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Biliary obstruction results in a well-characterized cho-
lestatic inflammatory and fibrogenic process; how-
ever, the mechanisms and potential for liver repair
remain unclear. We previously demonstrated that
Kupffer cell depletion reduces polymorphonuclear
cell (neutrophil) (PMN) and matrix metalloproteinase
(MMP)8 levels in repairing liver. We therefore hy-
pothesized that PMN-dependent MMP activity is essen-
tial for successful repair. Male Sprague-Dawley rats
received reversible biliary obstruction for 7 days, and
the rat PMN-specific antibody RP3 was administered 2
days before biliary decompression (repair) and con-
tinued daily until necropsy, when liver underwent
morphometric analysis, immunohistochemistry, quan-
titative RT-PCR, and in situ zymography. We found that
RP3 treatment did not reduce Kupffer cell or monocyte
number but significantly reduced PMN number at the
time of decompression and 2 days after repair. RP3
treatment also blocked resorption of type I collagen. In
addition, biliary obstruction resulted in increased ex-
pression of MMP3, MMPS8, and tissue inhibitor of met-
alloproteinase 1. Two days after biliary decompression,
both MMP3 and tissue inhibitor of metalloproteinase 1
expression declined toward sham levels, whereas
MMPS expression remained elevated and was identified
in bile duct epithelial cells by immunohistochemistry.
PMN depletion did not alter the hepatic expression of
these genes. Conversely, collagen-based in situ zymog-
raphy demonstrated markedly diminished collage-
nase activity following PMN depletion. We conclude

that PMNs are essential for collagenase activity and
collagen resorption during liver repair, and specu-
late that PMN-derived MMP8 or PMN-mediated activa-
tion of intrinsic hepatic MMPs are responsible for suc-
cessful liver repair. (4Am J Pathol 2010, 176:1271-1281;
DOI: 10.2353/ajpath.2010.090527)

Extra- and/or intrahepatic bile duct obstruction induces a
pattern of liver injury composed of bile duct epithelial cell
hyperplasia, periportal fibrosis and an inflammatory cell
infiltrate™+? that includes monocytes® and polymorphonu-
clear cells (neutrophils) (PMNs).** A number of congen-
ital and acquired illnesses result in obstruction of bile
flow, which results in cholestatic liver injury and predis-
poses adults and children to the development of hepatic
fibrosis and cirrhosis. Many studies have improved our
understanding of the molecular regulation of hepatic fi-
brosis and until recently, hepatic fibrosis was considered
to be the immobile extracellular matrix scar preceding
cirrhosis. Clinical and experimental reports have since
suggested the reversibility of liver fibrosis, but the mech-
anisms of fibrosis reversal are poorly understood. Con-
sequently, therapeutic interventions to promote resolution
of hepatic injury remain elusive.

Despite significant efforts to determine specific cellular
and molecular mechanisms of cholestatic injury and in-
trinsic repair, our understanding is still far from com-
plete.®” Current hypotheses have focused on the central
role of resident tissue macrophages or Kupffer cells
(KCs) as the key mediators of cholestatic liver injury.®-1°
Activated KCs orchestrate the up-regulation of complex
network of proinflammatory cytokines such as tumor ne-
crosis factor «, transforming growth factor B, interleu-
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kin-1, and interleukin-6 and recruit systemic macro-
phages and PMNs to the site of injury. Subsequent to KC
activation is the activation of hepatic stellate cells to
a-smooth muscle actin (a-SMA)-positive myofibroblasts,
which preferentially deposit collagen type |, leading to a
marked increase in collagen type | relative to other matrix
components in the fibrotic scar.

Successful intrinsic repair of liver fibrosis involves re-
modeling and breakdown of multiple extracellular matrix
components, with degradation of the predominant com-
ponent, collagen type-l, being particularly important for
recovery of normal liver architecture and function. Matrix
metalloproteinases (MMPs) are zinc-dependent endo-
proteinases known to digest components of the extracel-
lular matrix in a substrate-specific fashion. In the rat,
MMP8 and MMP13 are the primary collagenases capable
of digesting collagen type |. Hepatic stellate cells and
KCs, located in the sinusoids, are the primary producers
of MMP13. MMP8, also known as PMN collagenase, is
known to be localized in PMNs, chondrocytes, endothe-
lial cells, and rheumatoid synovial fibroblasts and can be
induced in circulating mononuclear phagocytes.'®

Using a rat model of biliary obstruction and decom-
pression to simulate chronic cholestatic fibrotic injury and
subsequent fibrinolytic repair we have used a strategy of
KC and PMN depletion to study the cellular and molec-
ular mechanisms involved in hepatic matrix metabolism.
We have shown that KC depletion alone does not inhibit
intrinsic repair mechanisms of fibrotic degradation. KC
depletion in conjunction with a reduction in the number of
PMNs in the liver, however, was sufficient to inhibit fibrotic
degradation. Moreover, we have also shown that fibrosis
resolution, following biliary decompression, is concurrent
with a increase in matrix metalloproteinase (MMP)8 ex-
pression and activity'>'* without a contribution from the
other main collagenase, MMP13 identified in rat liver.
These findings may suggest a more meaningful effector
role for PMNs and MMP8 in the resorption of matrix
compared with KCs and MMP 13 during repair.

