep-
tides that interfere with the �4�1-VCAM-1 binding is
several-fold higher than that required for the �4�1-FN
blockade.28 Cellular FN is almost absent in naı̈ve stea-
totic livers, and it is up-regulated very early in the liver
vasculature after cold storage and OLT (Figure 2). Based
on these observations and in our previous studies of
CS1-facilitated blockade of �4�1-FN interactions in car-
diac transplants,31 we designed a therapeutic regimen in

Figure 1. Representative Oil Red O staining in livers of lean and fatty Zucker
rats. Steatotic naı̈ve livers (B), controls (C), and CS1-treated (D) steatotic liver
grafts at day 1 after OLT were characterized by �30% macrovesicular steato-
sis, whereas lean naı̈ve livers (A) showed no signs of steatosis.

Figure 2. Cellular FN expression in steatotic livers. Cellular FN is almost
absent in naı̈ve steatotic livers (A) and it is up-regulated in the liver vascu-
lature at 4 hours of cold storage in UW solution (before OLT) (B), and at
6 (C) and 24 (D) hours after OLT (n � 4 to 5/group). Original magnifica-
tions, �200.
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which the treatment group received two doses of CS1
peptides (500 �g/rat) intraportally during procurement
and before OLT. In addition, OLT recipients received a
3-day course of CS1 peptides (1 mg/rat/day, i.v.) and
were followed for survival and sGOT levels. Control re-
cipients received scrambled peptides or remained un-
treated. Separate groups of rats were sacrificed at 6
hours, and 1, 3, 7, and 100 days after OLT, and liver
samples were collected for further analyses.

Myeloperoxidase (MPO) Assay

MPO is a naturally occurring constituent of neutrophils
and is used as a marker for neutrophil infiltration in the
liver.32 Frozen tissue is thawed and suspended in an iced
solution of 0.5% hexadecyltrimethyl-ammonium (Sigma,
St. Louis, MO) and 50 mmol/L of potassium phosphate
buffer solution (Sigma) with the pH adjusted to 5. Sam-
ples were homogenized for 30 seconds and centrifuged
at 15,000 rpm for 15 minutes at 4°C. Supernatant (0.1 ml)
is mixed in a solution of hydrogen peroxide-sodium ace-
tate and tetramethyl benzidine (Sigma). The change in
absorbance at 460 nm was measured with a Beckman
DU spectrophotometer (Beckman Institute, Fullerton,
CA). The quantity of enzyme degrading 1 �mol/L of per-
oxide per minute at 25° C per g of tissue was defined as
1 U of MPO activity.

Histology and Immunohistochemistry

Liver specimens were fixed in a 10% buffered formalin
solution and embedded in paraffin. Sections were made
at 4 �m and stained with hematoxylin and eosin (H&E).
The previously published criteria of Suzuki and col-
leagues33 was modified to reflect the histological severity
of I/R injury in our OLT model. In this classification, sinu-
soidal congestion, hepatocyte necrosis, and ballooning
degeneration are graded from 0 to 4.22 No necrosis,
congestion, or centrilobular ballooning is given a score of
0, whereas severe congestion and ballooning degener-
ation as well as �60% lobular necrosis is given a value of
4. Two pathologists blindly evaluated the histological
samples.

OLTs were also examined serially by naphthol AS-D
chloroacetate esterase staining for neutrophil infiltration
and by immunohistochemistry for mononuclear cell
(MNC) infiltrate, activation, FN deposition, nitric oxide
synthase (NOS) expression, and nitrotyrosine detec-
tion.34 Briefly, liver tissue was embedded in Tissue Tec
OCT compound (Miles, Elkhart, IN), snap-frozen in liquid
nitrogen, and stored at �70°C. Cryostat sections (5 �m)
were fixed in acetone and then endogenous peroxidase
activity was inhibited with 0.3% H2O2 in phosphate-buff-
ered saline (PBS). Appropriate primary mouse antibody
against rat T cells (R73), monocytes/macrophages (ED1),
interleukin (IL)-2R� cells (CD25) (Harlan Bioproducts,
Indianapolis, IN), inducible NOS (iNOS), endothelial NOS
(eNOS) (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-nitrotyrosine (Upstate Biotechnology, Lake Placid,
NY), and anti-cellular FN (IST-9; Accurate Chemical,

