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Warm Hepatic Ischemia-Reperfusion Promotes Growth of Colorectal
Carcinoma Micrometastases in Mouse Liver via Matrix
Metalloproteinase-9 Induction
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Abstract

Introduction
Novel chemotherapeutic regimens are effective in limiting
disease progression in colorectal carcinoma, but cure with
chemotherapy alone is rare in stage IV disease. Currently, liver
resection is the only treatment modality that offers a significant
chance for cure in colorectal carcinoma metastatic to the liver
(1–3). Unfortunately, of the 15% to 30% of patients amenable to
curative liver resection, only 40% to 50% will survive 5 years (2).
This low rate of success is most often the result of recurrent
malignant disease within the liver.
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Surgical resection remains the best treatment for colorectal
metastases isolated to the liver; however, 5-year survival rates
following liver resection are only 40% to 50%, with liver
recurrence being a significant reason for treatment failure.
The ischemia-reperfusion (I/R) injury incurred during liver
surgery can lead to cellular dysfunction and elevations in
proinflammatory cytokines and matrix metalloproteinases
(MMP). In rodents, I/R injury to the liver has been shown to
accelerate the outgrowth of implanted tumors. The mechanism for increased tumor growth in the setting of liver I/R
injury is unknown. To investigate the effect of I/R on tumor
growth, an experimental model was used whereby small
hepatic metastases form after 28 days. Mice subjected to 30
min of 70% liver ischemia at the time of tumor inoculation
had significantly larger tumor number and volume, and had
elevated MMP9 serum and liver tissue MMP9 as evidenced by
zymography and quantitative real-time PCR. Mice treated with
doxycycline, a broad-spectrum MMP inhibitor, had reduced
MMP9 levels and significantly smaller tumor number and
volume in the liver. MMP9-null mice were used to determine if
the effects of doxycycline were due to the absence of stromalderived MMP9. The MMP9-null mice, with or without
doxycycline treatment, had reduced tumor number and
volume that was equivalent to wild-type mice treated with
doxycycline. These findings indicate that hepatic I/R-induced
elevations in MMP9 contribute to the growth of metastatic
colorectal carcinoma in the liver and that postresection MMP9
inhibition may be clinically beneficial in preventing recurrence following hepatic surgery. [Cancer Res 2007;67(6):2720–8]

Although the high rate of recurrence within the liver may be a
result of residual or dormant malignant cells, there may be a link
between the conduct of the operation and recurrence in the liver as
recent data suggest that hepatic resection itself increases the
chances of liver recurrence (4, 5). The two lines of evidence linking
the surgical procedure to recurrence are as follows: (a) surgical
manipulation of the liver is known to also result in the
dissemination of colon cancer cells into the peripheral blood
(6–8); these circulating cells, or residual micrometastases not
detected at the time of resection, may be source of the recurrent
disease; and (b) following partial hepatectomy, there are elevated
levels of cytokines, growth factors, and adhesion molecules
following surgery, all of which are known to promote metastases
and tumor growth (1, 3, 9).
Another important association between liver resection and
postoperative outcome is blood loss incurred during the operation.
Increased blood loss is associated with increased postoperative
complications and a higher incidence of hepatic recurrence
(10, 11); thus, surgeons have learned to limit the blood loss during
the course of the operation by occluding the inflow of blood to the
liver during the parenchymal transection (12). Although critical to
minimizing blood loss, extended periods of ischemia and
reperfusion (I/R) are detrimental to cellular function in the
postsurgical remnant liver. I/R causes cellular damage by inducing
free-radical formation, up-regulating inflammatory cytokines
(13–15), dysregulating mitochondrial calcium handling (16–18),
and up-regulating matrix metalloproteinases (MMP; refs. 19, 20). In
particular, hepatic expression of MMP2 and MMP9 has been linked
to hepatic I/R injury through recruitment of neutrophils and T cells
(21). Sustained ischemia and reperfusion in the liver has been
shown to accelerate growth of established hepatic metastases (4),
and minimization of I/R injury through intermittent ischemia can
attenuate metastasis of colorectal cancer to the liver following
surgical stress (22).
Although vascular inflow occlusion is an important adjunct to
safe surgery and has translated into lower postoperative
morbidity, it may have negative implications for recurrent disease
as I/R associated with liver resection may be a mechanism
governing postoperative hepatic recurrence. We therefore hypothesized that in a model of circulating colorectal carcinoma, hepatic
I/R would enhance the formation of hepatic metastases through
up-regulation of MMP9 in the liver and that specific inhibition of
I/R injury or MMP9 would attenuate tumor formation. We show
that mice subjected to hepatic ischemia at the time of tumor
inoculation have significantly larger tumor number and volume,
which is associated with elevated serum and liver tissue MMP9.
Mice treated with doxycycline, a broad-spectrum MMP inhibitor,
have decreased I/R-induced MMP9 as evidenced by zymography
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and by quantitative real-time PCR that correlates with decreased
tumor number and volume. MMP9-null mice, irrespective of
doxycycline treatment, have tumor number and volume equivalent to wild-type (WT) mice treated with doxycycline. These
findings indicate that hepatic I/R-induced elevations in MMP9
contribute to the growth of micrometastatic colorectal carcinoma
in the liver.

