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The regression of cirrhosis is associated with increased intrahepatic collagenolytic enzyme activity. We
investigated whether collagenase supplementation via portal vein infusion can retard cirrhosis development
and/or reverse cirrhosis. In all, 35 rabbits were initially assigned to study. However, because of high surgical
mortality and infection, only 15 animals completed study. Four normal controls (group I) received olive oil
subcutaneously (SC) for 12 weeks followed by normal saline portal perfusion for 12 weeks. Four (group II)
received CCl4 SC for 6 weeks followed by portal vein collagenase, 6mg twice weekly, plus SC CCl4 for 6
additional weeks and then killed. Four rabbits (group III) received CCl4 SC for 12 weeks and then 6mg of
collagenase portally for 12 weeks, while three control rabbits (group IV) received CCl4 for 12 weeks followed by
saline for 12 weeks. After 12 weeks of CCl4, liver hydroxyproline content of collagenase-treated group II
(361.17106.6 lg/g) was significantly reduced compared with group IIIþ IV that had not yet received collagenase
(589.07162.9 lg/g; Po0.05). In the main comparison, hydroxyproline content of collagenase-treated group III
(177.5735.6 lg/g) was significantly decreased compared with saline-treated controls (446.37150.1 lg/g;
Po0.01). Further, liver histology showed complete regression of cirrhosis in the collagenase-treated animals.
No toxicity of liver, kidney, lung, brain or heart was observed histologically. Anaphylaxis occurred in 2/35
original animals (one fatal). In conclusion, this study provides ‘proof of principle’ that collagenase portal
administration can retard cirrhosis development and speed regression of established cirrhosis in the rabbit
CCl4 model. Potential application to humans is premature, but feasible, if these findings are confirmed in
additional animal studies.
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Liver cirrhosis is a major health problem worldwide.
It represents the end stage and life-threating con-
sequence of most inflammatory chronic liver dis-
eases. Although patients with liver cirrhosis may
remain asymptomatic for years, progressive dete-
rioration is inevitable, and once complications
develop, the mortality exceeds 50% in 5 years.1

The remarkable pathological characteristic of liver
cirrhosis is the excessive extracellular matrix (ECM)
accumulation in liver parenchyma, especially

around the sinusoids, portal and central veins, with
nodule formation and impaired liver function. The
only available therapy for liver cirrhosis is liver
transplantation. However, limited liver donor avail-
ability renders this therapy unsuitable for a large
number of potential recipients.

There is accumulating evidence from animal
models, as well as patients, that liver fibrosis is
reversible.2–6 However, the reversibility of cirrhosis
is controversial. Although there are some reports of
cirrhosis regression,3,7–9 the reversal was generally
considered incomplete.10 Intensive efforts to deve-
lop therapies to induce regression of liver fibrosis or
cirrhosis have thus far been unsuccessful. Thera-
peutic models for diminishing liver fibrosis include:
(a) etiological therapy to cure the primary disease or
reduce the inflammation that precedes scarring; (b)
reducing extracellular matrix production in liver
parenchyma by decreasing the number or the
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function of activated hepatic stellate cells (HSC)
either by downregulation of the HSC activation or
stimulation of HSC apoptosis; (c) degradation of
accumulated scar matrix in liver parenchyma.
Recently, it was reported that cirrhosis in both
the rat carbon tetrachloride (CCl4) cirrhosis model
and the biliary duct ligation cirrhotic model can
be reversed by administration of adenoviral vec-
tors encoding the matrix metalloproteinase (MMP)
sequence.11–13 However, in addition to the concerns
about their long-term biological safety, active MMP
enzyme expression cannot be handled efficiently
in vivo.

Bacterial collagenase portal perfusion has been
used ex vivo for isolation of liver cells by degrading
collagen tissue and dispersing cells. The current
study examines whether limited dosage of collage-
nase in vivo could properly degrade excessive
collagen tissue in cirrhotic liver and reverse cir-
rhosis without dispersing or disrupting liver cells.
Bacterial collagenase was delivered directly to the
CCl4-induced cirrhotic liver of rabbits via a perma-
nent portal vein catheterization. It was found that
the portal administration of collagenase can both
delay cirrhosis development and reverse well-
established liver cirrhosis in rabbits.