Westbury, NY) were added at optimal dilutions. Bound
primary antibody was detected using biotinylated anti-
mouse IgG and streptavidin peroxidase-conjugated
complexes (DAKO, Carpinteria, CA). Negative controls
included sections in which the primary antibody was
replaced with either dilution buffer or normal mouse se-
rum. Control sections from inflammatory tissues known to
be positive for each stain were included as positive con-
trols. The peroxidase reaction was developed with 3,3-
diaminobenzidine tetrahydrochloride (Sigma). The sec-
tions were evaluated blindly by counting the labeled cells
in triplicates by within 10 high-power fields per section. In
the case of continuous labeling, some antigens were
analyzed in a semiquantitative manner in which the rela-
tive abundance of each one was judged as �, negative;
�, little; ��, moderately abundant; and ���, �200
cells/10 high-power fields or very abundant.

RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction

For evaluation of NOS and cytokine gene expression
OLTs were harvested serially and RNA was extracted
with TRIzol (Life Technologies, Inc., Grand Island, NY)
using a Polytron RT-3000 (Kinematica AG, Littau-Luzem,
Switzerland), as previously described.35 Reverse tran-
scription was performed using 4 �g of total RNA in a
first-strand cDNA synthesis reaction with SuperScript II
RNaseH Reverse Transcriptase (Life Technologies, Inc.)
as recommended by the manufacturer. One �l of the
resulting reverse transcriptase product was used for
polymerase chain reaction amplification.

Western Blots

Protein was extracted from liver tissue samples with
PBSTDS buffer (50 mmol/L Tris, 150 mmol/L NaCl, 0.1%
sodium dodecyl sulfate, 1% sodium deoxycholate, and
1% Triton X-100, pH 7.2). Proteins (30 �g/sample) in
sodium dodecyl sulfate-loading buffer (50 mmol/L Tris,
pH 7.6, 10% glycerol, 1% sodium dodecyl sulfate) were
subjected to 12% sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis and transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA). The gel was then
stained with Coomassie blue to document equal protein
loading. The membrane was blocked with 3% dry milk
and 0.1% Tween 20 (USB, Cleveland, OH) in PBS and
incubated with specific primary antibodies against iNOS,
eNOS, BclII, Bag-1, caspase-3, and actin (Santa Cruz
Biotechnology, Santa Cruz, CA). The filters were washed
and then incubated with horseradish peroxidase donkey
anti-rabbit Ab (Amersham, Arlington Heights, IL). After
development membranes were striped and re-blotted
with an antibody against actin (Santa Cruz Biotechnolo-
gy). Relative quantities of protein were determined using
a densitometer (Kodak Digital Science 1D Analysis Soft-
ware, Rochester, NY).
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In Situ Cell Death

Apoptosis was detected by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL)
method. This tailing reaction is especially sensitive to the
type of DNA fragmentation occurring in apoptotic rather
than necrotic cell death.36 The TUNEL assay was per-
formed on 8-�m cryostat sections using the In Situ Cell
Death Detection kit (Roche Diagnostics, Indianapolis, IN)
according to the manufacturer’s protocol. TUNEL� cells
were detected under light microscopy. Terminal trans-
ferase was omitted as a negative control. Positive con-
trols were generated by treatment with DNase 1 (30 U/ml
in 40 mmol/L of Tris-�Cl, pH 7.6, 6 mmol/L MgCl2, and 2
mmol/L CaCl2 for 30 minutes).