Materials and Methods
Cell culture. The MC38 cell line is an adenocarcinoma of tumor grade 3
that was derived in C57BL/6 mice (23). Luciferase-expressing MC38 cells
(MC38/Luc) were created by transfection with pEF-LUC-Neo plasmid DNA
(0.4 Ag/AL stock) using the Fugene 6 reagent (Roche, Nutley, NJ) and
selection with G418 (250 Ag/mL) in the laboratory of Dr. Robert Coffey
(Vanderbilt University Medical Center, Nashville, TN). MC38/Luc cells were

Table 1. Description of experiment groups
Experiment
1

3a

3b

4

To establish the effect of I/R
on liver tumor growth in WT
mice

To establish the effect of I/R
on serum and liver tissue
MMP9 in WT mice

To determine the effect of
doxycycline treatment in WT
mice on liver tissue MMP

To determine the effect of
doxycycline treatment on
liver tumor growth in WT
mice

To evaluate the contribution of
stromal MMP9 vs MC38/Luc
contributed MMP9 and inferring
the specificity of doxycycline
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Group

Group name

Procedure

n

1

Tumor control

Tumor injection with splenectomy

10

2

Tumor I/R group

10

2a
1

Group 2—shunted
portion of liver
Sham

Tumor injection with 60 min 70%
hepatic ischemia, 15 min reperfusion,
and splenectomy
Within-group control: nonischemic (shunted)
portion of liver
Laparotomy, liver manipulation, and closure

2

30m Isc

3

15m Rep

4

3h Rep

5

24h Rep

6

3h Hep

1

Treated

2

Untreated

1

Untreated

2

Early

3

Late

4

Continuous

1

Tumor Control

2

Doxycycline Control

3

Tumor Null

4

Doxy Null

2721

Samples collected immediately after 30 min of 70%
hepatic ischemia, while lobes were occluded
Samples collected after 30 min ischemia and
15 min reperfusion
Samples collected after 30 min ischemia and
3 h reperfusion
Samples collected after 30 min ischemia and
24 h reperfusion
Positive control for MMP9 expression, regenerating
liver tissue collected 3 h after hepatectomy
40 mg/kg doxycycline: 30 min of 70% hepatic
ischemia, 15 min reperfusion, and 7 d of
doxycycline
30 min of 70% hepatic ischemia, 15-min
reperfusion, no doxycycline
30 min of 70% hepatic ischemia, 15 min
reperfusion and no doxycycline

10
3

3
3
3
3
3
6

6
10

30 min of 70% hepatic ischemia, 15 min reperfusion,
and 40 mg/kg doxycycline daily for the first 14 of
28 postoperative days
30 min of 70% hepatic ischemia, 15 min reperfusion,
and 40 mg/kg doxycycline daily postoperative days
14 to 28
30 min of 70% hepatic ischemia, 15 min reperfusion,
and 40 mg/kg doxycycline daily after surgery
for 28 d
30 min of 70% hepatic ischemia, 15 min reperfusion
in WT mice

10

30 min of 70% hepatic ischemia, 15 min reperfusion
with continuous doxycycline 40 mg/kg for 28 d
after surgery in WT mice
30 min of 70% hepatic ischemia, 15 min reperfusion
in MMP9-null mice
30 min of 70% hepatic ischemia, 15 min reperfusion
with continuous doxycycline 40 mg/kg for 28 d
after surgery in MMP9-null mice