Materials and methods

Equipments, Anesthetics, and Reagents

Ketamine hydrochloride injection was a product
of Shanghai First Pharmaceutical, China. Animal
anesthetic compound injection Su-Mian-Xin com-
posed of dihydroetorphine hydrochloride, di-
methylaniline thiazole, ethylenediaminetetraacetic
acid, and haloperidol, was from Veterinary Insti-
tute of Military Supplies University, China. The
anesthetic compound used in this experiment was
a mixture composed of one vial of ketamine
hydrochloride (0.1 g/2ml) and one vial of Su-Mian-
Xin animal anesthetic compound (1ml). Intra-
muscular injection of 0.6–0.8ml of this mixture
can cause complete anesthesia for an adult rabbit,
1.5–2.0ml of this mixture can result to death of
a rabbit.

The disposable sterile epidural anesthetic catheter
was purchased from Shaanxi Zhijun Kemao Medical
Instruments Inc., China. The injection cap was from
B Braun Melsungen AG, Germany.

Collagenase type IV from Sigma (USA), with
activity of 388U/mg, is composed of at least seven
distinct collagenases with minor neutral protease
activity.14–16 Heparin sodium injection was a pro-
duct of Beijing Pharmaceutical, China. Chloramine
T and dimethylaminobenzaldehyde were purchased
from Merck (Germany). Olive oil, CCl4, L-hydroxy-
proline, potassium hydroxide, potassium chloride,
phenolphthalein, sodium thiosulfate, chloric acid,
borate acid, alanine, and toluene were from Beijing
Chemical Reagents Company, China.

Animals

In all, 35 male New Zealand white rabbits weighing
1.7–2.2 kg were housed in approved animal care
facilities with free access to water and standard
rabbit chow, approved by the animal care committee
of the Chinese Military Medical Graduate School.
The rabbits were randomly divided into four groups
(Figure 1). Group I: Five rabbits were treated as
normal controls receiving olive oil by subcutaneous
injection twice weekly at a dosage of 0.3ml/kg body
weight for the first 2 weeks and 0.2ml/kg thereafter
until the end of 12 weeks. Portal perfusion with
normal saline was started at week 13 just after the
cessation of olive oil injection, and given twice
weekly for another 12 weeks. Group II: 11 rabbits
were administered 50% CCl4 in olive oil by
subcutaneous injection twice weekly at a dosage of
0.3ml/kg body weight for the first 2 weeks and
0.2ml/kg body weight for another 10 weeks. Portal
collagenase perfusion was started at the 7th week,
and given twice weekly until cessation of CCl4
administration at week 13 at which time the animals
were killed by high-dose anesthesia. Group III: 11
rabbits were administered 50% CCl4 in olive oil

Figure 1 Group I: Normal control: after subcutaneous injection of
olive oil twice weekly for 12 weeks, animals underwent portal
catheterization and liver biopsy. Liver was perfused with normal
saline twice weekly for another 12 weeks. Group II: Preventive
treatment: animals were intoxicated with 50% CCl4 twice weekly
for 6 weeks, and then underwent portal catheterization and
simultaneous portal collagenase perfusion and twice weekly SC
administration of 50% CCl4 for another 6 weeks. Group III:
Cirrhosis regression: after subcutaneous injection of 50% CCl4 for
12 weeks, animals were subjected to portal catheterization and
liver biopsy. Liver was perfused with collagenase twice weekly for
another 12 weeks without CCl4 toxicity. Group IV: Treatment
control: after subcutaneous injection of 50% CCl4 for 12 weeks,
rabbits were subjected to portal catheterization and liver biopsy.
Liver was perfused with normal saline twice weekly for another
12 weeks without CCl4 toxicity. The number in parentheses
indicates the survived rabbits at the indicated time point. *: One
rabbit was excluded from the experiment because of allergy to
collagenase.
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twice weekly similar to group II. Portal collagenase
perfusion was started at week 13 just after the
cessation of CCl4 exposure, and given twice weekly
for another 12 weeks without CCl4. Group IV: Eight
rabbits were injected with 50% CCl4 in olive oil
twice weekly as in group II. Normal saline portal
perfusion was started at week 13 and given twice
weekly for another 12 weeks without CCl4. The
rabbits in groups I, III, and IV were killed by high-
dose anesthesia at week 25 after 12 weeks of CCl4
exposure and another 12 weeks of portal perfusion.

Blood samples were taken from the inferior vena
cava just prior to killing for detection of serum levels
of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), bilirubin, albumin, urea, and
creatinine using Beckman Coulter Synchron LXs20
Clinical System (Beckman Coulter Inc., USA). After
sacrifice, the liver, kidney, and lung were sampled
and fixed with 4% buffered formaldehyde, em-
bedded in paraffin, sectioned in 5mm, slides stained
with H&E and Masson trichrome, and examined
independently by two experienced pathologists.
Another liver sample was taken and snap frozen in
liquid nitrogen and stored in capped tubes at �701C
for later hydroxyproline assay.

