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Ischemia/reperfusion injury is a major cause of the
highly dysfunctional rate observed in marginal stea-
totic orthotopic liver transplantation. In this study,
we document that the interactions between fibronec-
tin, a key extracellular matrix protein, and its inte-
grin receptor �4�1, expressed on leukocytes, specif-
ically up-regulated the expression and activation of
metalloproteinase-9 (MMP-9, gelatinase B) in a well-
established steatotic rat liver model of ex vivo ice-cold
ischemia followed by isotransplantation. The pres-
ence of the active form of MMP-9 was accompanied by
massive intragraft leukocyte infiltration, high levels
of proinflammatory cytokines, such as interleukin-1�
and tumor necrosis factor-� , and impaired liver func-
tion. Interestingly, MMP-9 activity in steatotic liver
grafts was, to a certain extent, independent of the
expression of its natural inhibitor, the tissue inhibi-
tor of metalloproteinases-1. Moreover, the blockade
of fibronectin-�4�1-integrin interactions inhibited the
expression/activation of MMP-9 in steatotic orthotopic
liver transplantations without significantly affecting the
expression of metalloproteinase-2 (MMP-2, gelatinase
A). Finally, we identified T lymphocytes and mono-
cytes/macrophages as major sources of MMP-9 in stea-
totic liver grafts. Hence, these findings reveal a novel
aspect of the function of fibronectin-�4�1 integrin in-
teractions that holds significance for the successful use
of marginal steatotic livers in transplantation. (Am J
Pathol 2007, 170:567–577; DOI: 10.2353/ajpath.2007.060456)

Orthotopic liver transplantation (OLT) is an effective ther-
apeutic modality for end-stage liver disease. The critical
shortage of human donor livers has provided the ratio-

nale to identify methods that would allow successful uti-
lization of marginal steatotic donor grafts, which are char-
acterized by higher dysfunction rate compared with
nonsteatotic OLTs.1,2

Ischemia/reperfusion (I/R) insult, an antigen-indepen-
dent event associated with leukocyte adhesion/migration
and release of cytokines and free radicals, plays a major
role in post-I/R organ injury suffered by OLTs.3,4 Leuko-
cyte recruitment to sites of inflammatory stimulation in
liver, which is a venous-driven vascular bed with slow
flow rates, is poorly understood and may require distinct
cascade of adhesive events compared with other organs
with higher flow rates. Fibronectin (FN), a large glyco-
protein with a central role in cellular adhesion and migra-
tion, is likely a key extracellular matrix (ECM) protein
involved in these events.5

The role of FN in leukocyte adhesion, migration, and
activation has been extensively reported.6–8 Moreover,
we have previously shown that the so-called cellular FN,
which is the most potent form of FN in promoting cell
spreading and migration,9,10 is virtually absent in naı̈ve
steatotic livers, and it is expressed very early on the
sinusoidal endothelium during cold ischemia, before
steatotic OLT and leukocyte recruitment at the graft
site.11

Leukocyte transmigration across endothelial and ECM
barriers is dependent on both adhesive and focal matrix
degradation mechanisms.12 The matrix metalloprotein-
ase (MMP) family, which comprises more than 24 well-
characterized proteolytic enzymes, plays key roles in the
responses of cells to their microenvironment.13 Of the
MMPs, a specific subset, the gelatinases (MMP-2 and
MMP-9), which are characterized by fibronectin-like do-
main of three type II repeats, are responsible for the
turnover and degradation of several ECM proteins, in-
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cluding FN and type IV collagen, the major component of
basement membranes.14,15 Indeed, there is a growing
body of evidence that gelatinases play important func-
tions in processes requiring basement membrane disrup-
tion, such as tumor invasion and arthritis16–19; therefore,
it is reasonable to postulate that gelatinases may have an
important function in leukocyte recruitment at the graft
site.

We have previously shown that blockade of the inter-
actions between FN and the integrin �4�1, the integrin
receptor expressed on leukocytes, profoundly improved
liver function and recipient survival of steatotic OLTs.11

The present study shows that MMP-9 is a novel identified
player in steatotic OLT and that FN-�4�1 interactions
regulate its expression by infiltrating leukocytes.

Materials and Methods

Animals and Grafting Techniques

Genetically obese (fa�/fa�) male Zucker (230–275 g),
lean (fa/�) Zucker (260–300 g), and male Sprague Daw-
ley (250–300 g) rats were obtained from Harlan Sprague
Dawley, Inc. (Indianapolis, IN). Syngeneic OLTs were
performed using steatotic and nonsteatotic livers that
were harvested from obese Zucker and from normal
Sprague Dawley rats, respectively. Steatotic and lean
livers were then stored at 4°C in UW solution for 4 and 24
hours, respectively, before being isotransplanted into
lean Zucker or Sprague Dawley recipients. The standard
techniques of liver harvesting and orthotopic transplan-
tation without hepatic artery reconstruction were per-
formed according to the previously described Kamada’s
cuff technique and an anhepatic phase of �16 to 20
minutes.20,21 Animals were fed a standard rodent diet,
with water ad libitum, and cared for according to guide-
lines approved by the American Association of Labora-
tory Animal Care. Blood was collected for serum glutamic
oxaloacetic transaminase (SGOT) levels. Oil red O stain-
ing confirmed the high content of fat in the steatotic donor
livers, and fatty Zucker rats of 230 to 275 g body weight
have �30% (�40%) liver steatosis, which sets them as
marginal donors.