Cholestatic liver injury is further characterized by an
inflammatory infiltrate that includes PMNs, which localize
to portal regions.®>'3'® The peri-portal region is a prom-
inent location of matrix deposition during injury and col-
lagen resorption during repair. Our results reveal that
unlike KC and recruited macrophage clearance from the
liver after biliary decompression, PMNs persist after de-
compression and remain elevated during repair. The
temporal association of PMNs colocalized in the portal
region of collagen fibrosis and concurrent demonstration
of elevated PMN collagenase (MMP8) gene expression
and matrix degradation activity further supports an im-
portant biological role for PMN during resolution of he-
patic fibrosis. We hypothesize that PMNs are crucial for
successful hepatic repair following cholestatic injury. To
test this hypothesis we used a unique rat model of re-
versible extrahepatic cholestatic injury consisting of bile
duct obstruction that rapidly develops fibrosis during
injury, followed by biliary decompression resulting in in-
trinsic resolution of fibrosis.'*'®” Here we report that
PMNSs are necessary for liver repair in this model. We also
show that PMN depletion results in decreased levels of

direct collagenase activity, universally considered an im-
portant component involved in resolution of fibrosis. We
conclude that PMNs are needed for successful repair
either by directly degrading collagen fibrotic matrix via
MMP8 release and activity or by activating and regulating
intrinsic hepatic collagenase degradation.

Materials and Methods

Animals

Adult male rats (225 to 250 g; Harlan Sprague-Dawley,
Indianapolis, IN) were housed in an artificial 12-hour light-
dark cycle with access to rat chow and water ad libitum
according to the National Institutes of Health publication
Guide for the Care and Use of Laboratory Animals. Experi-
ments were performed in compliance with guidelines
prescribed by the Institutional Animal Care and Use
Committee of Rhode Island Hospital and The Alpert Med-
ical School of Brown University.

Biliary Obstruction (Liver Injury)

Animals (n = 64) were divided into saline (operated; n =
27 and sham; n = 16) or treated (operated; n = 15 or
sham; n = 6) groups. Treated animals received mouse
anti-rat PMN monoclonal IgM antibody ip (RP3, a gift from
F. Sendo, Yamagata University School of Medicine,
Yamagata, Japan)'® (5 ml of supernatant; n = 21) starting
2 days before decompression (see Figure 1A). Prelimi-
nary tests revealed that 5 ml of cultured supernatant had
equivalent antibody potency to the 5 ml of ascites fluid
used in previous work.'® This dose also demonstrated
significant liver PMN depletion in preliminary experiments
in our model (discussed later; preliminary data not
shown).

The operated groups underwent bile duct loop sus-
pension surgery for biliary obstruction as described pre-
viously."”'® Briefly, animals were anesthetized with va-
porized isofluorane, weighed, and prepared for surgery.
A midline laparotomy was performed and the common
bile duct was dissected sufficiently to allow passage of a
5-cm length of silicone vessel loop (Surg-I-Loop; Scanlan
International, St. Paul, MN). A mid-segment of this loop
was premarked to 1 cm, and the ends were brought
through each side of the abdominal wall, 1 cm lateral to
the midline at the costochondral margin. The vessel loop
was stretched and sutured to the perichondrium bilater-
ally at the premarked points displacing the common bile
duct ventrally. Bile duct obstruction was verified and the
abdomen was closed. Sham-operated animals under-
went an identical laparotomy, where the common bile
duct was identified but not obstructed.

Biliary Decompression (Liver Repair)

Following 7 days of cholestasis, rats were anesthetized,
weighed, and prepared for decompression/repair. The
skin of the midline incision was opened exposing the vessel
loop. The anchoring sutures were cut, and the vessel loop



was removed allowing the bile duct to return to its decom-
pressed natural resting position, thereby re-establishing
bile flow. The abdominal skin was closed, and the ani-
mals were allowed to recover. This procedure is referred
to as decompression and the time point as day 0 of repair
(see Figure 1A).

Necropsy

Animals were necropsied following 7 days of cholestatic
injury (day 0 of repair; n = 20) or 2 days following de-
compression (day 2 of repair; n = 21); all sham-operated
groups (n = 22) were necropsied on day 0 of repair (see
Figure 1A). Rats were anesthetized and weighed, the
abdomen was opened with a U-shaped incision and the
abdominal wall was reflected superiorly. Blood and se-
rum (5 to 10 ml) was collected in K2 EDTA and clotting
enhancement collection tubes, respectively, by veni-
puncture of the inferior vena cava. Samples were sent to
Marshfield Laboratories (Marshfield, WI) for the indepen-
dent determination of Complete Blood Count with differ-
ential, liver enzymes, and bilirubin. Hepatectomy was
performed and livers were divided and processed as
follows: frozen with dry ice in optimal cutting temperature
(OCT) compound (Sakura, Torrance, CA); flash frozen in
liquid nitrogen; fixed in 10% neutral phosphate buffered
formalin (Fisher Scientific, Fair Lawn, NJ); or fixed in
formalin free zinc fixative (BD Pharmingen, San Diego,
CA). Weight, bilirubin, and liver enzymes were used as
markers of the progression of cholestatic injury and sub-
sequent repair. All animals exhibited obstruction as evi-
denced by bile duct dilatation, expected weight loss, and
hyperbilirubinemia.’® ' In the 2-day repair group, 4 rats
(of the 21 studied) did not demonstrate bile duct decom-
pression grossly by clearing of jaundice and persistent
ductal dilatation. They were excluded from the study.

Inflammatory Cell Identification and
Quantification

Formalin- and zinc-fixed tissues were embedded in par-
affin and sectioned at 7 um. Inflammatory cells were
identified for quantification using both histochemistry,
naphthol AS-D chloroacetate esterase (esterase; Sigma-
Aldrich, St. Louis, MO) specific for granulocytes,*® and
immunohistochemistry, mouse anti-rat CD68 monoclo-
nal antibody (ED17; Serotec, Raleigh, NC) specific for
the majority of macrophages®', and mouse anti-rat
CD163 monoclonal antibody (ED2*; Serotec) specific for
KCs.2"22 Liver sections, stained for ED1, ED2, or ester-
ase, were digitally imaged at X400 with a minimum of 10
fields/section, and every stained cell was counted within
the field. Results are expressed as cells per square
millimeters.