Surgical Procedure

All rabbits were subjected to surgery for permanent
portal catheterization 2–9 days prior to portal
perfusion. Surgery was performed through an upper
abdominal mid-line incision of 5 cm length. A 0.1–
0.2 cm3 liver sample was taken during the proce-
dure, and divided into two parts. One was fixed
with 4% buffered formaldehyde for pathological
examination, the other was snap frozen in liquid
nitrogen and stored in capped tubes at �701C for
hydroxyproline assay. After liver biopsy, the jejunal
mesenteric vein was uncovered and an incision was
made after isolation of a terminal branch of the vein.
The distal end of the vein was ligated, and a
disposable sterile epidural anesthetic catheter with
a sealed tip and three distal side-holes was filled
with normal saline containing heparin 125U/ml and
then connected to a syringe containing 3–4ml
heparin saline. The catheter was threaded through
the vessel incision into the proximal vein towards
the liver, and when sufficient length of catheter
(3–4 cm) was in the vein, it was fixed to the vessel by
ligation. After ensuring the catheter was in the right
position by injection of heparin saline without
resistance and unimpeded aspiration of blood, the
syringe was taken off and the catheter was cut into a
suitable length (12–15 cm). The open end of the
catheter was firmly attached to a connector with an
injection cap immediately after cut down. The
abdominal cavity was closed by suture, and the
open end of the catheter with the injection cap filled
with heparin saline was embedded subcutaneously
on the right side of the abdominal wall. Thus, the

portal perfusion could be performed by puncturing
the injection cap through the skin.

Collagenase Portal Perfusion

The commonly used collagenase concentration for
ex vivo liver cell isolation is 0.05%. We estimated
that a comparable in vivo dose to disperse cells in a
rabbit liver would be 100–150mg in a volume of
200–300ml. Since such a dosage is considered too
high to be used therapeutically in vivo, for safety
considerations, we selected 1/24 of this ex vivo
dosage or 6mg per infusion as a testable compro-
mise between efficacy and tolerability. After 12
weeks of twice weekly administration the total
amount infused, 144mg, would be similar to the
established ex vivo application of this methodology.

For determination of a safe dosage of collagenase,
three rabbits were given collagenase portal perfusion
at a dosage of 2, 4, or 6mg/rabbit in 20ml normal
saline, respectively, and killed 24h after the enzyme
administration. Blood samples were taken from the
ear margin vein prior to and postcollagenase perfu-
sion for routine blood, liver function, and renal
function tests. After killing, the liver, myocardium,
kidney, lung, and brain were sampled and fixed
with 4% buffered formaldehyde for histological
examination.

After estimating the tolerated dosage, 6mg col-
lagenase type IV was dissolved in 20ml of sterile
normal saline and portal perfusion was performed by
puncturing the injection cap. The perfusion rate was
set at about 2ml/min. The enzyme was administered
twice weekly. After perfusion, 5ml of normal saline
containing 125U/ml heparin was injected into the
catheter to prevent catheter obstruction.

Hydroxyproline Assay

This assay was conducted according to the method
of Kivirikko et al17 with minor modifications.18

Statistical Analysis

Data are expressed as mean7s.d. One-way analysis-
of-variance was used to assess the differences in
serological data and liver hydroxyproline content
among experimental groups except the difference of
liver hydroxyproline content between pre- and
postcollagenase/saline perfusion that was assessed
by unpaired t-test by Stata 7.0 software. P-values of
o0.05 were considered statistically significant.

Results

CCl4 Injection and Animal Survival

During initial surgery and the first 12 weeks of CCl4
exposure, there was a high mortality rate unrelated
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to collagenase treatment. Of the 35 animals assigned
to the study, five rabbits in group II died during the
initial surgery for catheter placement and one
animal died later during catheter replacement.
Group II was the first group to undergo surgery in
this study and mortality reflected, at least in part,
operator inexperience. Surgical mortality decreased
in each successive phase of the study with two
deaths observed in group III, one death in group IV
and no deaths in group I, the last group to be
studied. Six additional animals died of medical
causes, primarily infection, during the first 12 weeks
they were on study. One rabbit in group I died of
severe otic infection. In sum, early mortality
resulted in the loss of 16 of the 35 (46%) initially
assigned animals. Thus, prior to collagenase treat-
ment (Figure 1) there were four remaining animals
in group I (controls), five animals in group II, eight
in group III (one living animal excluded because of
allergy to collagenase) and three in group IV. Further
mortality occurred during collagenase treatment
with two animals in group III dying from infection
secondary to extensive subcutaneous necrosis of the
abdominal wall caused by leakage of collagenase
from a corroded catheter. One additional animal in
group III died of laryngospasm and paralysis after
the first collagenase perfusion and was considered a
death due to anaphylactic shock. Another animal in
group III also sustained anaphylactic shock but
recovered after adrenalin administration; nonethe-
less, this animal had to be removed from study. No
other anaphylactic reactions were observed even
after repeated intravenous collagenase injections. In
the final analysis, 15 of the 35 (43%) survived until
the end of study at which time they were killed for
morphologic analysis.