Treatment with CS1 Peptides

CS1 peptides were synthesized on a Beckman System
990 peptide synthesizer (Beckman Instruments, Inc.,
Fullerton, CA) and purified by high-performance liquid
chromatography, as described.22 The sequence of
the peptides used in the study corresponded to
the alternatively spliced CS1 variant of FN (25 mer:
DELPQLVTLPHPNLHGPEILDVPST) and has been
shown in vitro and in vivo to block the interaction be-
tween �4�1 integrin and its FN ligand.23–26 CS1 pep-
tides (500 �g/rat) were administered to livers intrapor-
tally during procurement and before OLT. In addition,
OLT recipients received a 3-day course of CS1 pep-
tides (1 mg/rat/day, i.v.) and were followed for survival
and SGOT levels. Control recipients received scram-

bled peptides or remained untreated. The chosen ther-
apeutic regimen was based on previous work, in which
CS1 peptide therapy improved function/histological
preservation of steatotic liver grafts and prolonged
their 14-day survival in lean recipients from 40% in
control to 100% in CS1-treated OLTs.11

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 H&E or Masson’s
trichrome. The previously published Suzuki’s criteria27

were modified to reflect the histological severity of I/R
injury in our OLT model. In this classification, sinusoi-
dal congestion, hepatocyte necrosis, and ballooning
degeneration are graded from 0 to 4.11 The absence of
necrosis, congestion, or centrilobular ballooning is
given a score of 0, whereas severe congestion, bal-
looning degeneration as well as �60% lobular necrosis
is given a value of 4.

OLTs were also examined serially by immunohisto-
chemistry for mononuclear cell infiltrate, activation, and
MMP detection.28 In brief, 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 endog-
enous peroxidase activity was inhibited with 0.3% H2O2

in phosphate-buffered saline (PBS). Appropriate primary
mouse antibodies against rat T cells (R73), monocyte/
macrophages (ED1), IL-2R� cells (CD25) (Harlan Bio-
products, Indianapolis, IN), cellular FN (IST-9) (Accurate
Chemical, Westbury, NY), metalloproteinase-2 (MMP-2,
gelatinase A), and metalloproteinase-9 (MMP-9, gelati-
nase B) (NeoMarkers, Fremont, CA; Oncogene, San Di-
ego, CA; and EMD Biosciences, La Jolla, CA) were
added at optimal dilutions. Bound primary antibody (Ab)
was detected using biotinylated anti-mouse IgG or bio-
tinylated anti-rabbit IgG and streptavidin peroxidase-
conjugated complexes (Dako, Carpinteria, CA). Negative
controls included sections in which the primary Ab was
replaced with either dilution buffer or normal mouse or
rabbit serum. Control sections from inflammatory tissues
known to be positive for each stain were included as
positive controls. The peroxidase reaction was devel-
oped with 3,3-diaminobenzidine tetrahydrochloride
(DAB) Substrate Kit (Vector Laboratories, Burlingame,
CA). Dual immunostaining was performed by confirming
peroxidase-based immunostaining for cellular markers
with alkaline phosphatase-based immunohistochemistry
for MMP-9. The alkaline phosphatase reaction was de-
veloped using the Vector Red Substrate Kit (Vector Lab-
oratories). The sections were evaluated blindly by count-
ing the labeled cells in triplicates within 10 high-power
fields per section. In the case of continuous labeling,
some antigens were analyzed in a semiquantitative fash-
ion where the relative abundance of each one was
judged as negative [�, little (�), moderately abundant
(��), or very abundant (���, �200 cells/10 high-power
fields].
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RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

For evaluation of cytokine and metalloproteinase gene
expression, OLTs were harvested serially, and RNA was
extracted with Trizol (Life Technologies Inc., Grand Is-
land, NY) using a Polytron RT-3000 (Kinematica AG,
Littau-Luzem, Switzerland) as previously described.30

Reverse transcription was performed using 4 �g of total
RNA in a first-strand cDNA synthesis reaction with Super-
Script II RNaseH reverse transcriptase (Life Technologies
Inc.) as recommended by the manufacturer. The cDNA
product was amplified by PCR using primers specific for
rat cytokines and �-actin as previously described29 or for
rat MMP-9, MMP-2, tissue inhibitor of metalloproteinases
(TIMP)-1, and TIMP-2, which were obtained from BI-
OMOL Research Laboratories (Plymouth Meeting, PA).
Relative quantities of mRNA were determined using a
densitometer (Kodak Digital Science 1D Analysis Soft-
ware, Rochester, NY).

Western Blot and Zymography Analyses

Snap-frozen liver tissue was immediately homogenized
as previously described.11 Protein content was deter-
mined by a colorimetric assay (Bio-Rad, Hercules, CA).