4

10

10

4

4
4
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liver manipulation, and closure (sham) to serve as a negative control;
(b) immediately after 30 min of 70% hepatic ischemia while occluded; (c–e)
following 30 min ischemia and either 15 min, 3 h, or 24 h reperfusion; ( f )
regenerating liver, 3 h after hepatectomy served as a positive control
because expression and activation of MMP9 is induced within 3 to 6 h following hepatectomy (20, 32).
The third experiment in WT mice was designed to determine the effects
of doxycycline treatment on serum and liver tissue MMP9 levels following
I/R. Twelve mice were subjected to 30 min of hepatic ischemia, and after
closure, half (n = 6) received doxycycline for 7 days (40 mg/kg doxycycline)
and the other half received normal water (untreated). Serum and liver tissue
was then collected for zymography and real-time PCR. Serum and liver
tissue from sham mice from experiment 2 above were used to establish
baseline MMP9 levels (sham). Cytotoxicity of doxycycline on MC38/Luc
cells in culture was assessed using the Cell Titer Blue viability assay
(Promega, Madison, WI).
To determine the effect of doxycycline treatment on tumor growth, four
groups of 10 mice were studied. All mice received tumor injection and I/R
according to the method outlined above. Group 1 received no doxycycline
(untreated); group 2 was treated from the day of surgery through day 14
(early); group 3 began treatment on postoperative day 14 and were treated
an additional 14 days (late); and group 4 was treated from the day of surgery
throughout the 28-day follow-up (continuous).
Finally, to evaluate whether decreased tumor growth using doxycycline
was a result of MMP9 inhibition, we studied 16 MMP9-null mice in
experiment 4. An equal number of WT C57BL/6 mice were used as controls.
All mice received tumor injection according to the method above. Eight
mice of each genotype were also subjected to I/R as previously described,
after which, half received continuous doxycycline, whereas the other half
were untreated. This resulted in four mice for each of the following four
conditions: (a) tumor injection only plus doxycycline; (b) tumor injection
only without doxycycline; (c) tumor injection with I/R plus doxycycline; and
(d) tumor injection with I/R and no doxycycline.
Bioluminescent imaging. Nonlethal monitoring of tumor burden was
accomplished by detecting luciferase-expressing MC38/Luc cells at 7-day
intervals after intrasplenic injection in mice, as previously described (25).
Briefly, beetle luciferin (Promega) was injected i.p. at a concentration of
150 mg/kg in 0.1 mL PBS 15 min before imaging. Bioluminescent image
acquisition was done using a CCD camera (IVIS system, Xenogen, Alameda,
CA) with 1 min exposure time and medium binning. Contoured regions of
interest were selected automatically by the system software (Living Image
v2.50.1, Xenogen) and quantified as total photon counts.
Serum and tissue MMP9 gelatin zymography. Serum and liver tissue
MMP9 gelatin zymography was done with modifications of previously
described techniques (31, 33). Under isoflurane anesthesia, blood was
collected at the time of sacrifice by cardiac puncture using a 1 mL syringe
and a 26 ga. needle. Approximately 0.7 mL of whole blood was collected,
allowed to clot at room temperature for 30 min, and centrifuged at
1,500  g for 15 min. Serum was carefully extracted and transferred to
cryotubes. Tissue specimens were snap frozen under liquid nitrogen.
Pieces of frozen tissues (1 mm3) were ground under liquid nitrogen in a
ceramic mortar and pestle. Pulverized tissue was transferred to sample
tubes and resuspended in 250 AL of simple lysis buffer [2:1 ratio of 10%
SDS to 1 mol/L Tris (pH 7.6)]. Serum and tissue protein concentration was
measured using the DC Lowry Assay (Bio-Rad, Hercules, CA). Zymography
was done by electrophoresis of 10 Ag total serum or tissue protein on
1-mm-thick 1% gelatin, 10% acrylamide gels at 200 V for 60 min at 4jC
under nonreducing conditions. Mouse recombinant MMP9 (R&D Systems,
Inc., Minneapolis, MN) was loaded as a positive control. Gels were
transferred to renaturation buffer [50 mmol/L Tris-HCl (pH 7.5), 0.1 mol/L
NaCl, 2.5% Triton X-100] for 1 h with one exchange of solution after
30 min. After rinsing with water, gels were placed in developing buffer
[50 mmol/L Tris-HCl (pH 7.5), 10 mmol/L CaCl2, 0.02% NaN3] with 1:250
mammalian tissue protease inhibitor cocktail without EDTA (2.49% AEBSF
[4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride], 0.05% aprotinin,
0.12% bestatin hydrochloride, 0.09% E-64 [N-(trans -epoxysuccinyl)-Lleucine 4-guanidinobutylamide], 0.1% leupeptin hemisulfate, and 0.1%
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maintained in culture in DMEM (Cellgro Mediatech, Herndon, VA)
supplemented with 10% fetal bovine serum (NovaTech, Grand Island, NY),
1% penicillin-streptomycin, 1% nonessential amino acids, and 0.5%
neomycin (G418; Cellgro Mediatech) at 37jC and 5% CO2.
Animal models. All experiments were done in accordance with NIH
Guide for the Care and Use of Laboratory Animals, approved by and carried
out under the guidelines of the Institutional Animal Care and Use
Committee at Vanderbilt University Medical Center (Nashville, TN). All
animals were housed in a climate-controlled institutional animal facility on
a 12:12 h light/dark cycle where food and water was provided ad libitum.
Experimental metastasis model. Male MMP9-null mice (24) were
backcrossed into a C57BL/6 background (25). Ten-week old male C57BL/6J