Effect of Portal Collagenase Perfusion on Blood Cells
and Other Organs

Portal collagenase administration has the potential
to injure liver cells, veins, blood cells, and even

other organs such as kidney, heart, brain, and lung
or to induce inflammation in the related tissue. For
evaluating the safety of portal collagenase adminis-
tration, we investigated liver and kidney function
tests in rabbits 24h after different dosages of
collagenase perfusion. The results of blood tests
suggested that collagenase portal perfusion had no
significant effects on blood cells, liver function, and
renal function (Table 1), as evidenced by stable
pre- and postperfusion levels of white blood cell,
erythrocyte and platelet counts, hemoglobin level,
ALT, AST, bilirubin, albumin, blood urea nitrogen,
and creatinine. Further, histology of brain, heart,
liver, kidney, and lung from rabbits receiving 2, 4,
and 6mg collagenase revealed no abnormal findings
(data not shown).

After 6–12 weeks of collagenase portal perfusion,
there were still no significant differences in serum
levels of ALT, AST, bilirubin, total serum protein,
urea, and creatinine among the experimental groups
and normal controls (Table 2), suggesting that
collagenase portal perfusion does not cause damage
to the liver or kidney at the dosage used (6mg/
rabbit).

Effects of Portal Collagenase Perfusion on Cirrhotic
Liver Collagen Content

Over the first 12 weeks of study, groups III and IV
were identically treated with CCl4 without collage-
nase (Figure 1), whereas group II received 6 weeks of
CCl4 followed by 6 weeks of CCl4 plus collagenase
(Figure 1). Groups III and IV were compared with
group II to determine if the 6 weeks of collagenase in
group II lowered hydroxyproline content or im-
paired liver histology compared to animals that did
not receive collagenase during that 6-week period.
Animals in group II were killed after 12 weeks
whereas animals in groups III and IV received CCl4
only in these 12 weeks and portal perfusion for an
additional 12 weeks. After 12 weeks, the liver
hydroxyproline content of groups III and IV were

Table 1 Blood tests for safety evaluation

Test Rabbit with 2mg collagenase
portal perfusion (n¼1)

Rabbit with 4mg collagenase
portal perfusion (n¼1)

Rabbit with 6mg collagenase
portal perfusion (n¼ 1)

Preperfusion Postperfusion Preperfusion Postperfusion Preperfusion Postperfusion

White blood cells (109/l) 9.5 7.6 9.2 5.3 4.4 7.1
Erythrocytes (1012/l) 4.17 4.02 6.18 5.68 5.15 5.33
Hemoglobin (g/dl) 9.4 9.0 12.2 11.3 10.8 11.2
Platelets (109/l) 46 200 292 419 106 101
ALT (IU/l) 30 28 34 34 29 27
AST (IU/l) 114 54 46 18 33 24
Bilirubin (mmol/l) 0.7 2.6 3.3 1.3 1.6 1.5
Albumin (g/l) 15 14 17 17 18 17
Urea (mmol/l) 10.3 8.0 7.2 6.9 5.2 7.4
Creatine (mmol/l) 139 91 73 72 77 94
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combined and compared to group II. Collagenase-
treated group II rabbits showed significantly less
hydroxyproline content (361.117106.61 mg/g) in
liver than untreated animals in groups IIIþ IV
(589.037162.90mg/g) (Po0.05) (Figure 2). However,
this experiment does not exclude possible con-
founding effects of surgery and portal perfusion.
While these procedures are unlikely to account for
the observed differences, a control for group II that
underwent surgery followed by saline perfusion
rather than collagenase perfusion would be needed
to exclude this possibility. Liver histology also
revealed that the rabbits that received collagenase
perfusion had less liver fibrosis (Figure 3b) than the
nonperfused rabbits (Figure 3c and e). This result
suggests that portal collagenase perfusion can
decrease the liver collagen accumulation and retard
the development of liver cirrhosis in rabbits intoxi-
cated with CCl4.