Statistical Analysis

Statistical comparisons between groups were performed
by Prism 3.0 (Graph Pad Software Inc., San Diego, CA)
and Student’s t-test. P values of less than 0.05 were
considered statistically significant.

Results

CS1 Peptides Prolong OLT Survival and
Improve Fatty Zucker Hepatic Function

To determine the effects of CS1 facilitated blockade of
�4�1- FN interactions in an in vivo transplant setting,
OLTs were performed using steatotic livers that were
harvested and cold-stored for 4 hours before being trans-
planted into syngenic lean Zucker rat recipients. CS1
peptides were administered to donor steatotic livers dur-
ing procurement and before OLT, and an additional
3-day course of peptides was given to OLT recipients.
The in vivo blockade of �4�1-FN interactions with CS1
significantly increased the 14-day OLT survival rate. In-
deed, CS1-treated recipients had a 14-day survival rate
of 100% (10 of 10), contrasting with the respective con-
trols in which 40% (4 of 10) (P � 0.004) survived �14
days (Figure 3). With the exception of one CS1-treated
recipient that died at 33 days, apparently unrelated to
OLT, all of the remaining survived �100 days. Such a

striking improvement in the survival rate observed in the
CS1-treated OLTs correlated with improved liver function,
as measured serially by sGOT levels (Figure 4). Indeed,
sGOT levels at 6 hours (4374 � 581 versus 7179 � 1021,
P � 0.04), day 3 (830 � 130 versus 1600 � 190, P �
0.02), and day 7 (148 � 78 versus 1325 � 247, P � 0.01),
were significantly decreased after CS1 therapy, as com-
pared with respective controls. Moreover, control livers
were characterized by central vein congestion, and sev-
eral centrilobular ischemic areas with neutrophil infiltra-
tion adjacent to necrotic tissue, contrasting with CS1-
treated livers that showed only mild periportal ballooning
without significant vascular congestion or necrosis
(score: 2.7 � 0.5 versus 0.6 � 0.5, P � 0.02; day 1 after
OLT) (Figure 5). In addition, MPO activity in CS1-treated
livers at 6 hours (7.2 � 0.4 versus 9.8 � 0.9, P � 0.04)
and day 1 (5.3 � 0.5 versus 8.9 � 0.3, P � 0.008) after
transplant was also significantly decreased as compared
with respective controls (Figure 6). A few numbers of
neutrophils were detected by naphthol AS-D chloroac-
etate esterase staining in hepatic triads of all studied
livers, including naı̈ve steatotic livers. However, neutro-
phils were rarely found in the hepatic parenchyma of the
CS1-treated livers whereas in the respective controls they
were noticed in moderated numbers adjacent to necrotic
areas (Figure 6).

CS1 Peptides Protect against I/R Injury in a
Lean Syngenic OLT Model

To determine the efficacy of CS1 peptide-facilitated
blockade of �4�1-FN interactions in an alternated model
of lean I/R injury, we performed OLTs using livers that
were harvested from nonsteatotic Sprague-Dawley do-
nors, stored at 4°C for 24 hours, and then transplanted
into syngenic recipients. In this well-established model of
lean liver I/R injury, 37.5% of the untreated recipients die
within the first 48 hours after OLT.37 The in vivo CS1
peptide-facilitated therapy significantly increased the 14-
day lean OLT survival rate. Indeed, CS1 peptide-treated
Sprague-Dawley recipients had a 14-day survival rate of
100% (six of six), contrasting with the respective controls
in which only 50% (three of six) (P � 0.007) survived �14
days. The effectiveness of CS1 peptide therapy in im-
proving OLT survival was also correlated with prevention

Figure 3. Survival of steatotic OLT recipients. Lean Zucker rats were trans-
planted with livers harvested from obese Zucker donors. Steatotic livers
received a dose of CS1 peptides at the time of liver procurement and at the
time of transplantation. OLT recipients received an additional 3-day course of
CS1 peptides. Control animal survival at 14 days was 40% versus 100% in the
CS1 peptide-treated group, respectively (P � 0.004; n � 10 rats/group).