mice (The Jackson Laboratory, Bar Harbor, ME) were used as WT controls
and for all other studies. Under isoflurane anesthesia, mice underwent a
1-cm midline laparotomy and medial retraction of the anterior spleen. Fiftythousand MC38/Luc cells were injected into the pulp of the anterior pole of
the spleen using a 27 ga. needle in a total volume of 0.1 mL sterile HBS.
Successful injection was confirmed by splenic blush and visualization of
injection flow through the anterior splenic vein. Tumor cells were allowed
to circulate for 10 min. Mice not receiving I/R then underwent an additional
15 min of circulation followed by splenectomy and closure. Those mice that
received I/R were subjected to 30 min of 70% hepatic ischemia with 15 min
reperfusion before splenectomy. Splenectomy was done to prevent the
formation of splenic tumors, such that metastatic lesions developed in the
liver only.
Rodent model of hepatic I/R. Hepatic I/R was done by placement of an
atraumatic vascular clamp (S&T Microclamp B-2; Fine Science Tools, Foster
City, CA) across the portal vein, hepatic artery, and bile duct branches to the
left and median liver lobes, rendering f70% of the liver ischemic (26). This
method has been previously reported (27–29) and prevents mesenteric
congestion by allowing portal venous shunting through the right lobe and
caudate lobe; these latter lobes are called the ‘‘shunted’’ liver. Shamoperated animals underwent laparotomy, mild liver manipulation, and
equivalent anesthesia. Surgical procedures were done under aseptic
conditions, and warm sterile moistened gauze was placed over the
laparotomy to avoid dehydration. Body temperature was maintained at
36.5jC to 37.5jC by placing the animals on a heated table and covering
them with sterile towels. The abdominal incision was closed in two layers
with 6-0 PDS II (Ethicon, Inc., Cincinnati, OH). Prewarmed saline (0.5 mL) was
introduced i.p. before closure. Buprenorphine hydrochloride (0.05 mg/kg,
Buprenex Injectable, Reckitt and Colman Pharm., Inc., Richmond, VA) was
used for postoperative analgesia. Animals were monitored for tumor growth
every 7 days for 28 days using bioluminescent imaging (described below),
after which time they were sacrificed for sample collection and quantitation
of tumor burden. Individual tumors were counted and each tumor was
measured in three perpendicular dimensions to estimate tumor volume
based on the standard equation for volume of an ellipse: 4/3p  (width axis
radius)  (length axis radius)  (height axis radius).
Doxycycline treatment. Doxycycline (40 mg/kg) was administered daily
in drinking water as described by Pozzi et al. (30). Doxycycline has modest
efficacy as a broad-spectrum inhibitor of MMP activity and reduces MMP9
levels without affecting MMP2 (30, 31).
Experimental groups. All experimental groups are outlined in Table 1.
To evaluate the effects of I/R on MMP9 and metastatic tumor growth, we
did three lines of experimentation in WT C57BL/6 mice and a fourth line of
experimentation in MMP9-null mice. The first experiment in WT mice was
designed to evaluate whether I/R increased tumor growth in our model of
circulating micrometastases. To establish baseline tumor burden, seven
mice received tumor injection and splenectomy only (tumor control group).
Another seven mice received tumor injection followed by 30 min of 70%
hepatic ischemia, 15 min of reperfusion, and splenectomy (tumor I/R
group). In addition, within the I/R-treated group, the nonischemic
(shunted) portion of the liver was also examined as an internal control
for the effects of I/R.
The second experiment in WT mice was designed to examine the
effect of I/R on serum and liver tissue MMP9 levels. Specimens were
collected from three mice in each of the following groups: (a) laparotomy,
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Results
Warm hepatic I/R increases tumor in a model of hepatic
micrometastases. We sought to mimic the surgical setting in
which, at the time of surgical resection, there are disseminated
tumor cells in the circulation that may form the basis of recurrent
cancer (6–8, 35); therefore, a low inoculum of tumor cells was
necessary. To determine an appropriate inoculum, we first injected
mice with MC38/Luc cells at concentrations ranging from 1  103
to 1  106 cells to determine the concentration that would produce
tumors in approximately two thirds of animals after 4 weeks (data
not shown). Based on the results of these studies, intrasplenic
injection of 5  104 viable cells and circulation for 10 min before
I/R was selected for our model. In those mice subjected to 30 min
of 70% hepatic ischemia and 15 min reperfusion, there is a 5-fold
increase in average tumor number and 10-fold increase in total
tumor volume when compared with mice receiving tumor injection
and splenectomy alone (Fig. 1A and B). Additionally, within each
I/R mouse, the shunted (nonischemic) lobe of the liver served as an
internal control. We also observed significantly more tumor in the
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Figure 1. I/R-induced tumor growth. Twenty-eight days after surgery, animals
were sacrificed and the number and volume of tumor was assessed. The
number (A ) and volume (B) of tumors in mice subjected to tumor injection
with splenectomy (Tumor Control ) is less than in those animals that were
subjected to 30 min hepatic ischemia with reperfusion (Tumor I/R ). Within the I/R
group, the number (C) and volume (D ) of tumor in shunted (right and caudate)
lobes was less compared with ischemic (median and left) lobes (*P < 0.05).