For the Western blots, 50 �g of protein in sodium
dodecyl sulfate (SDS)-loading buffer were electropho-
resed through 12% SDS-polyacrylamide gel electro-
phoresis (PAGE) and transferred to nitrocellulose mem-
branes (Bio-Rad). The gels were then stained with
Coomassie blue to document equal protein loading. The
membranes were blocked with 3% dry milk and 0.1%
Tween 20 (USB, Cleveland, OH) in PBS and incubated
with specific primary antibodies against MMP-2, MMP-9,
TIMP-1, and TIMP-2, which were purchased from two
different companies (BIOMOL and NeoMarkers). The fil-
ters were washed and then incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit anti-
bodies (Amersham, Arlington Heights, IL). After develop-
ment, membranes were stripped and reblotted with an
antibody against actin (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). Relative quantities of protein were de-
termined using a densitometer (Kodak Digital Science 1D
Analysis Software).

Gelatinolytic activity was detected in liver extracts at a
final protein content of 50 �g by 10% SDS-PAGE con-
tained 1 mg/ml gelatin (Bio-Rad) under nonreducing con-
ditions. After SDS-PAGE, the gels were washed twice in
2.5% Triton X-100 for 30 minutes each time, rinsed in
water, and incubated overnight in a development buffer
at 37°C (50 mmol/L Tris-HCl, 5 mmol/L CaCl2, and 0.02%
NaN3, pH 7.5). The gels were then stained with Coomas-
sie brilliant blue R-250 (Bio-Rad) and destained with
methanol/acetic acid/water (20:10:70). A clear zone indi-
cates the presence of enzymatic activity. Positive con-
trols for MMP-2 and MMP-9 (BIOMOL) and prestained
molecular weight markers (Kaleidoscope Prestained
Standards; Bio-Rad) served as standards. Relative quan-

tities of protein were determined using a densitometer
(Kodak Digital Science 1D Analysis Software).

Cell Culture

Murine macrophages (RAW 267) were obtained from the
American Type Culture Collection (ATCC/TIB-71; Manas-
sas, VA) and grown in Dulbecco’s modified Eagle’s me-
dium supplemented with L-glutamine (ATCC/30-2002),
10% heat-inactivated serum (FBS), 100 U/ml penicillin,
and 100 �g/ml streptomycin at 37°C, 5% CO2. RAW
264.7 cells were subcultured every 2 to 3 days when they
achieved 70 to 80% confluence, at which point they were
passed 1:3 to 1:6. Cells suspended in Dulbecco’s mod-
ified Eagle’s medium at passage 4 and at a concentration
of 1 � 106 cells/ml were cultured on FN (Biocoat; BD
Biosciences, San Jose, CA) or polylysine-coated plates.
RAW cells were placed on 24-well coated plates at 5 �
106 cells/well and incubated at 37°C, 5% CO2 for either 6
or 18 hours. For blocking experiments, cells were prein-
cubated in suspension with two independent anti-�4 an-
tibodies, clones PS/2 (IgG2b; ATCC), and (R1-2; eBio-
sciences, San Diego, CA) for 30 minutes at 37°C before
being cultured on FN-coated plates. Control rat IgG
was purchased from Sigma (St. Louis, MO). In some
experiments, FN-coated wells were pretreated with
anti-FN antibody (Chemicon International Inc., Temecula,
CA) for 30 minutes at 37°C, and unbound antibodies
were removed by washes in PBS before the addition of
untreated RAW 264.7 cells. Cell viability was always con-
firmed by trypan blue exclusion. Cells and supernatants
were collected for RT-PCR and zymography analyses,
respectively.

Statistical Analyses

Data are shown as means � SD. Statistical comparisons
between groups were performed by Prism 3.0 (GraphPad
Software, San Diego, CA) and Student’s t-test when data
had a normal distribution. P values of less than 0.05 were
considered statistically significant.

Results

CS1-Facilitated Blockade of FN-�4�1
Interactions Improved Liver Histological
Preservation and Function of Steatotic OLTs

Our earlier studies have shown that cellular FN expres-
sion is virtually absent in naı̈ve steatotic livers, and it is
up-regulated in the liver vasculature after 4 hours of cold
storage in UW solution before liver transplantation.11

Moreover, CS1 peptide therapy improved both function/
histological preservation of steatotic liver grafts and re-
cipient survival from 40% in controls to 100% in CS1-
treated OLTs.11 The present study confirms and extends
our previous observations on the beneficial role of CS1
peptide-mediated blockade of FN-�4�1 interactions. In-
deed, CS1 peptide therapy improved liver function com-

FN Interactions and Gelatinases 569
AJP February 2007, Vol. 170, No. 2



pared with respective controls; SGOT levels (IU/l) were
1667 � 186 versus 2543 � 352, P � 0.04 at day 1, and
155 � 57 versus 1300 � 180, P � 0.04 at day 7 (n �
6/group). Moreover, as we have previously shown,11 CS1
peptide-treated livers at day 1 showed good histological
preservation with only mild signs of periportal ballooning
or vascular congestion, contrasting with severally dam-
aged controls, which were characterized by disruption
of lobular architecture, significant periportal edema,
marked leukocyte infiltration, vascular congestion, and
necrosis.

CS1-Mediated Blockade of FN-�4�1
Interactions Selectively Down-Regulates MMP-9
Expression in Steatotic OLTs

Leukocyte migration across endothelial or ECM barriers
is dependent on a coordinated series of adhesion release
steps and focal matrix degradation.30 Gelatinases are
metalloproteinases known to promote the breakdown of
several matrix proteins, including FN31; thus, to deter-
mine whether CS1-facilitated blockade of �4�1-FN inter-
actions affects gelatinase expression, steatotic liver
grafts were sequentially harvested from CS1 peptide-
treated and control OLTs and analyzed at mRNA and
protein levels for MMP-2 and MMP-9 expression.