Figure 4. sGOT levels of steatotic OLT recipients. CS1-mediated blockade of
�4�1-FN interactions improved liver function as evidenced by sGOT levels.
Levels of sGOT were significantly lower at 6 hours (P � 0.04), day 3 (P �
0.02), and day 7 (P � 0.01) in the CS1 peptide-treated recipients as compared
with respective controls (n � 4 to 5 rats/group).
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of hepatocellular damage and significant improvement in
liver function as assessed by the significant decrease in
sGOT levels (1251 � 195 versus 3733 � 455, P � 0.01)
as compared with the respective lean control OLTs.

CS1 Peptide Therapy Decreases Positioning of
MNCs in Portal Areas of Steatotic OLTs

Our earlier studies have shown that infiltrating MNCs
localize selectively in FN-rich areas in rejecting cardiac
allografts.14,34 Further, we have shown that the blockade
of �4�1-FN interactions abrogates acute rejection and

decreases MNC infiltration in cardiac allografts.31 In the
present study, we evaluated the role of CS1-mediated
therapy on leukocyte infiltration in steatotic OLTs. As
shown in Figure 7 and Table 1, T-cell infiltration was
minimal in CS1-treated livers and significantly increased
in the respective controls both at day 1 (5.0 � 1 versus
12.7 � 2, P � 0.02) and day 3 (5.0 � 1.4 versus 13.7 �
3.2, P � 0.02) after OLT. Indeed, the role of CS1 peptide
therapy in depressing T-lymphocyte infiltration was ob-
served as early as 6 hours after OLT. Focal T-cell infiltra-
tion was detected near the liver microvasculature of
6-hour controls and absent in CS1-treated livers (not
shown). Macrophage infiltration was moderate to high in
both CS1-treated and control livers at day 1 (��/���
versus ���). In contrast, by day 3 after OLT, macro-
phages resumed to almost normal levels in CS1-treated
grafts whereas respective controls were characterized by
a persistent ongoing intragraft infiltration of these cells
(94.2 � 16 versus 169.0 � 20, P � 0.003). Indeed, longer
term OLT controls, such as day 7, were characterized by
massive MNC infiltrates (not shown). IL2-R, a marker of
leukocyte activation, was also found to be markedly de-
creased after CS1 peptide-targeted therapy (Figure 7,
Table 1).

CS1 Peptide Therapy Decreases iNOS
Expression by Macrophages in Steatotic OLTs

There is a growing body of evidence indicating that nitric
oxide (NO) has an important role in ischemia injury. To
determine whether CS1 peptide therapy affected endo-
thelial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iNOS) expression in steatotic OLTs, we
performed reverse transcriptase-polymerase chain reac-
tion, Western blot, and immunohistological analyses.
Hepatic sinusoidal lining cells were equally positive for
e-NOS in control and CS1-treated groups. As shown in
Figure 8, all groups expressed similar levels of e-NOS at

Figure 5. Representative histology of steatotic liver grafts harvested at day 1 after OLT. Untreated (A) and scrambled peptide-treated control (B) OLTs were
characterized by extensive centrilobular pallor and necrosis with central vein vascular congestion throughout the entire biopsy. Neutrophilic infiltration was noted
adjacent to the necrotic tissue. In contrast, CS1-treated OLTs (C) showed mild periportal and central ballooning changes with virtually absence of vascular
congestion or necrosis (n � 3 to 4/group). H&E stain; original magnifications, �100.