ischemic lobes (median and left lobes) compared with shunted
lobes (right and caudate; Fig. 1C and D).
Bioluminescent imaging weakly correlated with gross findings
at necropsy. Comparison of photon count within regions of
interest to liver weight, tumor number, or tumor volume on
postoperative day 28 resulted in correlation coefficients ranging
from R 2 = 0.1778 to 0.6023 (data not shown). Although graphical
representation of photon count over time seem similar between
tumor control and tumor I/R groups, more rapid elevations in
photon count were observed in tumor I/R mice. Additionally,
within the tumor control group, three mice (nos. 2, 412, and 414)
had no tumor at necropsy, whereas all tumor I/R mice had tumor
that significantly replaced the hepatic parenchyma without i.p.
metastases. In a few circumstances, tumors had formed adhesions
with the mesentery, bowel, or abdomen at the incision. Tumor
control mice without I/R developed hepatic lesions in only 71% of
cases, and none had the extensive degree of parenchymal
replacement (Fig. 2).
I/R increases MMP9 mRNA and protein expression. Liver
tissue samples collected from I/R and sham-operated mice 7 days
after surgery were analyzed using quantitative real-time PCR and
revealed a significant elevation (P = 0.031) in MMP9/GAPDH
mRNA following warm hepatic I/R (Fig. 3A).
To further validate this observation, gelatin zymography and
real-time PCR were done on tissue harvested from mouse livers
during ischemia or after early reperfusion time points as outlined
in experimental groups. Zymography on 10 Ag of liver tissue
protein showed an increase in MMP9 that was dependent on
postreperfusion time. Sham-operated liver tissue and ischemic liver
tissue harvested before reperfusion showed no MMP9; however,
reperfusion for 15 or 30 min resulted in observable MMP9 in the
liver that increased significantly after 24 h of reperfusion.
Regenerating liver tissue harvested 3 h after hepatectomy was
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pepstatin A; Sigma, St. Louis, MO) and incubated at 37jC overnight. To be
certain we were visualizing MMPs, initial gels were run in duplicate and
0.5 Amol/L EDTA was added to the developing solution of one of the
duplicate gels. Chelation of metal ions by EDTA inhibited the gelatinolytic
activity of electrophoresed proteins on that gel; however, digested bands
appeared on the other gel. MMP9 and MMP2 bands were visualized using
standard Coomassie blue staining.
Quantitative real-time PCR. RNA was prepared from snap-frozen liver
tissue harvested from both the right lobe and caudate lobe for each animal
using RNAzol B (Tel-Test, Inc., Friendswood, TX). Briefly, tissue was
homogenized in RNAzol, precipitated using chloroform and isopropanol,
washed and dried with ethanol, and resuspended in DEPC water. Primers
for MMP9 were designed based on the full-length mouse MMP9 mRNA
sequence (Genbank accession number NM_013599) and were selected after
ruling out highly folded regions as indicated using the mFold software
service.3 Forward 5¶-CAATCCTTGCAATGTGGATG-3¶ and reverse 5¶-TAAGGAAGGGGCCCTGTAAT-3¶ primers yield an amplicon of 128 bp. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were assessed using
the TaqMan Gene Expression Assay (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions to establish baseline mRNA
content. A standard curve was generated from cDNA from regenerating
mouse liver 6 h after hepatectomy. Real-time PCR reactions were carried
out using the Bio-Rad iCycler and iQ Supermix buffer containing DNA
polymerase and SYBR Green (Bio-Rad Laboratories) as described elsewhere
(34). Cycling conditions were as follows: 95jC for 10 min and then 45 cycles
at 95jC for 15 s, 60jC for 30 s, and 72jC for 15 s. Data were analyzed using
Bio-Rad iCycler PCR detection and analysis software version 3.0 (Bio-Rad
Laboratories). DNA was quantitated using the standard curve method with
the background subtracted. A melting curve was determined for each
sample to detect primer dimers. Results are expressed as values for MMP9
cDNA divided by those for GAPDH cDNA. MMP9 values were standardized
by taking the ratio of MMP9/GAPDH for each sample.
Statistical analysis. Data analysis was carried out using SPSS version
13.0 (SPSS, Inc., Chicago, IL). All values are presented as mean or mean
difference FSE unless otherwise noted. The mean difference between
groups was analyzed using a one-way ANOVA with the least significant
difference procedure for pairwise comparisons with P < 0.05 considered
significant. Pairwise comparisons were considered valid only when the
overall model P value was V0.05, indicating significant difference between at
least two groups.

