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Aims: Vascular endothelial growth factor (VEGF) and pathologic angiogenesis have been demonstrated to
play a pathogenic role in the development and progression of inflammatory bowel disease. Thus, we
hypothesized that the potent anti-angiogenic factor endostatin might play a beneficial role in experimental
ulcerative colitis (UC).
Main methods:We used three animal models of UC: (1) induced by 6% iodoacetamide (IA) in rats, or (2) by 3%
dextran sulfate sodium (DSS) in matrix metalloproteinase-9 (MMP-9) knockout (KO) and wild-type mice,
and (3) interleukin-10 (IL-10) KO mice. Groups of MMP-9 KO mice with DSS-induced UC were treated with
endostatin or water for 5 days.

Key findings: We found concomitant upregulation of VEGF, PDGF, MMP-9 and endostatin in both rat and
mouse models of UC. A positive correlation between the levels of endostatin or VEGF and the sizes of colonic
lesions was seen in IA-induced UC. The levels and activities of MMP-9 were also significantly increased during
UC induced by IA and IL-10 KO. Deletion of MMP-9 decreased the levels of endostatin in both water- and DSS-
treated MMP-9 KO mice. Treatment with endostatin significantly improved DSS-induced UC in MMP-9 KO
mice.
Significance: 1) Concomitantly increased endostatin is a defensive response to the increased VEGF in UC, 2)
MMP-9 is a key enzyme to generate endostatin which may modulate the balance between VEGF and
endostatin during experimental UC, and 3) endostatin treatment plays a beneficial role in UC. Thus, anti-
angiogenesis seems to be a new therapeutic option for UC.

Published by Elsevier Inc.
Introduction

Endostatin is a 20 kDa fragment cleaved from collagen XVIII by
enzymes such as matrix metalloproteinases (MMP), particularly
MMP-9 (Ferreras et al., 2000; Nilsson and Dabrosin, 2006). Endostatin
is a leading member of endogenous inhibitors of angiogenesis with
potent anti-tumor activity (O'Reilly et al., 1997) that controls genes
that regulate angiogenesis. An analysis of 90% of the human genome
revealed that human endostatin downregulates signaling pathways in
the human microvascular endothelium that modulate angiogenic
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factors, including vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), hepatocyte growth factor (HGF),
hypoxia-induced factor-1α (HIF-1α), and tumor necrotic factor-α
(TNF-α) receptor, and upregulates many anti-angiogenic genes,
including those encoding thrombospondin-1, HIF-1α-inhibitor, maspin
and others (Abdollahi et al., 2004). Endostatin also blocks motility
(Neskey et al., 2008) and induces apoptosis of endothelial cells
(Dhanabal et al., 1999).

Folkman (2006) suggested that endostatin suppresses mainly
pathologic (abnormal) angiogenesis and has little or no activity
against normal wound healing or reproduction. Pathologic or
abnormal angiogenesis is a major factor in the pathogenesis of
many chronic and inflammatory diseases (e.g., cancer, diabetic
retinopathy, atherosclerosis, and rheumatoid arthritis) (Carmeliet,
2003; Folkman, 1995; Yin et al., 2002). Administration of endostatin
protein inhibited many tumors in animal models and patients, often
with a “U-shape” dose–response curve (Folkman, 2006). Treatment

http://dx.doi.org/10.1016/j.lfs.2010.10.026
mailto:sandor.szabo@va.gov
mailto:zsuzsanna.sandor@va.gov
Unlabelled image
http://dx.doi.org/10.1016/j.lfs.2010.10.026
Unlabelled image
http://www.sciencedirect.com/science/journal/00243205


75G. Tolstanova et al. / Life Sciences 88 (2011) 74–81
with endostatin reduced blood vessel density within the synovial
tissues and improved signs of TNF-induced inflammatory arthritis in
mice (Yin et al., 2002). Therapy with endostatin inhibited inflamma-
tory-associated angiogenesis in acute cyclophosphamide-induced
cystitis (Beecken et al., 2004).