MMP-2 was highly expressed at mRNA level in naı̈ve
steatotic livers, and its expression was virtually un-
changed after transplantation in both CS1 and control

OLTs (Figure 1). On the other hand, MMP-9 mRNA ex-
pression was found virtually absent in naı̈ve steatotic
livers, scarcely detectable in CS1-treated OLTs, and
highly present in control OLTs (Figure 1). Indeed, CS1-
targeted therapy decreased liver MMP-9 mRNA expres-
sion by 4- to 10-fold compared with respective controls.
These observations were correlated at protein level by
Western blots; in fact, the lack of and modest levels of
MMP-9 protein deposition characterized naı̈ve steatotic
livers and CS1 peptide-treated livers, respectively (Fig-
ure 2). In contrast, MMP-9 was readily detected at protein
levels in control OLTs, and its expression appeared as
early as 6 hours. Indeed, with the exception of day 3, in
which we were unable to detect the 92-kd (proenzyme)
band corresponding to MMP-9 in both CS1 peptide and
control OLTs, the densitometric ratios of MMP-9 (92 kd)/
�-actin were significantly depressed in CS1-treated livers
compared with respective controls at 6 hours (0.09 �
0.08 versus 0.47 � 0.10, P � 0.001), 24 hours (0.20 �
0.14 versus 0.41 � 0.16, P � 0.01), and day 7 (0.15 �
0.11 versus 0.65 � 0.22, P � 0.01) after transplantation
(Figure 2).

CS1-Mediated Blockade of FN-�4�1
Interactions Down-Regulates MMP-9
Expression in Cold Lean Liver I/R Injury

To evaluate the efficacy of CS1 peptide therapy on down-
regulation of MMP-9 expression in an alternate model of
lean liver I/R injury, we performed OLTs using livers that

Figure 1. MMP-2 and MMP-9 mRNA expression in steatotic livers. A: MMP-2
mRNA expression was found relatively undisturbed in all studied groups at
day 1 (lanes 2 and 3), day 3 (lanes 4 and 5), and day 7 (lanes 6 and 7)
post-OLT, including naı̈ve steatotic livers (lane 1). On the contrary, MMP-9
mRNA expression, which was virtually absent in naı̈ve steatotic livers (lane
1), was found highly expressed in control steatotic OLTs (lanes 2, 4, and 6)
and only slightly expressed in CS1-treated OLTs (lanes 3, 5, and 7). B:
Densitometric analyses showed that MMP-9 mRNA expression was decreased
by 4- to 10-fold in CS1 peptide-treated OLTs compared with respective
controls. Results are presented as mean � SD (n � 5/group, *P � 0.01, **P �
0.02).

Figure 2. MMP-9 expression in steatotic OLTs. A: Western blot analysis of
MMP-9 in steatotic OLTs. MMP-9 protein levels were readily detectable in
control livers as early as 6 hours post-OLT (lane 2), and this expression was
sustained in day 7 control OLTs (lane 4). In contrast, CS1 peptide-treated
OLTs were characterized by a significant reduction in MMP-9 protein levels
at both 6 hours (lane 3) and day 7 (lane 5) post-transplantation. Naı̈ve
steatotic livers (lane 1) showed undetectable levels of MMP-9 protein. B:
Densitometric analyses showed that MMP-9 expression at protein level in
CS1-treated OLTs was significantly reduced compared with respective
controls. Results are presented as mean � SD (n � 5/group, *P � 0.01,
**P � 0.001).
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were harvested from non-steatotic Sprague Dawley do-
nors, stored at 4°C for 24 hours, and then transplanted
into syngeneic recipients. In this well-established model
of lean liver I/R injury, CS1 peptide-treated Sprague Daw-
ley recipients had a 14-day survival rate of 100%, con-
trasting with a 50% survival rate observed in the respec-
tive controls.11 CS1 peptide-treated OLTs, at 24 hours
after transplantation, showed significantly lower levels of
MMP-9 mRNA expression as compared with respective
controls (MMP-9/�-actin mRNA (0.33 � 0.19 versus
1.13 � 0.22, P � 0.005, n � 4/group). In contrast, MMP-2
mRNA expression was comparable in both CS1 peptide
and control OLTs. These results indicate that CS1-medi-
ated therapy specifically down-regulated MMP-9 in lean
OLTs, and this mechanism may have a broad application
to the overall outcome of liver transplantation.

CS1 Peptide Therapy Inhibits MMP-9 Activation
and Prevents Massive Cellular Infiltration and
Cytokine Release in Steatotic OLTs

MMP-9 exists in two forms, pro-MMP-9 (proenzyme �92
kd) and so-called active MMP-9 (�82 kd). We performed
zymography analyses of naı̈ve steatotic livers and stea-
totic liver transplants using SDS-PAGE/gelatin gels to
access enzymatic activity in the liver specimens. As
shown in Figure 4, MMP-9 activity is almost undetectable
in naı̈ve steatotic livers and is detected in modest levels
in CS1 peptide-treated OLTs. On the other hand, control
OLTs expressed considerably higher levels of MMP-9
activity (Figure 3), comparable with observations at
mRNA and protein levels. MMP-9 was particularly very
active in control OLTs at day 7 after transplantation and
was characterized by the presence of both pro-MMP-9
and MMP-9 forms (Figure 3).