Figure 6. MPO activity and naphthol AS-D chloroacetate esterase staining in
steatotic OLTs. MPO activity (top) in CS1-treated livers at 6 hours (P � 0.04)
and day 1 (P � 0.008) after transplant was significantly decreased as com-
pared with respective controls. Representative naphthol AS-D chloroacetate
esterase staining at day 1 after OLT (bottom) illustrates a moderated pres-
ence of neutrophils in necrotic areas of control OLTs (A) contrasting with
virtual absence of those cells in the parenchyma of CS1-treated liver grafts
(n � 4 to 5/group). Original magnifications, �200.
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day 1 after OLT by Western blots. In contrast, untreated and
control-scrambled peptide-treated control OLTs were char-
acterized by elevated levels of iNOS expression, predomi-
nantly at day 1 after OLT, whereas CS1-treated OLTs were
associated with almost absence of iNOS induction, both at
mRNA and protein levels (Figure 8). Moreover, infiltrating
MNCs were the predominant source of iNOS expression in
injured control OLTs. Indeed, infiltrating MNCs in control

livers were moderately to highly positive for iNOS whereas
in well-preserved CS1 livers those cells were nearly iNOS-
negative (��/��� versus �/�) (Figure 8). Tumor necrosis
factor (TNF)-� and interferon (IFN)-�, two proinflammatory
cytokines known to up-regulate iNOS expression by mac-
rophages, were significantly depressed by CS1-mediated
blockade of FN-�4�1 integrin interactions in steatotic OLTs
(Figure 9).

Figure 7. MNC infiltration and activation in steatotic OLTs. Immunoperoxidase staining of T lymphocytes (A–D), monocytes/macrophages (E–H), and IL-2R�
cells (I–L) in fatty liver grafts at day 1 (A, B, E, F, I, and J) and day 3 (C, D, G, H, K, and L) after OLT. CS1-treated livers were characterized by a significant decrease
in T infiltration as compared with respective controls both at day 1 (B and A, respectively) and day 3 (D and C, respectively). Monocyte/macrophage infiltration
was moderate to high in both CS1 and control liver grafts (F and E, respectively). In contrast, at day 3, macrophages resumed to almost normal levels in CS1-treated
OLTs while remaining high in the respective controls (H and G, respectively). In addition, blockade of the �4�1-FN interactions was associated with a decrease
in intragraft IL-2R� cells (J and L versus I and K, respectively) (n � 3 to 5/group). Original magnifications, �200.

Table 1. Sequential Immunohistochemical Analysis of Infiltrating Cells in Steatotic OLTs

Days
after OLT

Immunostaining (mean � SD)

TCR� lymphocytes ED1� macrophages IL-2R� cells

Control CS1 Rx Control CS1 Rx Control CS1 Rx

1 12.7 � 2.0 5.0 � 1.0 ��� ��/��� 60.0 � 2.1 13.3 � 6.6
3 13.7 � 3.2 5.0 � 1.4 169.0 � 20.5 94.2 � 16.0 21.3 � 4.5 10.2 � 1.5

The results of immunostaining are expressed as mean � SD of data from 10 high-power fields per section per rat and three to five rats per group.
Staining was evaluated in a semi-quantitative fashion on a scale from � (weak) to ��� (strong) when continuous labeling of the antigen was
observed.
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High levels of iNOS expression have been associated
with production of peroxynitrite, a potent oxidant associ-
ated with the NO-mediated tissue damage.38 Nitric oxide
interacts in vivo with superoxide (O2�) to produce per-
oxynitrite (ONOO�), and peroxynitrite formation can be
detected by nitrotyrosine staining. In our experimental
settings, nitrotyrosine deposition was predominantly
present in moderated amounts in vascular lining cells of
control OLTs (��) contrasting with minimal deposition in
CS1-treated livers (�) (Figure 8).