Recent clinical and experimental findings indicate that inflamma-
tory bowel disease (IBD) pathogenesis is associated with excessive
and uncontrolled angiogenesis (Chidlow et al., 2006; Danese et al.,
2006; Scaldaferri et al., 2009; Spalinger et al., 2000), upregulation and
imbalance of angiogenic growth factors (e.g., VEGF, bFGF, and PDGF)
(Sandor et al., 2006; Griga et al., 1998; Kanazawa et al., 2001;
Tolstanova et al., 2009; Wiercinska-Drapalo et al., 2007). Blockade of
angiogenesis by treatment with neutralizing anti-VEGF antibody,
soluble VEGF receptor-1 or a potent inhibitor of angiogenesis
thalidomide was beneficial in IBD pathogenesis (Scaldaferri et al.,
2009; Tolstanova et al., 2009; Vasiliauskas et al., 1999).

Despite numerous clinical and experimental data on the expres-
sion and the role of angiogenic factors, surprisingly little is known
about the role of anti-angiogenic factors in IBD pathogenesis. In our
previous study we showed concomitant upregulation of VEGF and
anti-angiogenic factors endostatin and angiostatin in the early stages
of trinitrobenzene sulfonic acid- and iodoacetamide-induced colitis
(Sandor et al., 2006). Nevertheless, data are missing on the expression
of anti-angiogenic factors in advanced stages of IBD, when chronic
inflammation and growth of new blood vessels are extensive.

In the present study, using models of chemically induced colitis
and spontaneously developing colitis in IL-10 knockout (KO)mice, we
tested the hypothesis that endostatin might play an important role in
IBD pathogenesis and its levels may be associated with the stages of
IBD, in connection with the rate-limiting enzyme MMP-9 in
endostatin generation.

Materials and methods

Animals

Female Sprague–Dawley rats (170–200 g) were purchased from
Harlan Sprague–Dawley (San Diego, CA). Male IL-10 KO mice on a
C57BL/6J background and wild-type (WT) C57BL/6J were purchased
from Jackson Laboratory (Bar Harbor, ME). These animals were
housed in the animal research facility at the VAMedical Center in Long
Beach, CA under standard environmental conditions. Part of the
studies was performed using MMP-9 KO mice and WT FVB back-
ground littermateswhichwere bred and housed in an animal research
facility of Emory University, Atlanta, Georgia. WT and MMP-9 KO
littermates used in the study were between 6 and 8 weeks old at the
beginning of the experimental protocol. All animals had an unlimited
access to Purina chow and tap water. These studies were approved by
the Subcommittee for Animal Studies of the R&D Committee of the VA
Medical Center in Long Beach, CA and Emory University, Atlanta,
Georgia.

Iodoacetamide-induced UC

Thismodel is characterized by sequential changes in the colon, e.g.,
depletion of antioxidant glutathione, increased alkylation of protein
sulfhydryls (SH) leading to cell death and mucosal necrosis followed
by the development of erosions, ulcers and infiltration of neutrophils
as early as 6–12 h (Sandor et al., 1994; Satoh et al., 1997a). Thus, this
experimental UC was induced in rats by the SH alkylator iodoaceta-
mide. 0.1 ml of 6% iodoacetamide (Sigma; St. Louis, MO) dissolved
in 1% methylcellulose (Sigma; St. Louis, MO) or the vehicle 1%
methylcellulose was given to rats once by enema (7 cm from anus) via
rubber catheter Nelaton S-8 (Rüsch, Germany). Rats were euthanized
0.5, 1, 2, 6, and 24 h, and 3 and 7 days after intracolonic administration
of iodoacetamide by carbon dioxide inhalation. During autopsy 7 cmof
the distal colon was removed for morphologic examination. At
autopsy, the area of colonic lesions (e.g., extent of tissue damage)
and loss of rugae (as an indicator of recently healed, regenerated
mucosa) were measured in mm2 in the two largest diameters and
subsequently quantified by computerized planimetry coupled with
stereomicroscopy. Colon wet weight (mg/100 g body weight) and
colon thickness (scale: 0=none, 1=mild, 2=moderate, 3= severe)
were also measured. Parameters such as loss of rugae, colon wet
weight and colon thickness reflected the severity of UC.