Interestingly, the presence of the active form of MMP-9
(82 kd) in the day 7 control OLTs was highly correlated,
with massive leukocyte infiltration observed in these
grafts (Figure 4). CS1-treated OLTs, which lacked the
expression this form of MMP-9, showed only mild leuko-
cyte infiltration (Figure 4). Although a significant differ-
ence in myeloperoxidase (MPO) activity (3.09 � 0.78
versus 4.29 � 0.5), an index of neutrophil infiltration, was
not found, T cells (10 � 3 versus 56 � 20, P � 0.03) and
macrophages (87 � 23 versus �200) were profoundly
depressed in the CS1 peptide-treated group compared
with the respective controls at day 7 post-OLT. The intra-
graft expression of cellular FN was markedly reduced in

the 7-day CS1 peptide-treated OLTs compared with the
respective control liver grafts (Figure 4). Moreover, the
expression of several proinflammatory cytokines, at
mRNA level, such as interleukin (IL)-1� (0.95 � 0.01
versus 1.90 � 0.70, P � 0.04), tumor necrosis factor-�
(0.01 � 0.01 versus 0.41 � 0.03, P � 0.001), IL-2 (0.38 �
0.14 versus � 0.01, P � 0.004), interferon-� (0.15 � 0.21
versus 0.65 � 0.07, P � 0.04), and IL-6 (not detectable
versus 0.71 � 0.08) was also profoundly depressed in
the CS1 peptide-treated OLTs compared with respective
controls (Figure 5). Significant differences on IL-4 mRNA
(0.47 � 0.12 versus 0.52 � 0.06) expression between
treated and respective control OLTs were not observed
(Figure 5).

MMP-9 Activity Is Resistant to TIMP-1 Inhibition
in Steatotic OLTs

TIMP-1 is a natural inhibitor of MMP-9.32 TIMPs suppress
protease activity by forming high-affinity, 1:1 stoichiomet-
ric, noncovalent complexes with the active MMPs.33 In

Figure 3. Representative gelatin zymography of steatotic OLTs. Detection of
gelatinase activity in steatotic livers indicated that CS1 peptide-treated OLTs
expressed much lower levels of MMP-9 activity as compared with respective
controls. In addition, the active form of MMP-9, which was virtually unde-
tectable in CS1-treated OLTs and naı̈ve steatotic livers, was highly expressed
in control livers at day 7 post-OLT 9 (n � 3–4/group).

Figure 4. Mononuclear cell infiltration/activation and fibronectin deposition
in steatotic OLTs. Immunoperoxidase staining of T lymphocytes (A, B),
monocyte/macrophages (C, D), IL-2R� cells (E, F), and cellular FN (G, H) in
fatty liver grafts at day 7 post-OLT. Blockade of the �4�1-FN interactions (B,
D, F, H) was associated with significant decrease in intragraft infiltration of
T lymphocytes, monocytes/macrophages, and IL-2R� cells and lower levels
of FN expression compared with respective control OLTs (A, C, E, G), which
were characterized by massive leukocyte infiltration/activation and FN dep-
osition. Original magnification: �200 (A, B, E–H); �100 (C, D) (n �
5/group).
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addition to binding to the active form of MMP-9, TIMP-1
can also form complexes with pro-MMP-9.34 To unveil a
possible link between our previous results on MMP-9
activation and the presence/absence of TIMP-1 in stea-
totic OLTs, we evaluated TIMP-1 expression at both
mRNA and protein levels in our experimental settings. At
mRNA level, TIMP-1 was modestly and mildly expressed
in control and CS1-treated OLTs, respectively (Figure
6A). At protein level, TIMP-1 was virtually undetectable in
6-hour (not shown), day 1, and day 3 CS1 peptide-
treated and control OLTs. The near absence of TIMP-1
expression was also observed in day 7 CS1 peptide-
treated OLTs, contrasting with the respective controls, in
which TIMP-1 was readily detected (P � 0.001) (Figure
6B). The paradoxical availability of TIMP-1 deposition at
protein level in control steatotic OLTs at day 7, which
were characterized by high levels of MMP-9 activity (Fig-
ure 3), suggests that MMP-9 expressed by steatotic liver
grafts is somehow resistant to TIMP-1 inactivation. More-
over, it suggests that the function of TIMP-1 in steatotic
OLTs can be distinct from the classic concept that

TIMP-1 regulates physiological or pathological pro-
cesses through its ability to inhibit MMPs. A comparable
situation has been observed in cancer patients, in which
high levels of TIMP-1 were associated with poor patient
prognosis.35