Cancer Research

used as a positive control for MMP9 expression based on data
presented by Kim et al. (32) that show rapid induction in
expression and activity of MMP9 between 3 and 6 h posthepatectomy. By zymography, MMP9 levels were similarly elevated in the
24 h reperfusion and the 3 h posthepatectomy samples (Fig. 3B).
Figure 3C represents the average mRNA content of tissue samples
used for the zymography in Fig. 3B assessed quantitatively by realtime PCR. MMP9 mRNA was highest in liver tissue subjected to 30
min ischemia and 24-h reperfusion (P = 0.046 compared with all
other conditions). The representative zymogram in Fig. 3B
indicated similar MMP9 levels in 24 h reperfusion and the 3
h posthepatectomy samples, when mRNA was evaluated and the
levels for all samples were averaged, only the 24 h reperfusion
condition was statistically higher than any other group when
analyzed by ANOVA. Although the mRNA levels do not directly
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correlate with the protein expression as presented, it is possible
that early postreperfusion MMP9 mRNA levels are actually lower
than in the posthepatectomy samples had more than three samples
in each group been analyzed to reduce the SE.
Doxycycline treatment inhibits I/R-induced MMP9 and
decreases hepatic metastases. After observing the increase in
hepatic metastases after I/R associated with elevated MMP9, we
investigated whether doxycycline could prevent hepatic metastases. This tetracycline derivative has been shown to reduce plasma
MMP9 protein without affecting MMP2 levels (30).
A potential confounding factor regarding the effect of
doxycycline treatment on tumor formation could be a direct
cytotoxic effect of doxycycline on MC38/Luc cells. To rule out this
possibility, we did viability assays on MC38/Luc cells seeded on
96-well plates. Doxycycline in complete DMEM was added at 0.01,
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Figure 2. Nonlethal tumor tracking. Animals were monitored by bioluminescent imaging every 7 d to track tumor formation. Individual graphs of photon counts over
time are displayed for tumor control mice (left column ), of which 71% (five of seven) had tumor. Tumor I/R mice (right column ) all developed tumor. To the right of
each line graph, the bioluminescent image of individual mice and a photograph of the liver at sacrifice on postoperative day 28 are presented. Gross histologic
appearance of tumor control livers at day 28 show limited tumor compared with tumor I/R livers, which consistently had significant parenchymal replacement;
photon count correlated poorly with tumor burden at day 28.