Dextran sodium sulfate (DSS)-induced UC

UCwas induced in age- and sex-matched male and femaleWT and
MMP-9 KO littermates following the continuous administration of 3%
DSS (MW 50000; ICN Biochemicals, Aurora, OH) in drinking water for
6 days. Age-matched male and female WT and MMP-9 KO littermates
receiving tap water served as controls. Mice were observed daily and
evaluated for changes in body weight and development of clinical
symptoms. On the 7th day mice were killed by carbon dioxide in-
halation. The distal colon (2 cm) was removed and processed for
histologic examination and protein isolation.

Treatment with endostatin

Recombinant mouse endostatin was obtained from the Biotech-
nology Unit, NIH. MMP-9 KO mice with DSS-induced colitis were
treated with either water or recombinant mouse endostatin (2 mg/
100 g, s.c.) twice a day for 5 days starting from the 2nd day of DSS
ingestion. Body weights, stool consistency, and the presence of occult/
gross blood by a guaiac test (Hemoccult Sensa; Beckman Coulter,
Fullerton, CA) were monitored daily in each mouse. Colitis was
quantified with a clinical score by using the parameters of weight loss,
stool consistency, and fecal blood as described previously (Castaneda
et al., 2005). Mice were euthanized by carbon dioxide/hypothermia
on the 7th day when colonic samples were processed for biochemical
and histologic evaluation.

Light microscopy

Sections of the colon were fixed in 10% buffered formalin, em-
bedded in paraffin, cut at 5 μm, stained with hematoxylin and eosin
and coded for blind light microscopic evaluation of colonic lesions.
Histologic slides were examined by two experienced pathologists
who were unaware of the treatment.

Western blotting

Total proteins (100 μg) which were extracted from colonic mucosa
in a lysis buffer containing protease inhibitors (Sigma; St. Louis, MO)
were processed routinely forWestern blotting as described previously
(Tolstanova et al., 2009). The primary antibodies were used against
VEGF, PDGF (1:500; Santa Cruz Biotech. Biothech.; Santa Cruz, CA),
endostatin (1:250; LabVision, Fremont, CA), angiostatin (1:500;
Abcam, Cambridge, MA), and MMP-9 (1–500; Thermo Fisher
Scientific, Fremont, CA). The loading controls were performed by
using a mouse monoclonal antibody to GAPDH (1:2000; EnCor
Biotech.; Alachua, FL). Every Western blot was repeated at least two
times using protein from three animals/group. The density ofWestern
blot bands was measured by the Eagle Eye II (Stratagene, Austin, TX)
and expressed in arbitrary units.

MMP gelatin zymography

Enzymatic activities of MMP-9 in the colon were detected by
electrophoretic zymography under non-reducing condition. Briefly,
100 μg of total proteins extracted from each tissue sample was



Fig. 1. Time-dependent changes in endostatin, VEGF and PDGF protein levels in rat
colonic tissue during iodoacetamide-induced UC. Protein levels in colonic tissue were
determined by (A) Western blot and (B) ELISA. GAPDH levels were used as loading
controls. Assays were repeated 3 times with highly reproducible results using protein
from 3 rats/group. **pb0.01; ***pb0.001 vs. control (Ctrl).
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electrophoresed at room temperature in 8% SDS-PAGE gels containing
gelatin (1 mg/ml) for 4 h with 125 V. MMP activity in the polyacryl-
amide gels was restored by removal of SDS by gentle shaking at room
temperature in Triton X-100 (2.5%) for 30 min followed by incubation
at 37 °C overnight in Zymogram Developing Buffer (50 mM Tris base,
50 mM Tris acid, 0.2 mM NaCl, 5 mM CaCl2 and 0.02 mM Brij).
Substrate gels were stained in Coomassie Brilliant Blue R-250 in
Fig. 2. The correlation between colonic levels of endostatin, VEGF and size of colonic lesions
by Western blot. Samples distributed from left to right according to size of colonic lesions
regression report and Spearman's rank correlation coefficient. The density ofWestern blot ba
units. Assays were repeated 3 times with highly reproducible results using protein from 3
methanol–acetic acid–water (50:10:40), and destained in the same
solution without dye. Proteolytic MMP activity was visualized as clear
bands of digested regions. The molecular weight of the enzyme was
determined by comparison with gelatinase zymography standard for
human MMP-9 (CHEMICON International, Inc.; Billerica, MA) on the
same gel.