After 12 weeks of either oil injection or CCl4
exposure, all the rabbits in groups I, III, and IV were
subjected to surgery for liver biopsy and permanent

portal catheterization. Liver histology showed that
all CCl4 intoxicated rabbits developed liver cirrhosis
after 12 weeks of exposure (Figure 3c and e). After a
subsequent 12 weeks of collagenase portal adminis-
tration to group III animals, the accumulated fibrous
tissue diminished dramatically and the liver histo-
logy returned almost to normal (Figure 3d). Control
rabbits receiving saline perfusion (group IV) exhib-
ited a marked spontaneous regression in fibrosis
during the 12 weeks after cessation of CCl4, but
regression was incomplete and thin fibrous septa
still persisted (Figure 3f). Assay of liver hydroxypro-
line content disclosed that the rabbits given col-
lagenase (group III) had significantly decreased liver
hydroxyproline content (177.5735.6 mg/g) com-
pared to CCl4-treated animals that did not receive
collagenase (group IV) (446.37150.1mg/g) (Po0.01).
Hydroxyproline content after collagenase treatment
(177.5735.6 mg/g) was similar to that of control
animals (group I) that had not been exposed to
CCl4 (153.2722.3mg/g) whereas CCl4-treated animals
that did not receive collagenase (group IV) had
a significantly higher hydroxyproline contents
(446.37150.1 mg/g) than group I controls (Figure
4a, Po0.005). Comparing the liver hydroxyproline
content of group III pre- and postcollagenase perfu-
sion (501.87144.4 vs 177.5735.6 mg/g), showed a
significant reduction (Po0.05) whereas the control
rabbits that received normal saline perfusion (group
IV) had a reduction that did not reach signifi-
cance (705.47113.2 vs 446.37150.1 mg/g; P¼ 0.124)
(Figure 4b). It is notable that there was a difference
between groups III and IV in liver hydroxyproline
content even before portal perfusion (705.47113.2
vs 501.87144.4 mg/g, P¼ 0.101), although these
rabbits had received identical treatments up to that
time. This difference was not significant and may
reflect individual variation in response to CCl4
toxicity. These results suggest that collagenase
portal administration can promote the regression of
liver cirrhosis and reverse well-established liver
cirrhosis to almost normal histology after the with-
drawal of CCl4 toxicity in rabbits.

Due to the fact that liver inflammation precedes
liver fibrogenesis in the CCl4 cirrhosis model, we
compared the liver histology of animals that re-
ceived CCl4 for 12 weeks combined with collagenase
for the last 6 weeks (group II) with the liver histology

Table 2 Hepatic and renal function test (mean7s.d.)

Group I (n¼4) II (n¼4) III (n¼4) IV (n¼ 3) F-value P-value

ALT (IU/l) 38.2579.11 35.2576.18 34.00711.75 40.67716.01 0.27 0.8473
AST (IU/l) 45.2576.29 57.25711.87 54.50715.84 43.67726.03 0.69 0.5785
Bilirubin (mmol/l) 0.6270.53 1.0870.68 0.4370.22 0.4070.20 1.65 0.2354
Total serum protein (g/l) 67.00710.36 60.0076.48 65.5079.98 64.33714.01 0.35 0.7901
Urea (mmol/l) 7.1070.63 8.3371.37 7.4071.23 9.7775.36 0.77 0.5343
Creatinine (mmol/l) 136.75715.20 93.25716.82 131.50736.32 153.67750.14 2.49 0.1145

Note: Blood samples of group II were taken at week 13 and groups I, III, and IV at week 25.