Macrophages and T Cells Are Sources of
Inducible MMP-9 in Steatotic OLTs

To identify the sources of MMP-9 in steatotic OLTs, we
performed immunohistological analyses in serial cryostat
sections of CS1 peptide-treated and control grafts.
MMP-9� labeling was detected in perivascular areas as
early as 6 hours after transplantation in membranes of
infiltrating leukocytes. As shown in Figure 7, CS1 peptide-
treated OLTs were characterized by small numbers of
MMP-9� cells compared with respective controls at 6
hours (5 � 3 versus 15 � 5, P � 0.004) and 7 days (11 �
4 versus 49 � 10, P � 0.003) after transplantation. Most
of the intragraft infiltrating MMP-9� cells showed the con-
voluted nuclear morphology typical of macrophages. In
addition, we also detected MMP-9� cells with the round
nuclear shape characteristic of lymphocytes. To further
confirm our observations, we performed additional anal-
yses at 6 hours and day 7 post-OLT by double immuno-
staining using distinct antibodies against leukocyte mark-
ers and against MMP-9 and two distinct colorimetric
detection systems, peroxidase-DAB (brown) and phos-
phatase-Fast Red (red). As Figure 7 illustrates at high
magnification, single antibody-stained infiltrating mono-
cyte/macrophages/ED1� or T lymphocyte/TCR� cells
were dyed in brown (Figure 7, E and H), and single
antibody-stained infiltrating MMP-9� cells were labeled in
red (Figure 7, F and I). However, when cells were stained
in separate tissue sections, with two primary antibodies
against either combination ED1/MMP-9 (Figure 7G) or
TCR/MMP-9 (Figure 7J), these cells stained in a reddish
brown color, indicating co-cellular localization of both
markers. Altogether, these studies show that infiltrating
leukocytes, in particular monocyte/macrophages and T
lymphocytes, were sources of MMP-9 in steatotic OLTs.

Fibronectin-�4�1 Interactions Specifically Up-
Regulate MMP-9 Expression in RAW 264.7
Macrophage-Like Cells

To further support our previous in vivo observations, we
performed cell culture experiments to assess whether FN
can regulate metalloproteinase expression in vitro. We
identified macrophages as major sources of MMP-9 in
steatotic OLTs; thus, we cultured RAW 264.7 macro-
phage-like cells in FN-coated plates. The integrin recep-
tor �4�1 is expressed in �80% of RAW 264.7 cells as
evaluated by FACS (not shown). Therefore, we cultured
RAW 264.7 cells on FN-coated plates in the absence or
presence of antibodies against FN or �4 integrin. As
shown in Figure 8, cultured macrophages in fibronectin-
coated plates (lane 4) expressed higher levels of MMP-9
mRNA (�3-fold increase) compared with the respective

Figure 5. Proinflammatory cytokine gene expression in steatotic OLTs.
Proinflammatory IL-1�, tumor necrosis factor (TNF)-�, IL-2, interferon
(IFN)-�, and IL-6 expression was profoundly depressed in CS1-treated livers
compared with respective controls at day 7 post-OLT. *P � 0.04, **P � 0.001,
and ***P � 0.004 (n � 4/group).

Figure 6. TIMP-1 detection in steatotic OLTs. Top panel illustrates TIMP-1
expression at mRNA level (A) in steatotic naı̈ve livers (lane 1), and OLTs at
day 1 (lanes 2 and 3), day 3 (lanes 4 and 5), and day 7 (lanes 6 and 7) after
transplantation. Control livers (lanes 2, 4, and 6) showed higher levels of
TIMP-1 mRNA expression in particular at days 1 and 7 post-OLT (lanes 2 and
6) compared with CS1-treated OLTs (lanes 3, 4, and 5). However, at protein
level (B, bottom panel), TIMP-1 was virtually undetectable in steatotic livers
with the exception of day 7 control OLTs (lane 6), which expressed rela-
tively high levels of TIMP-1 (n � 4/group).
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control cells cultured in polylysine-coated plates (lane 3).
However, RAW cells cultured in FN-coated plates pre-
treated with anti-FN Ab (lane 5) or RAW cells incubated
with an anti-�4 Ab (lane 6) before being plated on FN-
coated plates showed significantly lower levels of MMP-9
expression, equivalent to MMP-9 levels observed in cells
cultured on polylysine-coated plates. Control IgG had no
effect on MMP-9 expression. In addition, in a similar
fashion to what was observed at the mRNA level, MMP-9
activity was also particularly increased in supernatants
from cells plated on FN in comparison with respective
control cells plated on polylysine- or antibody-treated
controls. Interestingly, MMP-2 mRNA expression was vir-
tually undetectable in RAW 264.7 cells cultured in both
polylysine and FN-coated plates (Figure 8A). Thus, these
results support our in vivo observations that FN-integrin
interactions specifically up-regulate MMP-9 expression
by mononuclear cells.

Discussion

This study provides new insights into the role of fibronec-
tin in the pathophysiology of marginal steatotic OLTs. Our
major findings are that 1) FN-�4�1 interactions up-regu-
lated the expression and activation of MMP-9 in steatotic
OLTs; 2) blockade of FN-�4�1 interactions inhibited the
expression/activation of MMP-9 without significantly af-
fecting MMP-2 expression in both steatotic and normal
OLTs; 3) expression of the active form of MMP-9 was
accompanied by massive leukocyte infiltration, extensive
FN deposition, and proinflammatory cytokine release in
steatotic liver grafts; 4) MMP-9 activation was, to a certain
extent, independent of TIMP-1 expression; and 5) infil-
trating leukocytes were the sources of MMP-9 in steatotic
OLTs.