Matrix proteins, primarily collagen type |, were identi-
fied and quantified using Sirius red stained images. Sec-
tions were scanned (SprintScan 35 Plus; Polaroid, Cam-
bridge, MA) into a PowerMac G4 (Apple Computer,
Cupertino, CA) using a PathScan Enabler optical card
(Meyer Instruments, Houston, TX). NIH ImagedJ imaging
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Table 1. Primer List for Quantitative RT-PCR

Primer name Sequence
18S-Up 5'-CGAAAGCATTTGCCAAGAAT-3'
18S-Down 5'-AGTCGGCATCGTTTATGGTC-3'
MMP2-Up 5'-TCCGCGTAAAGTATGGGAAC-3'
MMP2-Down 5'-CATCACTGCGACCAGTGTCT-3'
MMP3-Up 5'-TTGTCCTTCGATGCAGTCAG-3’
MMP3-Down 5'-AGACGGCCAAAATGAAGAGA-3'
MMP8-Up 5'-CCCACCTGAGATTTGATGCT-3’
MMP8-Down 5'-GGATGCCGTCTCCAGAAGTA-3'
MMP9-Up 5'-AGGGTCGGTTCTGACCTTTT-3’
MMP9-Down 5'-ATAAAAGGGCCGGTAAGGTG-3'
MMP13-Up 5'-TGACCTGGGATTTCCAAAAG-3'
MMP13-Down 5'-ACACGTGGTTCCCTGAGAAG-3'
MMP14-Up 5'-TGGGAACTTTGACACCGTGG-3'
MMP14-Down 5'-TTGGGTATCCGTCCATCACTTG-3'
TIMP1-Up 5'-TTCCCTGGCATAATCTGAGC-3’
TIMP1-Down 5'-ATGGCTGAACAGGGAAACAC-3'
TIMP2-Up 5'-AAGATCACACGCTGCCCTAT-3'
TIMP2-Down 5'-GTGCCCATTGATGCTCTTCT-3'
aSMA-Up 5'-GACACCAGGGAGTGATGGTT-3'
aSMA-Down 5'-CTTTTCCATGTCGTCCCAGT-3'

Collagen type-
I-Up
Collagen type-

5'-GAGAGCATGACCGATGGATT-3’

5'-GCTACGCTGTTCTTGCAGTG-3'

|-Down

software (National Institutes of Health, Bethesda, MD)
was used to determine total tissue section area and col-
lagen area. Results are expressed as a percentage of
total section area.

MMP 8 Distribution and Localization

Liver sections were incubated at 4°C with polyclonal rabbit
anti-human MMP 8 (AB8115; Chemicon International, Te-
mecula, CA), followed by goat anti-rabbit IgG conjugated
to Alexa Fluor 546 (Molecular Probes, Eugene, OR) to
investigate the intrinsic hepatic protein expression of
MMP8.

Real-Time RT-PCR

Total RNA was extracted with the RNeasy Mini Kit (Qia-
gen, Valencia, CA) from liver samples flash frozen in
liquid nitrogen. RNA quality and quantity were deter-
mined using the RNA 6000 Nano LabChip kit on the 2600
BioAnalyzer (Agilent Technologies, Santa Clara, CA).
Five micrograms of total RNA was converted into cDNA
using First Strand cDNA Synthesis kit (GE Healthcare Life
Sciences, Piscataway, NJ) with random primers. The
Quantitect SYBR Green real-time PCR kit (Qiagen) was
used for all quantitative PCR and run on the Stratagene
MX4000 thermocycler. Primer sequences (Table 1) were
chosen using appropriate Genbank sequences, National
Center for Biotechnology Information (www.ncbi.nih.gov)
and Primer 3 software (Whitehead Institute for Biomedical
Research: source code available at http.//fokker.wi.mit.
edu/primer3/).2® Sequences were purchased from Inte-
grated DNA Technologies (Coralville, IA). Melting curves
validated the utility and specificity of each primer set.
Data were evaluated using the Comparative Ct Method
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Figure 1. Experimental design and indicators of injury and repair. Biliary suspension surgery was performed, and cholestatic injury occurred over the following
7 days. Saline or RP3 (5 ml/rat) was administered i.p. 2 days before bile duct decompression and continued daily until necropsy. The day of decompression is
defined here as day 0. Rats were sacrificed at day 0 and at 2 days of repair for each group (A). Measurements of the liver enzymes AST (B) and ALT (C) as well
as bilirubin (D) were significantly ("7 = 0.05) elevated following 7 days of injury and returned to sham levels following decompression. Although RP3 treatment
resulted in an apparent attenuation in injury-induced increases in AST, ALT, and bilirubin, these differences were not statistically significant. Difference scores of
presurgical weight and necropsy weight (E) show a significant (P = 0.05) weight loss following injury with a significant weight recovery following

decompression. No significant difference was noted with RP3 treatment.

(2724CY of relative quantification standardized to 18S
rBNA and are reported as fold increases over sham
controls. Because of the relative abundance of 18S rRNA,
standardizing samples were diluted 1/1000. The results
were equivalent to those obtained using glyceraldehyde-
3-phosphate dehydrogenase as an alternate reference
gene (data not shown).

In Situ Zymography

Liver tissue embedded in optimal cutting temperature
compound (OCT) and frozen was sectioned at 7 um for in
situ zymography. Frozen sections were thawed and
rinsed in Tris-buffered saline. DQ gelatin and DQ collag-
en-specific substrates (Invitrogen, Carlsbad, CA) were
diluted as per manufacturer’s instructions in agarose,
overlain on the liver sections, and coverslipped. Sections
were incubated at 4°C for 15 minutes, to solidify sub-
strate, and then placed in a 37°C humidified incubator for
12 to 36 hours. Following incubation, fluorescent images
were digitally acquired using QCapture software (Qimag-
ing, Surrey, British Columbia, Canada), a Nikon Eclipse
80i fluorescent microscope, and a Qlmaging Retiga Exi
Fast 1394 color digital camera. Regions of increased
fluorescent activity were determined and delineated the
location of active enzyme in situ.