Figure 2 Rabbit liver hydroxyproline content after 12 weeks of
CCl4 injection with or without 6 weeks of simultaneous portal
collagenase perfusion (Mean7s.d.). Group I: Normal control;
group II: rabbits received CCl4 injection for 6 weeks before the
collagenase portal perfusion, and then received both the CCl4
injection and the collagenase perfusion simultaneously for
another 6 weeks; Group IIIþ IV: rabbits received CCl4 injection
without collagenase for 12 weeks.
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Figure 3 Liver histology pre- and postcollagenase portal perfusion. (a and b): Group II, rabbit liver histology after 6 weeks of CCl4 toxicity
showed severe fibrosis (a). After another 6 weeks of collagenase portal perfusion together with CCl4 exposure, only slight fibrosis
remained (b) compared with those without collagenase administration during weeks 6–12 (c and e). (c and d): Group III, rabbit liver
histology after 12 weeks of CCl4 exposure showed established cirrhosis with liver cell degeneration (c). Following 12 weeks of
collagenase portal administration, the fibrotic septa diminished dramatically and the liver tissue was restored to almost normal histology
(d). (e and f): Group IV, rabbit liver histology after 12 weeks of CCl4 exposure showed established cirrhosis (e). After another 12 weeks of
saline portal perfusion, the cirrhotic liver demonstrated spontaneous regression but the fibrotic septa still existed (f). (Stained with
Masson trichrome, original magnification 10� 10).
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of animals that received CCl4 for 12 weeks without
collagenase (groups III and IV). The exhibit of
inflammation was similar in each of these groups,
suggesting that collagenase did not inhibit inflam-
mation (Figure 5) and thus did not exert its
antifibrotic property through inhibition of hepatic
inflammation. Instead, an early report suggested the
haemorrhagic and inflammatory properties of col-
lagenase.19 There were no pathological findings in
liver, kidney, or lung of the rabbits administered
collagenase portally (group III) (Figure 6b, d, and f)
compared to that of the control rabbits (group IV)
(Figure 6a, c, and e).

Discussion

Recent studies have provided considerable informa-
tion about the regression of liver cirrhosis in animal
models, as well as in patients, after the inciting
agent or toxin was removed.2–4,20,21 MMP in liver are
the most important enzymes involved in liver
cirrhosis regression.22 It has been well demonstrated
that the MMP activity is diminished in cirrhotic
liver whereas the inhibitory factor, tissue inhibitors
of metalloproteinase, is increased.23,24 Failure to
degrade the accumulated ECM due to excessive
ECM deposition and relatively insufficient MMP
activity is a potential mechanism for progression of
fibrosis to cirrhosis. Regression of liver cirrhosis
must be initiated by degradation of the excessive
ECM accumulated in the liver, followed by the
restoration of liver architecture. Therefore increased
collagenolytic activity is critical to triggering cir-
rhosis regression.

Many attempts to increase the collagenolytic
enzyme activity in cirrhotic liver have been under-
taken. Some chemicals were reported to have the
potential to increase MMP activity and thereby
reverse liver fibrosis.6,25 Other studies delivered
MMP DNA recombinant adenovirus vectors to
fibrotic rat liver.11–13 The encoded enzyme was
expressed in fibrotic rat liver and improved intra-
hepatic MMP activity, but hepatic gene delivery in
humans would be difficult as would control of gene
product expression. Additionally, there would be
need to prevent the recombinant adenovirus from
entering organs other than fibrotic liver and destroy-
ing the ECM framework of these normal organs. In
this paper, we report the delivery of active collage-
nolytic enzyme directly to the cirrhotic liver through
portal catheterization. In this method, enzyme
activity in liver can be controlled by altering dosage
administered, and the administration can be
stopped at any time when the excessive ECM is
properly degraded.

Bacterial collagenase from Clostridium histolyti-
cum is a collagenolytic enzyme which can recognize
and bind collagen-like sequences with repeated
Gly-Pro-X, and degrade collagen into small peptides
by hydrolyzing almost all of the Y-Gly bonds in
collagen chains.26 Our measurement of liver hydro-
xyproline content as well as histological examina-
tion revealed that bacterial collagenase portal
perfusion can efficiently delay liver cirrhosis deve-
lopment and hasten the regression of well-estab-
lished liver cirrhosis in rabbits. However, it must be
noted that CCl4-induced cirrhosis will sponta-
neously regress once the toxic injury is removed.
Thus in this model one cannot measure cirrhosis
regression in absolute terms, but can only measure
the relative rate of regression in collagenase-treated
or -untreated animals. However, if the fibrogenic
stimuli continue, as in group II, collagenase perfu-
sion can only delay cirrhosis development rather
than prevent its occurrence. This would make