CS1 Peptide Therapy Prevents Hepatic Cell
Death in Steatotic OLTs
To address a possible link between iNOS expression and
cell death, we assessed the expression of anti-apoptotic

(Bcl-2, Bag-1) and proapoptotic (caspase-3) gene prod-
ucts in OLTs by Western blots. In addition, we have also
used the TUNEL cell-staining assay to identify apoptotic
cells and H&E to detect liver necrosis. Interestingly, we
didn’t find significant differences between Bcl-2 (Bcl-2/
actin ratio, 1.1 versus 0.9), Bag-1 (Bag-1/actin ratio, 0.7
versus 0.8), or caspase-3 (p20/actin ratio, 0.5 versus 0.6;
p11/actin ratio, 0.7 versus 1.0) expression between CS1
peptide-treated and control livers at day 1 after OLT. Both
CS1-treated and control OLTs were characterized by the
presence of apoptotic cells at day 1 (Figure 10). Although
day 1 controls showed extensive labeling of TUNEL�
cells (���) (Figure 10, A and B), CS1-treated livers
presented a moderated number of cells undergoing
apoptosis (��) (Figure 10C). At later time points after
liver transplantation (days 3 and 7), TUNEL� labeling
was considerably reduced in CS1-treated OLTs (�) con-
trasting with a constant moderated to elevated presence
of TUNEL � cells in the respective control OLTs
(��/���). In an attempt to identify cell types under-
going apoptosis in steatotic liver grafts, TUNEL-labeled
tissue sections were double-labeled with antibodies
against MNCs. As shown in Figure 10D, cells undergoing
apoptosis in CS1-treated livers were in majority ED1-
positive, indicating that apoptosis occurred preferentially

Figure 8. iNOS expression and peroxynitrite formation in steatotic OLTs.
Top: iNOS expression at mRNA level in steatotic naı̈ve livers (lane 1) and
OLTs at day 1 (lanes 2 and 3) and day 3 (lanes 4 and 5) after transplanta-
tion. Control livers (lanes 2 and 4) showed high levels of iNOS mRNA
expression in particular at day 1 after OLT (lane 2). In contrast, iNOS mRNA
expression was virtually absent in naı̈ve (lane 1) and CS1-treated OLTs at
day 1 (lane 3) and day 3 (lane 5). Middle: A similar result at the protein
level. Control day 1 OLTs expressed high levels of iNOS (lanes 2 and 3)
whereas iNOS was depressed in naı̈ve fatty livers (lane 1) and day 1
CS1-treated OLTs (lanes 4 and 5). In contrast to iNOS, eNOS was expressed
in comparable amounts between control (lanes 2 and 3) and CS1 (lanes 4
and 5) OLTs at day 1. Bottom: iNOS (A and B) and nitrotyrosine (C and D)
staining in day 1 control (A and C) and CS1-treated (B and D) OLTs. iNOS
staining was highly positive in infiltrating MNCs of control OLTs and almost
absent in CS1-treated liver grafts. Nitrotyrosine staining was moderated and
mild in control and CS1-treated OLTs, respectively (n � 3/group). Original
magnifications, �200 (A and B).

Figure 9. Proinflammatory cytokine gene expression in steatotic OLTs.
TNF-� and IFN-� were highly expressed in control OLTs and markedly
depressed in CS1-treated liver grafts at day 1 (lanes 2 and 3, respectively),
day 3 (lanes 4 and 5, respectively), and day 7 (lanes 6 and 7, respectively).
Indeed the levels of these cytokines in the CS1-treated livers were compa-
rable to those from nave livers (lane 1). Bottom: The ratios of TNF-�/�-actin
(day 1, 0.23 � 0.1 versus 0, P � 0.04; day 7, 0.41 � 0.03 versus 0.01 � 0.01,
P � 0.001) and IFN-�/�-actin (day 1, 1.4 � 0.1 versus 0.8 � 0.2, P � 0.04; day
7, 3.3 � 0.4 versus 0.8 � 1, P � 0.04) in control and CS1-treated OLTs,
respectively (n � 3/group).
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in infiltrating monocytes/macrophages. We did not detect
any hepatocyte apoptosis in CS1-treated OLTs. In dam-
aged control livers, most of the TUNEL� cells were also
infiltrating macrophages, whereas only a very small num-
ber of hepatocytes were TUNEL�. However, control
OLTs were characterized by extensive hepatic necrosis
contrasting with CS1-treated livers, which had virtually no
signs of necrosis (Figure 5). Taken together those results
suggest that possible negative effects of iNOS/NO in our
steatotic liver model of I/R injury were preferentially as-
sociated to necrosis rather than apoptosis.