Statistics

Data are expressed as means = SEM and were analyzed
by analysis of variance and Fisher's PSLD (protected least

significant difference) (StatView 4.1+; SAS Institute, Cary,
NC). A value of P < 0.05 was considered significant.

Results
Measuring Injury and Repair

Following 7 days of bile duct suspension, aspartate ami-
notransferase (AST), alanine aminotransferase (ALT),
and bilirubin levels all significantly increased in both sa-
line and RP3 treated animals, whereas animal weight
declined. During obstruction, stools were light and urine
was dark. After 2 days of repair, following biliary decom-
pression, AST, ALT, and bilirubin levels declined when
compared with injured and approached sham levels, and
animal weight began to recover. These results indicate
successful cholestatic injury and biliary decompression
in this model of cholestatic injury and repair (Figure 1, B-E).
Although RP3 appeared to reduce AST, ALT, and bilirubin
in injured animals, there was no significant difference from
saline-treated animals. There were no weight changes or
other physical or autopsy findings to indicate other physio-
logical changes relative to the relative neutropenia.

Assessment of PMN Depletion

Peripheral blood counts of lymphocytes, monocytes, and
PMNs in saline-treated animals increased (2.1-, 3.1-, and
4-fold over sham, respectively) following 7 days of cho-
lestatic liver injury (Figure 2A). Following 2 days of repair,
lymphocyte and monocyte counts declined to sham lev-



A Saline Cell Counts
OLymphocytes BPMN 2 Monocytes
30
25
2
§ 15
(=]
; 10
5
0
Sham
Day of Repalr
B RP3 Cell Counts
OLymphocytes BPMN B Monocytes
30

X 10’ Cells

10 m
°
0
Sham 1] 2
Day of Repair

Figure 2. Complete blood cell counts (CBCs) with differential were per-
formed on peripheral blood from all groups. Values from lymphocytes,
PMNs, and monocytes are represented in stack bar graphs. The absolute
number of lymphocytes, PMNs, and monocytes are significantly elevated
after 7 days of injury (A); however, unlike lymphocytes and monocytes, PMN
cells counts do not decline following decompression in saline treated ani-
mals. RP3 treatment (B) does not alter the injury-related increases in lympho-
cytes and monocytes; however, PMN cell counts are not different from sham
controls. Repairing animals following RP3 treatment show sustained increases in
lymphocytes and monocytes but not PMNs, which remain at sham levels.

els while the PMNs continued to increase (5.9-fold over
sham). RP3, a monoclonal antibody against PMNs, was
designed to selectively deplete circulating blood PMNs
to <100 cells/mm? without effecting monocytes and lym-
phocytes.'® RP3 treatment did not completely eliminate
circulating PMNs from peripheral blood but induced dra-
matic neutropenia early in this repair model. In RP3-
treated animals, PMN counts were reduced in both in-
jured (2.5-fold decrease versus sham) and in repairing
(2.4-fold decrease versus sham) animals when com-
pared with saline-treated controls (Figure 2B).

We next looked at the inflammatory infiltrate within the
liver to determine whether RP3 treatment was successful
in selectively depleting liver PMNs. In saline control ani-
mals, infiltrating PMNs (Figure 3A), monocytes (Figure
3B), and resident KC (Figure 3C) counts revealed signif-
icant increases in inflammatory cell counts (4.9-, 3.6,
and 2.7-fold increase over sham, respectively) following
7 days of cholestatic injury. Infiltrating monocyte and KC
populations then declined, approaching sham levels, fol-
lowing 2 days of repair. However, as we have previously
demonstrated, PMN counts remained elevated (4.3-fold
versus sham) during repair following biliary decompres-
sion. In the RP3 treatment group, however, RP3 mono-
clonal antibody significantly reduced PMN counts in
sham, injured, and repairing animals by 4.3-, 11.3-, and
7.6-fold, respectively, compared with saline controls (Fig-
ure 3A). In contrast, infiltrating monocyte and KC popu-
lations remained elevated during injury and repair in RP3-
treated animals (Figure 3, B and C). These data support
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Figure 3. Inflammatory cells of the liver. Esterase (A)-, ED1" (B)-, and ED2*
(O)-stained liver sections derived from sham, injured (day 0), and repairing
(day 2) animals treated with saline or RP3 were digitally imaged and counted.
Representative images of stained liver sections from injured animals accom-
pany each graph and illustrate staining quality (X400). The number of
esterase, ED1", and ED2" cells following cholestatic injury are significantly
(*P = 0.05) elevated when compared with saline sham controls. Declines in
ED1" and ED2™ cells following decompression are in contrast with PMN cell
counts that remain elevated. RP3 treatment significantly depletes PMNs from
with liver without depleting ED1" and ED2* cells.

the conclusion that RP3 treatment at the dose chosen
specifically depleted circulating PMNs, making the RP3-
treated animals markedly neutropenic and decreased
infiltration of circulating PMNs into the liver. RP3 treat-
ment did not impact monocyte or KC circulating numbers
or infiltration in response to bile duct obstruction.