Figure 4 Liver hydroxyproline content according to collagenase
treatment. (a) Portal collagenase administration (group III)
significantly decreased the hydroxyproline content of cirrhotic
rabbit liver (compared with the group IV controls Po0.01). After
withdrawal of the toxin, the cirrhotic rabbit liver can regress and
restore slowly, but after 12 weeks of saline administration (group
IV), the liver hydroxyproline content was still significantly more
than that of the normal (group I) (Po0.005). whereas collagenase
restored liver hydroxyproline to normal. (b) There was a
significant reduction of liver hydroxyproline content in group
III after collagenase portal perfusion (Po0.05). The liver hydro-
xyproline content in group IV also displayed a decrease, though
not statistically significant, after the withdrawal of CCl4, which
represented spontaneous regression. Prior to collagenase or saline
perfusion, the liver hydroxyproline content between groups III
and IV were not significantly different (P¼0.124). Group I:
Normal control; group III: rabbits that received CCl4 injection for
12 weeks, followed by collagenase portal perfusion for another 12
weeks; group IV: rabbits that received CCl4 injection for 12 weeks,
followed by normal saline portal perfusion for another 12 weeks.
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collagenase treatment more applicable to cirrhosis
patients where the injurious agent has been re-
moved, such as in a recovered alcoholic or a
successfully treated viral infection, rather than
patients with ongoing injury from persistent infec-
tion or chronic autoimmune reaction. The possibi-
lity that prolonged collagenase administration could
prevent or reverse cirrhosis development should be
examined in future research. Considering that
cirrhotic liver contains abundant collagen, it is
assumed that most of the collagenase delivered
portally will be bound to liver collagen, and thus
not enter the systemic circulation where it could
degrade collagen in organs other than the cirrhotic
liver. This assumption was supported by our results
that only the accumulated collagen in cirrhotic liver
was dissolved; there was no evidence of collagen
degradation in tissues other than liver.

Bacterial collagenase has been used clinically in
the treatment of collagen disorders for many years.
Early studies suggested that this collagenase can be
used locally or systemically,27,28 and there was no
evidence of systemic side effects, neural or vascular
damage, or skin injury.27–30 An early study showed
that in 44 patients receiving intrapenile injections of
collagenase for treatment of Peyronie’s disease, only
one had detectable collagenase-specific IgE antibody
in serum, and the author concluded that anaphy-
lactic reaction to collagenase would be unlikely.31 In
this report, consistent with previous findings, no
evidence was found for functional injury of liver or
kidney, and no histological damage of heart, lung,
liver, kidney, or brain was observed. There was also
no evident blood cell injury. However, there were
two rabbits that experienced anaphylactic shock and
one of them died. It seems that collagenase can
rarely induce a serious anaphylactic reaction, even

on the first administration, and thus it will be safer
to combine an antianaphylaxis regimen with bac-
terial collagenase portal administration in future
studies. Alternatively, a recombinant mammalian
interstitial collagenase, for example, MMP-1 or
MMP-8, may be tolerated better than bacterial
collagenase and used more safely in the treatment
of liver cirrhosis. Our results also suggested that the
dosage of 6mg of collagenase is harmful when it
leaks out of the vessel since it can digest the
subcutaneous connective tissue and cause extensive
necrosis subcutaneously as two rabbits in group III
died of this leakage in this experiment. Therefore,
when this regimen is chosen for the treatment of
liver cirrhosis, the quality of the implanted injection
apparatus should be improved to ensure its integrity
in vivo.

A previous report has suggested that collagenase
portal infusion can increase the hepatocyte’s com-
petence for response to growth factors like hepato-
cyte growth factor or transforming growth factor-a.32

This increased mitogenic effect of growth factors
induced by collagenase is of benefit for the regen-
eration and structural restoration of the cirrhotic
liver after the excessive ECM has been removed by
collagenase treatment. However, if this treatment
approach is to be applied clinically in the future,
liver malignancy must be ruled out because of the
increased possibility of tumor proliferation and
dissemination by collagenase perfusion.

In accordance with others’ reports,4,23 our results
revealed that, after withdrawal of the toxin, liver
histology spontaneously improved within 3 months
leaving only thin fibrous septa, although hepatic
hydroxyproline content remained elevated. Al-
though there is a slow spontaneous partial resolution
of cirrhosis after cessation of CCl4, the portal

Figure 5 Histology of liver tissue after 12 weeks exposure of CCl4 with or without collagenase treatment. (a) Liver tissue of a rabbit from
group IV that received 12 weeks of CCl4 without collagenase treatment. (b) Liver tissue of a rabbit from group II that received 12 weeks of
CCl4 and 6 weeks of collagenase treatment. There was no discernable difference in the extent of hepatic inflammation in the liver
between rabbits that received CCl4 with collagenase and animals that received CCl4 without collagenase. (Stained with H&E, original
magnification 10�10.)
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administration of collagenase accelerated the resolu-
tion of the deposited ECM in cirrhotic liver, and
after 3 months’ administration, the liver histology
was restored to almost normal architecture.