Ischemic damage in the liver associated with leuko-
cyte adhesion/migration and release of cytokines and
free radicals plays a major role in post-I/R organ injury,
leading to a decline of liver function and to a potential
increase in organ immunogenicity, which can result in
graft loss.36 The mechanisms involved in leukocyte re-
cruitment to sites of inflammatory stimulation in liver are
far from being entirely understood. In general, leukocyte
migration across endothelial barriers or ECM proteins is
dependent on a coordinated series of adhesion release
steps and focal matrix degradation.30 However, leuko-
cyte recruitment to an organ transplant may require a
sequential cascade of adhesive and de-adhesive events
that are particular to the type of transplanted organ. FN
has been well characterized as an ECM glycoprotein that
can regulate many cellular functions, including cellular
adhesion and migration.37,38

FN can be subdivided into two forms, the soluble
plasma FN and the less soluble cellular FN. The plasma
FN that circulates in blood is in a closed, allegedly non-
active form, and most of the FN activities in the body have
been attributed to the insoluble form of FN, which exists
as part of the extracellular matrix.10,37 Cellular FN, which
is mostly absent in normal adult tissues, is present in
several matrices under tissue pathological conditions,

including organ transplantation.28 A role for FN-mediated
leukocyte migration has been previously shown by others
in skin inflammation,39 rheumatoid arthritis,40 diabe-
tes41,42 and by us in cardiac transplants.8 Cellular FN is
expressed by sinusoidal endothelial cells very early after
liver injury.43

We have shown that cellular FN was detected in the
sinusoidal endothelium after cold storage and immedi-
ately before liver transplantation, preceding leukocyte
recruitment to the graft.11 In the present study, we
showed that FN-�4�1 integrin interactions selectively up-
regulated the expression of MMP-9 in steatotic OLTs and
that this mechanism may have a broad application to
cold liver I/R injury. Indeed, FN-�4�1 integrin interactions
up-regulated MMP-9 expression in an experimental
model of normal lean OLTs as well. Moreover, we identi-
fied infiltrating leukocytes as sources of MMP-9 in stea-
totic OLTs. Within the leukocytes, monocytes/macro-
phages and T lymphocytes were found to be major
sources of MMP-9 in steatotic OLTs, in particular at 7
days after transplantation. In addition to mononuclear
leukocytes, polymorphonuclear leukocytes are also pos-
sible sources of MMP-9 in steatotic OLTs. Neutrophils,
thought for many years to express only �2 integrins, use
�1 integrins for migration into tissues44; of the �1 inte-
grins, �4 seems to have a critical role in neutrophil ad-
hesion and migration.45 Interestingly, neutrophils are
able to migrate on FN and incapable of significant migra-
tion on VCAM-1.46 The lack of a suitable antibody to
detect rat neutrophils precluded us from detecting them
by immunostaining; however, MPO activity, an index of
neutrophil infiltration, and naphthol AS-D chloroacetate
esterase assays indicated that neutrophil infiltration was
rather modest in steatotic OLTs, and it occurred predom-
inantly during the first 24 hours after transplantation.11

MPO activity in liver grafts decreased progressively after
24 hours of transplantation and by day 7 was not signif-
icantly different between CS1 peptide-treated and control
livers. In contrast, mononuclear cell infiltration and
MMP-9� leukocytes were significantly increased in day 7
control OLTs as compared with the CS1 peptide-treated
liver grafts. Therefore, neutrophils may also contribute to
a certain degree to the MMP-9 expression detected in
steatotic OLTs during the first hours after transplantation;
they do not seem to represent a major source of this
enzyme in long-term OLTs. Furthermore, these observa-
tions were supported by in vitro experiments in which
mononuclear cells cultured on FN expressed higher lev-
els of MMP-9, and disruption of cell adhesion to FN, with
either anti-FN antibodies or anti-�4�1 antibodies, signif-
icantly lowered the levels of MMP-9 expressed by the
cultured macrophages.

MMP-9 expression has been related to several patho-
logical conditions, including liver diseases. Indeed, a
correlation has been established between disease sever-
ity/progression and MMP-9 detection in the serum of
patients with various types of liver injury, including I/R
injury,47 acute allograft rejection,48 and chronic viral hep-
atitis.49 Our preliminary results in MMP-9(�/�) deficient
mice showed significantly improved liver function after
ischemic damage and also support a critical role for
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MMP-9 in the pathogenesis of liver I/R injury (A.J. Coito,
unpublished observations).

Matrix degradation is essential to leukocyte migration
across ECM proteins, not only by facilitating “matrix per-
meability,” but also by generating ECM-derived frag-
ments, which are biologically active and can be highly
chemotactic for leukocytes.50 In our settings, the pres-
ence of the active form of MMP-9 in steatotic OLTs was
correlated with massive leukocyte infiltration, suggesting
a key role for MMP-9 on leukocyte recruitment at the graft
site. That is further supported by observations in murine
models of allergen-induced airway inflammation and zy-
mosan peritonitis, which showed that MMP-9(�/�) mice
had significantly less leukocyte infiltration compared with
their corresponding wild-type littermates.51,52

In addition, MMP-9 has been implicated in release and
activation of cytokines and growth factors. In an ovarian
carcinoma model, MMP-9 and, to a lesser extent, MMP-2
are associated with increased bioavailability of VEGF.53