Fibrotic Injury and Repair

Having determined that RP3 successfully depleted PMNs
from injured and repairing livers, we sought to investigate
the impact of PMN depletion during cholestatic injury and
following biliary decompression during repair by measur-
ing the progression of extracellular matrix collagen fibro-
sis by Sirius red histology. Our findings demonstrate that
PMN depletion with RP3 treatment did not alter the col-
lagen deposition in response to biliary obstruction as
evidenced by the development of fibrosis over 7 days
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Figure 4. Fibrotic repair. Representative images of Sirius red-stained liver
sections (A) derived from injured and repairing animals treated with either
saline or RP3 (X40) illustrate the data shown in the bar graph. Collagen (B)
is expressed as a percentage of total area section area. Biliary obstruction
significantly (*P = 0.05) increased the deposition of collagen both in saline-
and RP3-treated groups following 7 days of injury. Collagen content, as
measured by Sirius red, was significantly (*# = 0.05) decreased in the
saline-treated animals following decompression (day 2). RP3 treatment
blocked the decompression related decline in collagen. Measures of collagen
content were not different from injured animals and significantly (**P = 0.05)
elevated when compared with saline-treated matched controls.

compared with saline controls. (Figure 4A, top panels).
PMN depletion with RP3 treatment, however, did specif-
ically block early fibrotic degradation of the extracellular
matrix following 2 days of biliary decompression (Figure
4A, bottom panels). Sirius red measurements of percent
collagen fibrosis (Figure 4B) were similar and not sig-
nificantly different for sham- and cholestatic-injured
animals between the saline and RP3 treatment groups.
However, following 2 days of biliary decompression-
related intrinsic repair, the RP3-treated, PMN-depleted
animals demonstrated percent collagen fibrosis by
Sirius red histology that remained at injured levels
despite successful surgical biliary decompression and
the resolution of jaundice. In contrast, the intact, non-
neutropenic saline control animals after biliary decom-
pression had near complete resolution of collagen fi-
brosis (P = 0.05) (Figure 4).

Gene Expression

Finding that a significant decrease in hepatic PMNs was
accompanied by inhibited early matrix degradation, we
investigated MMPs related molecular changes that fol-
lowed biliary decompression. To consider mechanisms

whereby PMNs might influence the gene expression of
proteins important for matrix degradation during repair,
we measured the expression patterns of MMP and tissue
inhibitors of metalloproteinases (TIMPs) during periods
of cholestatic injury and repair by quantitative RT-PCR.
Expression of MMP2, MMP9, MMP13, and MMP14 were
not elevated during injury or repair nor was their expres-
sion altered by PMN depletion. TIMP2 expression was
slightly increased during injury and repair in saline treated
animals and PMN depletion resulted in only marginal
reductions during repair (Figure 5, A, D, E, F, and H).

In contrast, MMP3, MMP8, and TIMP1 gene expression
was significantly up-regulated (27.2-, 9.1-, and 30.5-fold,
respectively, compared with sham controls) during injury
(Figure 5, B, C, and G). MMP3 and TIMP1 gene expres-
sion retuned to baseline following biliary decompression-
initiated repair in both saline- and RP3-treated, PMN-
depleted animals, whereas MMP8 gene expression
remained significantly elevated in both saline (9.4-fold)-
and RP3 (15.7-fold)-treated animals (P = 0.05) (Figure 5).
A significant reduction in TIMP1 gene expression oc-
curred in PMN-depleted animals compared with saline-
treated animals following biliary decompression as well.
Interestingly, there were no significant changes in the ex-
pression of the important gelatinase MMP9 to account for
the potential changes in activation of intrinsic MMPs.

Attenuation of collagen fibrotic degradation following
RP3-mediated PMN depletion may be reconciled either
by a decreased production of degrading enzymes or by
an increase in matrix production. Because RP3 treatment
did not reduce the gene expression of the type | colla-
genase, MMP8, we investigated the expression of pro-
teins associated with increased fibrosis. a-SMA and col-
lagen type | expression were not elevated during repair
relative to saline controls (Table 2).

MMP 8 Protein Localization

To confirm the MMP 8 gene expression results, immuno-
histochemistry was used to investigate the protein distri-
bution of MMP8 during cholestatic injury. Polyclonal anti-
MMP8 antibody raised against the hinge region of MMP 8
was used to immunolocalize MMP8 in liver sections from
saline- and RP3-treated animals after 7 days of bile duct
obstructive injury. Figure 6, A-D, demonstrates double
immunofluorescent labeling of MMP8 in red and PMNs in
green from bile duct obstructed animals treated with
saline (Figure 6A) or RP3 (Figure 6B). Strong bile duct
epithelial cell concentration of MMP8 protein is labeled red
by immunofluoresence during injury whereas PMNs are
immunolabeled green. The strongest immunofluoresence is
noted in the portal tracts specifically the bile duct epithelial
cells with infiltrating PMNs colocalizing to the same region.
Faint sinusoidal immunostaining is also noted.

In Situ Zymography Gelatinase and
Collagenase Activity

Our results suggested that hepatic PMN levels impact
extracellular matrix metabolism after biliary decompres-



PMN Depletion Inhibits Liver Repair 1277
AJP March 2010, Vol. 176, No. 3

MMP2 MMP3 MMP8
18
® Josaline “*1osaline * 2 | Dsaline *
6 1mRP3 351 mRP3 ERP3 *
s 14 s § 14
12 2 12
g g 25 2
g H 510
= £ 20 =
[a ] o o8
o - 15 2
- 6
v 2 1 i
2 H 2 I
0 o I s o o o
Sham o 2 Sham [} 2 Sham o 2
Day of Repair Day of Repair Day of Repair
MMP9 . MMP13 \ MMP14
b 1
" 1osaline 15| D Saline 1 |01 Saline
6 1mRP3 ERP3 ERP3
14 14 4 14
§ 12 g 124 § 12
Q@
§ 10 g 104 é 10
o 8 a 84 o 8
] 2
- 8 2 o s 6
e g v v o
2 2 I I 2 1 Iii :
o 0 I ol
Sham o 2 Sham 0 2 Sham 0 2
Day of Repair Day of Repair Day of Repair
TIMP1 TIMP2 . o .
30 3 30 ; Figure 5. Quantitative real-time RT-PCR. MMP2
OSaline Osaline
.5 | MRP3 * 25| MRP3 (A), MMP3 (B), MMPS8 (C), MMP8 (D), MMP13 (E),
@ MMP14 (F), TIMP1 (G), and TIMP2 (H) RNA ex-
§ 20 g pression was quantified in liver homogenates de-
5 5 rived from sham, injured, and repairing animals
E 1 . E 15 following saline or RP3 treatment. Data are rela-
2w o tive to 18S expression and are given as fold in-
. s creases over saline sham. Significant increases
K A 5 over saline sham ("P = 0.05) are noted. A repre-
o o T Ii_i sents significant difference in TIMP-1 expression
Sham 0 2 Sham 0 2 (P < 0.05) from control repairing animals.
Day of Repair Day of Repair