The CCl4 fibrotic rabbit model was utilized in the
current study. CCl4 hepatic toxicity is primarily
mediated by its metabolism in hepatocytes by
monooxygenase through cytochrome P-450. The

Figure 6 Histology of liver, kidney, and lung in rabbits treated with collagenase or saline. There were no abnormal findings in the liver
(except the expected liver fibrosis), kidney, and lung of the rabbits (group III) portally administered collagenase (b, d, and f) for 12 weeks
compared with that of the control rabbits (group IV) (a, c, and e) receiving saline portal perfusion. (Stained with H&E, original
magnification 10�10.)
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metabolites of CCl4, including the highly reactive
radical KCCl3 or KOOCCl4, induce lipid peroxida-
tion affecting plasma membrane, and result in
pathological degeneration of liver cells.33 Previous
reports suggested that the monooxygenase activity
of the cytochrome P-450 system in hepatocytes
declined after cells were isolated by collagenase
perfusion.34,35 However, the collagenase dosage used
in hepatocyte isolation is much higher than the 6mg
used in this study. It needs to be clarified whether
the small dosage of collagenase used in our study
could affect the monooxygenase activity of the
cytochrome-P-450 system. Furthermore, results
from groups III and IV demonstrated that collage-
nase promoted the regression of cirrhosis within 12
weeks following CCl4 exposure; this suggests that
the antifibrotic effects of collagenase are unlikely to
be mediated by inhibition of CCl4 bioactivation. For
further clarification, other cirrhotic models than the
CCl4 model should be selected to examine the
antifibrotic effects of collagenase

Although animals that survived the full course of
CCl4 exposure, portal vein surgery and collagenase
treatment demonstrated significant reduction of
liver hydroxyproline content and histologic fibrosis
compared to control animals, this study was
hampered by high surgical and infection-related
mortality such that only 45% of animals completed
study. The sequential decline in surgical mortality
with each successive experiment exemplified a
technical ‘learning curve’ and suggested that the
problem could be substantially circumvented in
future studies. Although the number of animals
completing study was small, the results in each
group were consistent and it was apparent that
collagenase treatment had a significant effect on
delaying the development of cirrhosis and promo-
tion of cirrhosis regression. Another caveat of the
study is that there was a spontaneous regression of
cirrhosis after the toxin was removed such that
collagenase effect in this model had to be balanced
against spontaneous recovery. Collagenase-treated
animals responded more rapidly and more comple-
tely than untreated controls, but both groups
showed improvement after stopping CCl4 adminis-
tration so that differences were quantitative rather
than absolute. The difference in liver hydroxypro-
line contents between groups III and IV prior to
collagenase or saline perfusion raises a note of
caution in interpreting the effects of collagenase in
lowering hydroxyproline content. However, parallel
observations of liver histology, suggest that the
lowering of hydroxyproline is more likely related
to lessened fibrosis than to experimental artifact. In
contrast, if one were to administer collagenase to
patients with viral-induced cirrhosis, the offending
agent would remain and spontaneous resolution
would not be a countermanding variable; in this
scenario, the differences between collagenase-
treated and -untreated subjects would be expected
to be greater. Unknown at this time is whether

fibrosis would recur once collagenase treatment was
stopped in the setting of ongoing viral infection.
However, even if it did, the evolution to secondary
cirrhosis would take considerable time and there
would then be the option to repeat collagenase
portal perfusion. If treatment was extended to
humans, the surgical technique would have to be
refined and meticulous measures would have to be
undertaken to prevent catheter leakage, as occurred
in this study. Nonetheless, given the extensive and
highly successful procedures being performed by
transplant surgeons, the proper placement of portal
catheters in humans should not represent a major
challenge.

In summary, the data reported here provide
evidence that portal administration of collagenase
can retard cirrhosis development and increase the
rate of regression of well-established liver cirrhosis
in the rabbit, although some adverse effects may
occur. These studies need to be expanded to a larger
group of animals using more optimal techniques to
reduce surgery-related mortality and using prophy-
lactic regimens to prevent allergic reactions. The use
of recombinant collagenase preparations also needs
to be explored. Presently, this study is a ‘proof-of-
principle’. If the identified technical and allergic
problems can be circumvented, portally adminis-
tered collagenase may prove to be a new therapeutic
option for patients with severe fibrosis or esta-
blished cirrhosis.
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12 Siller-López F, Sandoval A, Salgado S, et al. Treatment
with human metalloproteinase-8 gene delivery ame-
liorates experimental rat liver cirrhosis. Gastroentero-
logy 2004;126:1122–1133.
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