Hepatic I/R-Induced MMP9 Promotes Colorectal Metastasis

Figure 4. Doxycycline treatment prevents I/R-induced MMP9 and metastatic
tumor growth in mouse liver. A, doxycycline was added to complete culture
medium at 0.01, 0.1, 1.0, and 10 mmol/L that was used to assess cytotoxicity
on MC38/Luc cells in culture. The observed LD50 was estimated at 5 mmol/L
based on the dose-dependent viability of cells. The mean total volume (B )
and number (C ) of tumors was evaluated in four groups of 10 mice that were
subjected to tumor injection and 30 min warm hepatic ischemia with varied
administration of 40 mg/kg doxycycline: no doxycycline (Untreated ), treatment
from the day of surgery through postoperative day 14 (Early ), treatment from
postoperative day 14 through day 28 (Late ), or continuous treatment from the
day of surgery until sacrifice at day 28 (Continuous). Early or continuous
treatment resulted in significant reduction in tumor volume compared with
untreated mice (*, P = 0.05 and 0.04, respectively). These same groups trended
toward a significant reduction in tumor number as well (*, P = 0.06 and 0.07,
respectively).

Figure 3. I/R-induced tissue MMP9. Sham-operated or I/R livers harvested 7 d
after surgery were first examined by quantitative real-time PCR. A, MMP9 mRNA
levels were significantly higher (*, P < 0.05) in the I/R group. B, gelatin
zymography showed MMP9 protein levels from liver tissue in representative
samples collected after sham operation (Sham ); during 30 min ischemia
(30m Isc ); after ischemia; 15 min, 3 h, or 24 h reperfusion (15m Rep., 3h Rep. ,
and 24h Rep. ); and 3 h after hepatectomy (3h Hep , positive control; n = 3 for
each condition). Recombinant mouse MMP9 (rM-MMP9 ) was loaded as an
additional positive control. Quantitative real-time PCR done (C ) on samples used
previously for zymography (B) shows a significant elevation of MMP9 levels
24 h following I/R (*, P < 0.05 compared with all other samples).

www.aacrjournals.org

number; however, although all treatment groups had statistically
similar total numbers of tumor, early and continuous treatment
trended toward significance compared with untreated (P = 0.06
and 0.07, respectively; Fig. 4C).
Genetic deletion of MMP9 prevents hepatic metastases. Due
to the nonspecific mechanism of doxycycline inhibition of MMPs
and its potential alternative side effects, we evaluated tumor
growth following I/R in C57BL/6 mice genetically deficient in
MMP9 to determine if the decreased effect on tumor burden was
due to MMP9 inhibition. Eight-week-old male MMP9-null mice
were subdivided into the following four groups: (a) tumor injection
without doxycycline, (b) tumor injection with doxycycline, (c)
tumor injection and I/R without doxycycline, and (d) tumor
injection and I/R with doxycycline. An equal number of agematched WT mice were placed in the same four categories. These
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0.1, 1, and 10 mmol/L concentrations and allowed to incubate
for 30, 60, or 120 min. All three incubation periods resulted in
the same dose-dependent curve, with maintained viability up to
1 mmol/L, cytotoxicity at 10 mmol/L, and an estimated LD50 of
5 mmol/L (Fig. 4A). The circulating plasma concentration of
doxycycline in mice treated daily with 40 mg/kg has been
reported as 2.3 F 1.02 Ag/mL using high-performance liquid
chromatography (30). This concentration has a molar equivalent
of 4.6 F 2.04 Amol/L, which is f1/1,000 the estimated LD50.
Based on these results, inhibition of tumor growth in doxycyclinetreated mice was highly unlikely to be due to direct cytotoxic
effects on injected tumor cells.
Early doxycycline and continuous doxycycline treatment (groups
2 and 4) resulted in 75% reduction in tumor volume compared with
untreated mice (group 1), P = 0.05 for early (1 versus 2) and P = 0.04
for continuous (1 versus 4). Late treatment (group 3) resulted in
only a 29% reduction in tumor volume (P = 0.67; Fig. 4B). This
reduction in tumor volume was paralleled by reduction in tumor
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increased tumor growth likely through a protease-dependent
pathway.
Our experimental design incorporates features from both of
these previously reported techniques using the splenic injection
model of experimental metastases, but differs from these previous
studies in the following ways: (a) a smaller inoculum of MC38
rather than the commonly used CT26 cells, (b) initiation of
ischemia immediately after tumor cell injection to show the effect
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conditions were established to investigate two hypotheses. The first
hypothesis was that MMP9-null mice would have less metastatic
tumor after I/R. The second was that doxycycline would provide no
additional protection against tumor growth in the absence of
MMP9 following I/R.
We first examined the effects of doxycycline treatment on MMP9
levels after I/R. Real-time PCR revealed a trend toward significance
regarding the observed decrease in MMP9 mRNA in tissue from
doxycycline-treated mice compared with untreated mice after I/R
(P = 0.056; Fig. 5A). Gelatin zymography confirmed the results of
the PCR, illustrating a reduction in MMP9 in serum from
doxycycline-treated mice subjected to I/R compared with untreated (Fig. 5B).
For animals receiving tumor injection without I/R (groups 1 and
2), MMP9 deficiency resulted in fewer and smaller tumor lesions
(data not shown). For those mice receiving tumor injection and
undergoing I/R (groups 3 and 4), we found that MMP9-null mice
had significantly smaller tumor number and volume after I/R when
compared with WT mice without doxycycline (P < 0.02 for each;
Fig. 5C and D). Second, there was no statistically significant
difference between WT doxycycline-treated mice and MMP9-null
mice, regardless of their doxycycline treatment (P > 0.2 for all
comparisons; Fig. 5C and D).