sion (repair). Furthermore, they revealed that gene ex-
pression of matrix-degrading MMP enzymes were not
altered by PMN depletion conversely MMP8 expression
actually increased and MMP8 protein was found local-
ized to the bile duct epithelial cells. We next used gela-
tinase and collagenase-specific fluorescent substrates
for in situ zymography to demonstrate the functional ac-
tivity of matrix degradation in our model of cholestatic
injury and subsequent repair. The essential biological
activity of collagenase is necessary to localize and de-
termine whether PMN depletion altered either the distri-
bution or activity of either collagenases or gelatinases.
Gelatinase specific activity increased following 7 days
of cholestatic liver injury and remained elevated through
repair (Figure 7A). Gelatinase activity was localized pri-

Table 2. «o-SMA and Collagen Type I Expression Are Not
Elevated Relative to Saline Controls following
RP3-Mediated PMN Depletion

Group Treatment Gene Fold increase (+ SD)
Sham Saline a-SMA 1.00 £ 2.0
Sham RP3 a-SMA 0.81 £0.0
Repair Saline a-SMA 153 =20
Repair RP3 a-SMA 257 £35
Sham Saline Coll-1 1.00 £ 1.1
Sham RP3 Coll-l 0.87 £ 0.9
Repair Saline Coll-I 3.18 = 1.3*
Repair RP3 Coll-l 4.24 + 3.2%

*Different from saline sham control by ANOVA; P = 0.05.

marily to the portal tracts surrounding bile ducts and
extending into the sinusoids. Distribution of gelatinase
activity followed portal tract morphology in both injured
and repairing animals. RP3 treatment had no effect on
gelatinase activity following 7 days of cholestatic liver
injury (Figure 7B). After 2 days of repair gelatinase, ac-
tivity in RP3-treated animals remained elevated com-
pared with sham, and distribution was consistent with
that in saline-treated animals despite the RP3-mediated
attenuation of repair.

Collagenase activity essential for collagen resorption
was constrained to the boundaries of biliary epithelial
tracts of both saline (Figure 7C)- and RP3 (Figure 7D)-
treated sham animals. This activity was not evident in
saline- and RP3-treated animals during cholestatic injury;
however, strong collagenase activity was visualized
throughout the portal tracts adjacent to bile ducts only
following biliary decompression in repairing saline, PMN-
competent control animals. In contrast, significant and
marked reduction in collagenase activity was noted in the
decompressed repairing RP3-treated PMN-depleted an-
imals. The minimal level of collagenase activity detected
was at sham levels near baseline or background inten-
sity. These results suggest that PMNs are important to
collagenase, but not gelatinase activity, and that ex-
tracellular matrix degrading collagenase activity is only
successful after biliary decompression in the presence
of PMNs.
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Figure 6. MMP 8 Immunohistochemistry. Representative images of liver
sections from bile duct obstructed cholestatic-injured animals treated with
saline (A and C) or RP3 (B and D). Double immunofluoresent labeling of
MMPS (red) and neutrophils (green) demonstrate MMP8 immunostained bile
duct epithelial cells (red) and colocalized PMNs (green) in proximity (A and
B). MMP8 immunostaining confirms the bile duct hepatic source of MMP8
protein during injury. Immunofluorescent labeling is contrasted with the
nuclear counterstain 4’,6’-diamidino-2-phenylindole in C and D.

Discussion

Cholestatic liver injury from extra- or intrahepatic biliary
obstruction and the majority of liver injuries share com-
mon inflammatory cascades and progressive hepatic fi-
brogenesis that leads to end stage liver disease. Biliary
obstruction results in an increase of bile acids and toxins,
normally excreted via bile, in the liver and results in the
activation of KCs,*%7: the transformation of hepatic stel-
late cells to myofibroblasts,” 112425 the proliferation of
biliary epithelial cells and hepatocyte injury,®” 1" the
release of inflammatory cytokines,2°2° the infiltration of
circulating leukocytes,® and net collagen type | deposition
by activated myofibroblasts and infiltrating fibroblasts, pri-
marily in the sinusoids and portal triads.?*252°732 Unre-
solved, these profibrotic events lead to cirrhosis, end
stage liver disease, and often the need for transplanta-
tion.2+2933 Recent clinical and experimental evidence,
however, suggest that there is a critical time period dur-
ing which restoration of bile flow can halt or reverse
fibrosis, indicating an intrinsic hepatic capacity for re-
pair.2*2933 Unlike wound healing, which replaces normal
tissue with collagen scar, successful liver repair must be
associated with removal of collagen matrix and restora-
tion of normal hepatic architecture, hepatocyte gene
expression, and metabolic function. Numerous studies
have brought us closer to a better understanding of the
nature of liver injury and the molecular regulation of he-
patic fibrosis. Knowledge of the mechanisms that initiate
and sustain liver repair is lacking and critical to develop-
ing reliable treatments for cholestatic injury.