Discussion

We report here the results of our studies on the effects of
the blockade of �4�1-FN interactions on the develop-
ment of I/R injury in a well-established model of steatotic
OLTs. CS1 peptide-facilitated blockade of �4�1-FN inter-
actions in steatotic OLTs: 1) significantly increased the
14-day OLT survival rate from 40 to 100%; 2) ameliorated
cardinal histological features of hepatocyte injury and
improved liver function; 3) diminished intragraft MNC in-
filtration/activation and decreased MPO activity; 4) inhib-

ited TNF-� and IFN-� expression; 5) down-regulated
iNOS expression as well as peroxynitrite formation; and
6) prevented hepatic necrosis. This is the first demon-
stration that blockade of �4�1-FN interactions prevents
severe I/R insult in steatotic livers.

The deleterious role of cytokine and reactive oxygen
species released by leukocytes at the graft site has been
documented. However the mechanisms involved in the
leukocyte recruitment to sites of inflammatory stimulation
in liver are far from being entirely understood. Leukocyte
recruitment to organ transplants requires a sequential
cascade of adhesive events that may differ with the type
of organ transplanted. The observation that all of the CS1
peptide-treated liver recipients stayed alive during the
14-day survival period, with very good histological liver
preservation, strongly supports our hypothesis of a criti-
cal role for FN-�4�1 integrin interactions in steatotic liver
I/R injury. T lymphocytes have been shown to play a key
role in liver I/R injury.39,40 In our model of steatotic OLTs,
FN-�4�1 integrin blockade was associated with almost
abolition of intragraft T-cell infiltration. A role for FN-me-
diated T-lymphocyte migration has been previously
shown by others in skin inflammation41 and rheumatoid

Figure 10. Representative apoptosis in steatotic liver grafts at day 1 after OLT. Control (A and B) and CS1-treated (C and D) OLTs were characterized by an
elevated number of TUNEL� cells (brown, arrows indicate positive labeling). Most of the cells undergoing apoptosis stained also for the monocyte/macrophage
marker ED1 (D, arrows indicate double-positive brown and red labeling, and enlargements of those areas are provided in the top left inset). Only a few
TUNEL�-stained hepatocytes were detected in control OLTs (B, top left inset illustrates an enlarged TUNEL� hepatocyte). Original magnifications, �100 (A,
C, and D); �200 (B).
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arthritis,42 and by us in cardiac transplants.31,43 How-
ever, the role of the interactions between FN and its �4�1
integrin receptor on T-cell recruitment may be of partic-
ular relevance in steatotic OLTs. Indeed, infusion of a
soluble form of P selectin glycoprotein ligand-1 (sPSGL-
1), a ligand for the CD62 selectin family, failed to affect
the initial recruitment of T into steatotic OLTs (A. J. Coito,
unpublished data). Interestingly, selectins are not an es-
sential step for leukocyte recruitment into inflamed liver
microvasculature, as suggested by studies in animals
lacking both endothelial CD62E and CD62P.44 Perhaps,
lower shear rates lead to selectin-independent leukocyte
rolling and adhesion.45 Moreover, it has been shown that
steatosis decreases sinusoidal blood flow by 	50% in
humans and rats.46,47 All together, these findings high-
light the role of alternative pathways of leukocyte recruit-
ment in injured fatty livers and emphasize the role that
FN-�4�1 integrin interactions may have in steatotic OLTs.
Neutrophils, other important mediators of I/R injury,48

were also depressed by CS1 therapy. Our results support
the novel concept that �4�1 integrin is an important
mediator in neutrophil adhesion and migration.20,21,49