Discussion
The mortality associated with colorectal carcinoma is primarily
due to metastatic spread of disease. In 15% to 20% of patients,
when metastatic disease is isolated to the liver, cure is possible
with complete surgical resection of the liver metastases. In clinical
care, liver resection has become an accepted standard of care in
the management of colorectal carcinoma metastatic to the liver;
however, even with improved patient selection and improved
surgical and anesthetic care, cure rates remain at 40% to 50%.
Lower cure rates are seen in those with increased tumor burden at
the time of resection as those with less tumor have higher 5-year
survivals. Recent reports have shown intravascular dissemination
of carcinoma cells as a result of surgical manipulation correlate
with recurrent or metastatic disease (6, 7). Furthermore, several
reports in rodent models have examined the outgrowth of hepatic
metastases in response to hepatectomy or I/R (4, 5, 36, 37). These
observations, in aggregate, suggest that liver resection itself may
render the remnant liver more permissive to micrometastatic
deposition and growth by up-regulating growth factors and
recruiting inflammatory cells that release cytokines and adhesion
molecules.
Two previous studies in rats reported that I/R before i.v.
introduction of colon carcinoma cells increases metastatic liver
tumor number and size that correlate with the duration of I/R
(4, 5). An additional study in mice by van der Bilt et al. (37),
which explored the effects of I/R on preexisting hepatic
metastases of CT26 murine colorectal carcinoma tumors, found
that I/R accelerated the outgrowth of those metastases. They
identified that intermittent clamping, but not ischemic preconditioning, was able to prevent the outgrowth of existing metastases.
They hypothesized that early reperfusion injury contributed to
the release of cytotoxic cytokines and reactive oxygen species
release, which promoted tumor growth; however, treatment with
antioxidants a-tocopherol or ascorbic acid did not prevent
outgrowth of hepatic lesions. They concluded that the late phase
of I/R injury comprising neutrophil infiltration contributed to
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Figure 5. Genetic deletion of MMP9 prevents liver metastases. A, tissue MMP9
mRNA quantitation by real-time PCR in livers from WT sham-operated,
30 min hepatic ischemia and reperfusion, or I/R mice treated with doxycycline
(40 mg/kg). Doxycycline produced a decrease in tissue MMP9 mRNA that
exhibited a trend toward significance (*, P = 0.056). B, serum MMP9 was
diminished by doxycycline treatment as evaluated by zymography. Tumor
number (C ) and volume (D ) in WT (WT C57BL/6) and MMP9 null (MMP9 KO)
with or without continuous doxycycline treatment after tumor injection and 30 min
hepatic ischemia and reperfusion. MMP9 KO mice, regardless of doxycycline
treatment, had significantly (*, P < 0.02) smaller total tumor volume and number,
which was similar to WT mice treated with doxycycline.
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