Gelatinase Activity
Sham 0 2

>

w Saline

@) RP3

o Saline

RP3

Figure 7. Gelatinase/collagenase in situ zymography. A: Representative
images of gelatinase activity in sham, injured, and repairing animals are
shown at both low (X40) and high magnification (X400). Arrows point
to gelatinolytic activity in and around the injured and repairing portal tracts.
B: RP3-mediated neutrophil depletion does not alter gelatinolytic activity or
localization during injury or repair. C: Collagenolytic activity in saline-treated
animals is evident (arrows) in highly restricted regions of the portal tract in
sham animals, and this activity is absent during injury. Repairing animals
show a substantial increase in collagenase activity (arrows) primarily in
apparent bile duct epithelial cells but also in individual cells within the portal
tracts. D: RP3 treatment reduces collagenase activity during repair to sham
levels. Arrowheads indicate the regions of collagenase activity which is
markedly reduced in the absence of neutrophils compared to saline controls
in C. Note there is no difference collagenase activity in sham or repaired
livers without neutrophils.

Because of limited animal models that recapitulate the
inflammatory and fibrogenic consequences of biliary ob-
struction and decompression, there have been few stud-
ies to examine the cellular and molecular mechanisms
that control hepatic matrix metabolism and net resorp-
tion. Using a unique rat model of reversible extrahepatic
cholestatic liver injury consisting of bile duct obstruction
that rapidly develops collagen fibrosis during injury, fol-
lowed by intrinsic resolution of fibrosis following release
of obstruction,’™ ™ we have focused on an understand-



ing of the cellular and molecular mechanisms involved in
hepatic matrix metabolism. It is hypothesized that the KC
plays a central role in the molecular regulation of hepatic
fibrosis, and once activated, the KC elaborates a com-
plex network of proinflammatory cytokines and cellular
chemoattractants to initiate and sustain a profibrotic
state. We further hypothesized that KCs might be the
central effector cells in resolution of biliary fibrosis. In
previous studies aimed at modifying KC function, we
have shown that KCs apparently indirectly regulate suc-
cessful resolution of collagen fibrosis repair. In prior stud-
ies, we demonstrated Gadolinium-mediated KC deple-
tion inhibited matrix degradation in repairing livers.'®'#
Remarkably, in addition to KC depletion, there was also a
reduced number of PMNs in the liver sections of repairing
decompressed livers. This reduction was significantly dif-
ferent from our previously published observations of in-
creased PMNs in normal repairing livers and led us to
consider the PMN as an effector of fibrotic repair. Moreover,
we have previously shown that in situ MMP8 or PMN colla-
genase activity correlates with the collagen matrix resorp-
tion and resolution of fibrosis seen following decompression
during repair.’ Taken together, the potential role of PMNs
during intrinsic repair following biliary decompression is yet
to be fully examined and determined. On the basis of this
previous work implicating a contribution from PMNs during
resolution of cholestatic liver injury, we aimed to deplete
PMNs to test the question of PMN involvement in liver repair
following obstructive cholestatic liver injury.

Treatment with the anti-rat PMN monoclonal antibody
RP3 was specific and proficient to maintain a neutropenic
environment in the liver during repair as evidenced by
PMN reductions in peripheral blood and depletion in the
liver without affecting monocyte or KC populations. PMN
depletion in the liver was associated with inhibition of
matrix degradation in repairing animals demonstrated by
Sirius Red histology, collagenase zymography, and in situ
zymography, supporting a role for the PMN in resolution
of hepatic fibrosis in this model.

Mouse models of toxicity- and bile duct ligation-in-
duced liver injury have previously suggested that PMNs
contribute to liver injury; here our results propose that
PMNs are necessary to initiate liver repair following relief
of biliary obstruction. Previous work in our lab and in
others have shown that biliary ligation in rats most closely
replicates the proliferative and fibrogenic response to
biliary obstruction found in humans.®'7192932 Mouse
models of biliary obstruction, although advantageous
secondary to the wide array of transgenic options avail-
able to investigate mechanisms of action, demonstrate
rapid hepatic necrosis in response to biliary obstruction
and unpredictable progression toward bridging fibrosis
disparate to the human condition. The high fidelity of this
rat model to simulate human hepatic fibrotic injury and spon-
taneous repair following decompression thus relies on alterna-
tive strategies for cellular depletion or chemokine blocking
to duplicate genetic knockouts to attempt to evaluate cellu-
lar and molecular mechanisms during repair.

We next attempted to determine possible mechanisms
by which PMNs impact resolution of hepatic fibrosis. The
expression pattern of collagenase and gelatinase genes
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important for matrix metabolism during cholestatic injury
and repair revealed that MMP3 and MMP8 expression
was up-regulated in response to bile duct ligation injury;
however, only MMP8 expression remained elevated dur-
ing subsequent repair. Interestingly, PMN depletion with
RP3 treatment did not reduce MMP8 expression at any
time point. These results parallel the PMN infiltration pat-
tern over the same timeframe. These data suggest two
important points; MMP8 gene expression increases in
response to bile duct obstruction and the liver may har-
bor a novel cellular source of PMN collagenase. This led
us to investigate the protein distribution of MMP 8 from
injured animals. The search for a novel MMP 8 source
from the liver is supported by our PCR data (Figure 5C),
and the fact that MMP 8 is one of the most potent and
efficient interstitial collagenases. Our novel finding of bile
duct epithelial cells as an intrinsic hepatic source of
MMP8 suggests that the bile duct epithelial cell is more
than a passive bystander during cholestatic injury and
may harbor the potential to respond to injury, interact with
inflammatory cells, PMNs in particular, and possess the
capability to participate in matrix repair. PMNs recruited
to the liver in response to injury and during repair are
another possible source of MMP8 or MMP8 activators
because they store pro-MMP8 protein in specific gran-
ules during their maturation in the bone marrow. More-
over, PMNs contain a number of proteases that can ac-
tivate pro-MMP 8 to active MMP8 and proteases that
inhibit TIMPs. Human PMNs were recently discovered to
possess highly TIMP-resistant MMP 8 on the cell surface
with pericellular collagenase activity likely to be an im-
portant form of MMP8-regulating inflammation and colla-
gen turnover'2. The ability to colocalize PMNs, which can
temporally inhibit TIMP function and activate MMP8 in a
region of the liver with a readily available cellular source
of MMP8 from the bile duct epithelial cell, may shift the
local stoichiometry to favor MMP balance over TIMPs and
promote collagenase activity.