Surprisingly, CS1 peptide therapy was not very effective
in decreasing the initial numbers of macrophages infil-
trating steatotic liver grafts. Indeed, despite a partial
decrease in macrophage infiltration in the CS1 peptide-
treated livers, both control and CS1-treated OLTs were
characterized by elevated numbers of those mononu-
clear leukocytes at day 1 after OLT. The recruitment of
monocytes/macrophages at the graft site may in part be
mediated by FN-�4�1-independent interactions. How-
ever, the inhibition of T-cell infiltration by CS1 therapy
may have impaired the required signals leading to mac-
rophage activation in steatotic OLTs. Indeed, TNF-� ex-
pression, a marker of macrophage activation was almost
abolished in CS1-treated livers and readily expressed in
the respective controls.

The emerging evidence that nitric oxide (NO) has an
important role in ischemia injury has attracted the atten-
tion to nitric oxide synthases (NOS). There are at least
three different isoforms of NOS able to generate NO from
L-arginine. Neuronal NOS (nNOS) and endothelial NOS
(eNOS) are constitutively expressed and generate only
small amounts of NO that most of the cases are sufficient
for cell signaling.50–52 Inducible NOS (iNOS) is being
triggered in many cell types by cytokines such as TNF-�
or IFN-�, and in contrast to eNOS, generates NO in a
sustained manner for prolonged periods of time, leading
to large amounts of NO.53 Hence, we evaluated whether
or not the blockade of FN-�4�1 interactions affects the
expression of eNOS and iNOS in steatotic OLTs. Our
results indicate that blockade of FN-�4�1 interactions
selectively inhibited iNOS expression, most likely by
down-regulating TNF-� and IFN-� expression, without
affecting eNOS deposition. Moreover, the presence of
nitrotyrosine, a marker of peroxynitrite formation, in in-
jured control livers suggests that overexpression of iNOS
in this model was associated with NO release. These
observations support the concept that moderated levels
of NO might be beneficial, whereas high NO levels asso-
ciate with liver pathological conditions. Indeed, it has

been shown that iNOS expression is critical in immune-
mediated liver injury,54 and iNOS inhibition with selective
inhibitors ameliorates liver I/R injury.55 There is a growing
number of reports illustrating that iNOS and NO pro-
mote56,57 and protect against apoptosis.58,59 Interest-
ingly, we were not able to find a correlation between
apoptosis and iNOS overexpression in our experimental
model. Indeed, in both well-preserved CS1-treated livers
and damaged control livers the majority of cells under-
going apoptosis were infiltrating MNCs. Only a very few
number of hepatocytes were undergoing apoptosis in the
severely injured control livers. Instead, necrosis was the
preferential form of hepatocyte death in those livers. Con-
trol steatotic OLTs were characterized by massive necro-
sis whereas CS1-treated steatotic grafts showed nearly
no signs of necrosis. Our findings in cold ischemia and
reperfusion support and extend others in models of warm
I/R indicating that hepatocellular necrosis is the dominant
mechanism of cell death in fatty livers,60 as well as in
nonsteatotic lean livers.61 Moreover, it provides an indi-
cation of a possible iNOS/NO-mediated role on hepatic
necrosis in steatotic liver grafts.

In conclusion, this work provides evidence of a critical
role mediated by FN-�4�1 integrin interactions in the
development of I/R injury of steatotic liver grafts. CS1
peptide-facilitated blockade of FN-�4�1 integrin interac-
tions significantly inhibited T-lymphocyte and neutrophil
infiltration in steatotic OLTs, repressed the expression of
proinflammatory cytokines, and clearly improved liver
histological preservation and steatotic OLT recipient sur-
vival. Moreover, our results indicated a possible FN-�4�1
integrin-mediated up-regulation of iNOS expression and
necrosis in steatotic liver grafts. Further investigations
using this model should clarify whether necrosis in stea-
totic OLTs is indeed iNOS/NO-dependent.
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