Enzyme-linked immunosorbent assay (ELISA)

Rat VEGF ELISA kit for cell and tissue lysate (Raybiotech, Inc.;
Norcross, GA) and human endostatin DuoSet ELISA Development kit
(R&D Systems; Minneapolis, MN) were used according to the man-
ufacturer's instruction for themeasurement of VEGF and endostatin in
colonic mucosa. We calculated the concentration as a ratio of
endogenous VEGF and endostatin vs. total proteins (pg/mg).

Statistical analysis

Quantitative results were expressed as mean±SD. The statistical
significance was determined by the non-parametric Mann–Whitney
U-test or Student's t-test where appropriate. Correlations were
performed using Spearman's rank correlation. P values of b0.05
were considered statistically significant.

Results

Levels of endostatin, VEGF and PDGF in rat colonic tissue during
iodoacetamide-induced UC

Western blots showed concomitantly increased levels of endo-
statin, VEGF and PDGF at different time points of iodoacetamide-
induced UC (Fig. 1A). During the subacute and chronic stages of UC,
levels of VEGF, PDGF and endostatin started to decrease, but still were
higher than in control rats. Our quantitative sandwich enzyme
immunoassay for endostatin and VEGF confirmed our Western
blotting data. Moreover, we found a positive correlation (r=0.45,
during iodoacetamide-induced UC. (A) Protein levels in colonic tissue were determined
from the smallest to greatest. GAPDH levels were used as loading controls. (B) Linear
nds wasmeasured by the Eagle Eye II (Stratagene, Austin, TX) and presented in arbitrary
rats/group.
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Fig. 3. Changes in endostatin (A), VEGF and PDGF (B) protein levels in colonic tissue
from IL-10 KO mice spontaneously developing chronic UC and WT mice on a C57BL/6J
background. Protein levels in colonic tissue were determined by Western blot. GAPDH
levels were used as loading controls. Assays were repeated 3 times with highly
reproducible results using protein from 3 mice/group.
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pb0.05) between concentrations of endostatin and VEGF at different
time points in iodoacetamide-induced UC (Fig. 1B).

Correlation between colonic levels of endostatin or VEGF and size of
colonic lesions during iodoacetamide-induced UC

Iodoacetamide-induced UC is characterized by macroscopically
well-demarcated lesions in distal colon in 5–7 days. We took this
advantage andmeasured levels of endostatin and VEGF in the group of
rats killed on the 7th day after iodoacetamide enema with range of
colonic lesion sizes from 53 mm2 to 736 mm2 (average 289.6±
212.2 mm2, n=14). Levels of endostatin and VEGF were elevated and
positively correlated with size of colonic lesions (Fig. 2A). Spearman's
(r) correlation coefficients were 0.77 (pb0.001) and 0.55 (pb0.038)
for endostatin and VEGF, respectively (Fig. 2B). We didn't find a
positive correlation between levels of another anti-angiogenic factor
angiostatin and size of colonic lesions (data not shown).

Levels of endostatin and VEGF, PDGF in colonic tissue of IL-10 KO mice

Unlike chemically induced models of UC, IL-10 KO mice sponta-
neously develop chronic UC with age-dependent progression. As
Fig. 3A demonstrates, colonic levels of endostatin were increased in
IL-10 KO mice vs. WT, e.g., endostatin levels in 18 week old IL-10 KO
mice were higher in comparison to 12 week old IL-10 KO mice. We
observed a similar pattern with VEGF and PDGF levels (Fig. 3B).

Activity of MMP-9 in colonic tissue during iodoacetamide-induced UC in
rats and IL-10 KO mice

Endostatin is generated by enzymatic cleavage of NC1 domain of
type XVIII collagen. Since MMP-9 belongs to gelatinase, we performed
zymography to detect the gelatinolytic activity of MMP-9 in the colon
of rats with iodoacetamide-induced UC and in IL-10 KO mice. Two
forms of 92 kDa (monomer) and 220 kDa (dimer) MMP-9 were
detected. Interestingly, in control rats and mice a slight activity of
both forms was present. Iodoacetamide enema triggered time-
dependent elevation of MMP-9 activity in the rat colon, associated
with disease progression (Fig. 4A). IL-10 KO mice of 12 and 18 weeks
had an increased activity of monomeric and dimeric MMP-9 forms vs.
WT control. In addition, this enhanced activity was more profound in
18 vs. 12 week old IL-10 KO mice (Fig. 4B). Western blotting also
showed an upregulation of MMP-9 protein expression in colonic
tissue during iodoacetamide-induced UC in rats (Fig. 4A) and IL-10 KO
mice (Fig. 4B).