Our results further demonstrate that the expression of
another well-known collagenase in the liver, MMP13, was
unchanged in response to bile duct obstruction or rever-
sal of cholestasis. Moreover, the expression of the two
main gelatinases, MMP2 and MMP9, similarly were not
elevated during injury nor repair further limits the potential
MMP candidates available to degrade extracellular col-
lagen matrix during repair.

Given this expression profile of the prominent gelati-
nases and collagenases in our model during injury, re-
pair, and in response to PMN depletion, we questioned
whether collagenolytic enzyme activity was altered dur-
ing repair or by PMN depletion. We found, by in situ
zymography, collagenolytic activity in the portal tracts
only during native repair following biliary decompression
but not during cholestatic injury despite high levels of
MMP8 gene and protein expression. These data strengthen
our hypothesis that PMN-derived MMP8 or intrinsic MMP8
is crucial for early degradation of extracellular collagen
matrix. Our data demonstrate both a temporal and cellu-
lar proximity of collagen, PMNs, and MMP8 at the time of
collagenase activity. Moreover, the alternative leading col-
lagenase, MMP13, is neither up-regulated nor localized to
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the portal tracts by immunohistochemistry. PMN depletion
diminished the expected vigorous collagenase activity fol-
lowing biliary decompression, which would imply that PMNs
are essential for effective collagenase enzyme function
early during liver repair, possibly as activators of intrinsic
hepatic MMP8 collagenase or by direct PMN-derived col-
lagenase MMP8 action. Gelatinase activity, which is known
in some systems to activate collagenases, was found to be
intrinsically active in response to injury and remained active
throughout repair. This represents a marked increase in
enzyme function compared with sham controls and points
to alternative mechanisms of collagenase regulation.

These findings point to three possible mechanisms of
matrix resorption in this model relative to PMNs. The first
may be the obvious delivery of PMN derived, active
MMP8 directly to the fibrotic matrix via granule release.
This would follow if there were a direct correlation of PMN
numbers and biological collagenase activity as demon-
strated by these data. Furthermore, this would imply that
pro-MMP8 stored in specific granules during bone mar-
row myeloblastic differentiation is activated to the active
MMP8 form on degranulation. Knowledge of the mecha-
nism of PMN degranulation and MMP8 activation under
these circumstances is lacking and is the focus of ongo-
ing experimental efforts on our laboratory. Recent com-
pelling evidence points to coordinated PMN MMP8 and
MMP9 activity in uterine cervical mucous during parturi-
tion as well as in other mouse models of liver injury and
repair.3* If PMN gelatinase-collagenase synchronization
were similarly responsible in our model, then we might
expect that our results would demonstrate decreased
gelatinase activity in PMN-depleted repairing livers via in
situ zymography. Our results, however, clearly reveal in
situ gelatinase activity during cholestatic injury and fol-
lowing decompression in the presence of PMNs or under
neutropenic conditions. Moreover, other PMN proteases
could be involved in the activation of PMN-derived pro-
MMP8 or intrinsic hepatic MMP8. Alternatively, two other
mechanisms that relate to other PMN functions might be
speculated through PMN cell interactions via activation of
membrane-bound MMP or through cytokine activation of
the intrinsic MMP that we found to be up-regulated. Tu-
mor necrosis factor «, for example, is a likely candidate.
These pathways would further strengthen the association
of PMN-dependent liver repair, and they will require fur-
ther study. Ongoing studies in our laboratory are aimed at
such a possibility.

In contrast to our findings, other studies using different
models of liver injury have focused on the collagenase
MMP13. MMP13 is the rodent analog of human MMP1
and, by virtue of its broad range of substrate activity, is
generally considered to be the most potent of the MMP
collagenases.®®* MMPS8 is found in both rodents and hu-
mans and also has a broad range of substrate activity.
Although both MMP13 and MMP8 are capable of cleaving
various forms of triple helical collagen, MMP8 is generally
considered to more preferentially hydrolyze collagen type |,
whereas MMP13 more preferentially hydrolyzes collagen
type 11.3%

Recently, MMP13 producing infiltrating macrophage
populations were found to localize to regions of hepatic

scar formation and correlate with repair.®® However, this
was observed in a mouse model of carbon tetrachloride
toxicity with a different pattern of macrophage and PMN
responses in a fundamentally hepatotoxic injury model
disparate from the rat proliferative fibrogenic response to
biliary obstruction. In our model, MMP13 expression is
not elevated at any point or with any treatment. Con-
versely, we found that PMNs, and MMP8 specifically,
colocalize to regions of collagen deposition™ ' in the
portal tracts and are essential contributors for early degra-
dation of extracellular collagen following biliary decompres-
sion. Using our model of cholestatic injury and repair, we
have previously shown that macrophage depletion does not
alter the ability of the liver to degrade matrix, unless PMN
numbers are also reduced.’ Questions regarding the pur-
pose of gelatinases activity during biliary obstruction injury
in the presence of TIMPs remain. We speculate these same
tissue inhibitors selectively inhibit or prevent collagenase
activity until the onset of repair.

Taken together, the summary of our findings using
cellular depletion strategies to impact the native inflam-
matory cellular participants as regards to collagen matrix
metabolism during cholestatic injury and spontaneous
repair after biliary decompression suggests mechanistic
roles for an intact KC population and a coordinated series
of cellular and molecular signals to achieve and sustain
PMN migration to the liver and specifically to matrix em-
bedded portal areas. Initiation of collagenase activation
is essential to degrade the abundant extracellular colla-
gentype | fibrosis yet only occurs following removal of the
offending toxicity, ie, decompression of the obstructed
biliary system in our model and requires an integral PMN
presence for successful resolution of hepatic fibrosis.
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