TGF-�, which is secreted in a latent complex where the
cytokine noncovalently interacts with a latency-associ-

ated peptide (LAP), is proteolytically activated by MMP-9
in vitro.54

Interestingly, MMP-2 was expressed at almost con-
stant levels in all studied groups, including naı̈ve fatty
livers, contrasting with MMP-9 expression and indicating
that FN-�4�1 interactions do not affect MMP-2 expres-
sion. Indeed, macrophages virtually did not express
MMP-2 in vitro, either in the presence or absence of FN.
The observations indicating that FN-leukocyte interac-
tions selectively up-regulated MMP-9 in steatotic OLTs
are highlighted by observations that only MMP-9
seems to be involved in I/R injury during human liver
transplantation.55

The role of MMP-2 expression in steatotic livers is far
from being understood, and it may be associated to more
than one function in OLTs. MMP-2 was expressed in
naı̈ve steatotic livers, which suggests that it may play a
role in the normal liver physiology. In this regard, we have
preliminary data in a mouse model of warm liver I/R injury,
in which MMP-9(�/�) livers showed significant improved
liver function as compared with MMP-9�/� livers and with
livers treated with an inhibitor that targets both MMP-2
and MMP-9 (A.J. Coito, unpublished observations). On
the other hand, high levels of MMP-256 and steatosis57

have been linked to a high susceptibility of liver fibrosis,
although the link between MMP-2 and fibrosis is likely not
simple and may require the simultaneous presence of
other profibrosis factors. Indeed, CS1-treated OLTs at
day 7, which showed increased levels of MMP-2 activity
(compared with naı̈ve livers), were characterized by min-
imal levels of fibronectin deposition. In contrast, the re-
spective control OLTs, which were also characterized by
increased levels of MMP-2 activity, showed extensive
intragraft fibronectin staining.

TIMP-1, the natural inhibitor of MMP-9,35 was up-reg-
ulated in control damaged steatotic OLTs, which were
characterized by elevated levels of MMP-9 activity
(proenzyme and enzyme) and by massive leukocyte in-
filtration. On the other hand, blockade of FN-�4�1 inter-
actions depressed TIMP-1 expression and leukocyte in-
filtration in the liver grafts. These observations were
somewhat unexpected, and they can perhaps be ex-
plained through the concept that balance between the
levels of MMP and TIMP expression mediate the level of
proteolysis by MMPs58; hence, the balance can still favor
MMP-9 proteolysis in damaged steatotic OLTs, despite
the up-regulation of TIMP-1. On the other hand, several
lines of evidence indicate that TIMP-1 is a multifunctional
protein with functions distinct from protease inhibition.
For example, TIMP-1 can stimulate cell proliferation inde-
pendently of its MMP inhibitory effect,59 raising the pos-
sibility that the pathophysiological role of TIMP-1 in stea-
totic OLTs may be unrelated to metalloproteinase

Figure 8. Gelatinase detection in RAW 264.7 macrophage-like cells. A: Rep-
resentative zymogram of RAW 264.7 cells. RAW 264.7 cells cultured on
FN-coated plates (lane 4) expressed increased levels of MMP-9 mRNA
compared with the respective control cells cultured in polylysine-coated
plates (lane 3). In contrast, MMP-9 expression was significantly depressed in
RAW cells cultured in FN-coated plates pretreated with anti-FN Ab (lane 5)
or RAW cells incubated with an anti-�4 Ab (lane 6) before being plated on
FN-coated plates. B: Densitometric ratios for MMP-9/�-actin mRNA were
significantly increased in cells cultured on FN compared with cells cultured
on polylysine, cells cultured on FN-coated plates pretreated with anti-FN Ab,
and cells incubated with an anti-�4 Ab prior being plated on FN-coated
plates (n � 4/group, *P � 0.05).

Figure 7. MMP-9� cells in steatotic OLTs. Very few MMP-9� infiltrating leukocytes were detected in CS1 peptide-treated livers (B and D) compared with
respective control OLTs (A and C) at 6 hours (A and B) and day 7 (C and D) after transplantation. Arrows denote labeled cells. To confirm the sources of MMP-9
in steatotic liver grafts, single antibody-stained infiltrating monocyte/macrophages/ED1� (E) or T lymphocyte/TCR� cells (H) were stained brown, and single
antibody-stained infiltrating MMP-9� cells were labeled in red (F and I) in serial OLT sections. However, when cells were stained with two primary antibodies
against either combination ED1/MMP-9 (G) or TCR/MMP-9 (J), these cells were stained a reddish brown color, which indicated co-cellular localization of both
markers. Original magnification: �200 (A–D); �600 (E–J) (n � 3–5/group).
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inhibition. Further experimentation is required to test this
hypothesis. Finally, it is also important to consider that
protease inhibitors, present in extracellular spaces, can
only confine the activity of leukocyte-derived proteinases
to the immediate pericellular environment but cannot pre-
vent degradation of proteins that are in close contact with
the cells.32

In summary, our studies support the view that cell
attachment to ECM proteins and subsequent degrada-
tion are related events. They emphasize an important
function for FN-�4�1-integrin interactions in the develop-
ment of I/R injury in steatotic liver grafts. Furthermore, the
beneficial effect of FN-�4�1-integrin blockade involves
several mechanisms, including selective inhibition of
MMP-9 expression on leukocytes, which is likely a key
factor in leukocyte-mediated matrix breakdown/transmi-
gration and in amplification of the inflammatory response
in steatotic OLTs. This work provides the rationale to
identify therapeutic approaches based on novel con-
cepts that would allow successful utilization of marginal
steatotic grafts.
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