Levels of endostatin, VEGF and PDGF in colonic tissue of MMP-9 KO mice

To get further confirmation on the role of MMP-9 in endostatin
generation in pathogenesis of experimental UC, we measured the
levels of endostatin, VEGF and PDGF in MMP-9 KO mice vs. WT
controls. Representative Western blotting bands (Fig. 5A) and their
densitometric analysis (Fig. 5B, C, and D) are shown. Water-treated
WT mice had significantly higher levels of endostatin vs. water-treated
MMP-9 KO mice (p=0.002). Protein extracts from DSS-treated WT
mice showed an abundant elevation of endostatin levels (p=0.024 vs.
water-treated WT). The levels of endostatin in DSS-treated MMP-9 KO
mice were lower than in DSS-treated WT mice (p=0.006) and were
not different from water-treated MMP-9 KO mice (Fig. 5B).

Since, we found a concomitant upregulation of endostatin, VEGF
and PDGF during iodoacetamide-induced UC in rats (Fig. 1A) and
IL-10 KO mice (Fig. 3) it was interesting to check the levels of these
factors in MMP-9 KO mice with DSS-induced UC. Levels of VEGF were
even higher in DSS-treated MMP-9 KO mice than in DSS-treated WT
mice (p=0.008). Moreover, we didn't find significant changes of
VEGF levels in WT mice after DSS ingestion, but it was significantly
increased in DSS- vs. water-treated MMP-9 KO mice (p=0.004)
(Fig. 5C). We found that levels of PDGFwere significantly decreased in
MMP-9 KO mice vs. WT mice during DSS-induced UC (p=0.02) and
similar to the pattern of endostatin levels. PDGF in water-treated WT
and MMP-9 KO mice were unchanged (Fig. 5D).

Effect of endostatin on clinical and morphologic features of
experimental UC

Dose–response studies showed that endostatin anti-angiogenic
and anti-tumor efficacy are biphasic and operate over a U-shaped
curve, i.e., levels of endostatin that are too high or too low are inactive

image of Fig.�3


Fig. 4. Proteolytic activity of MMP-9 by gelatin zymography and MMP-9 protein
expression in colonic tissue during iodoacetamide-induced UC in rats (A) and IL-10 KO
mice (B). Gelatinolytic bands of MMP-9 are represented as white bands. Protein levels
in colonic tissue were determined by Western blot. GAPDH levels were used as loading
controls. Assays were repeated three times with highly reproducible results using
protein from 3 animals/group.
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(Folkman, 2006). Because of decreased endogenous endostatin levels
in MMP-9 KO mice, we used this model to investigate the effect of
endostatin administration on UC healing. Daily treatment with
endostatin significantly increased body weight (pb0.01) and clinical
score (pb0.001) of MMP-9 KOmice with DSS-induced UC vs. group of
MMP-9 KO mice treated with saline (Fig. 6A and B). Moreover, at the
Fig. 5. Levels of endostatin, angiostatin, VEGF and PDGF in colonic tissue of wild-type (WT) a
colonic tissue were determined byWestern blot. A: RepresentativeWestern blot bands of end
of VEGF; D: Western blot density of PDGF. GAPDH levels were used as loading controls. As
end of experiments all mice from the saline-treated group had very
loose bloody stool while mice from endostatin-treated group had only
a tinge of blood and no diarrhea. Histologic evaluation of colons
revealed extensive erosions and ulcers with abundant inflammatory
cell infiltration in MMP-9 KO mice ingesting DSS and treated with
saline while mice treated with endostatin have only submucosal
edema and small superficial erosions (Fig. 6C).

Discussion

In the present study, we demonstrated for the first time the con-
comitantly increased levels of potent anti-angiogenic factor endo-
statin and angiogenic factors VEGF and PDGF not only in the acute
stages but also in the chronic stages of experimental UC. Moreover,
the levels of both factors were elevated and positively correlated with
the severity of colonic lesions. Colonic activity of gelatinase MMP-9,
which controls endostatin generation from collagen XVIII, was
significantly increasedwith disease progression in chemically induced
UC and during spontaneously developing UC in IL-10 KO mice. We
demonstrated a key role of MMP-9 in endostatin generation during
experimental UC: the depletion of MMP-9 in MMP-9 KO mice
significantly decreased levels of endostatin vs. WT littermates in
control groups as well as during DSS-induced UC. Treatment with
endostatin significantly improved signs of experimental UC in MMP-9
KO mice.

IBD is a chronic disease which is characterized by sustained
inflammation and tissue remodeling. Excessive/abnormal angiogen-
esis with increased microvascular density, distorted vasculature,
increased permeability and thrombogenic potential plays a role in
IBD pathogenesis (Chidlow et al., 2006; Danese et al., 2006; Scaldaferri
et al., 2009; Spalinger et al., 2000). Moreover, abnormal angiogenesis
facilitates the migration of inflammatory cells to the site of mucosal
injury leading to the perpetuation of chronic inflammation (Chidlow
nd MMP-9 KO mice with DSS-induced UC and water-ingested control. Protein levels in
ostatin, VEGF, and PDGF; B:Western blot density of endostatin; C:Western blot density
says were repeated three times with highly reproducible results.
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Fig. 6. Effect of daily treatment with endostatin (2 mg/100 g, s.c.) on DSS-induced UC in MMP-9 KO mice. (A) Changes in body weight. Mean body weight on the 1st day represents
100%. (B) Clinical score. Results are expressed as mean±SD; n=5 mice/group. ** p b 0.001; *** p b 0.0001 vs. control (saline). (C, D) Histologic changes in the colon during DSS-
induced UC in MMP-9 KO mice treated with saline (×40) or endostatin (×100) (H&E staining). (C) Mice after DSS ingestion show that the normal colonic mucosa is almost
completely replaced by massive inflammatory cell infiltration and early granulation tissue (arrows). (D) Endostatin-treated mice with DSS revealed intact normal mucosa and
moderate submucosal edema (arrows).
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et al., 2006), and anti-inflammatory therapy with anti-TNF-α
antibody decreased angiogenesis (Di Sabatino et al., 2004).

Endostatin is a potent inhibitor of pathologic, inflammatory-
associated angiogenesis. Treatment with endostatin-expressing lenti-
viral vector reduced blood vessel density within the synovial tissues
and inflammation during TNF-induced inflammatory arthritis in mice
(Yin et al., 2002). Endostatin treatment also suppressed airway
hyperresponsiveness during asthma in the murine model which was
associated with downregulation of monocyte chemoattractant pro-
tein 1, macrophage inflammatory protein 1a, interferon-inducible
protein 10 and E-selectin (Suzaki et al., 2005). Furthermore,
endostatin promoted integrity of the retinal endothelial barrier in
vitro and in vivo by preventing VEGF-mediated alteration of tight
junction (Brankin et al., 2005; Campbell et al., 2006).

In the present study, we showed a significant upregulation of
endostatin in rats with chemically induced UC at the early and ad-
vanced stages of disease as well as in IL-10 KO mice with spon-
taneously developing chronic colitis. Endostatin is generated by
proteinases, particularly MMP-9 from the non-collagenous domain of
collagen XVIII. Elevated activity of MMP-9 was found in patients with
IBD (Baugh et al., 1999). Clinical data and experimental studies have
shown that MMP are the predominant proteinases in the gut mucosa
during IBD (von Lampe et al., 2000; Salmela et al., 2002). In the
present study, we detected increased activity and protein expression
of MMP-9 during different stages of chemically induced UC and in
IL-10 KO mice with spontaneously developing UC. We found that
MMP-9 plays an important role in endostatin generation during UC.
Depletion of MMP-9 in MMP-9 KO mice resulted in significantly
decreased levels of endostatin in the control group and during
DSS-induced UC. Levels of another anti-angiogenic factor angiostatin,
which can also be enzymatically generated from plasminogen by
MMP-9 (Patterson and Sang, 1997) were not changed in MMP-9 KO
mice vs. WT (data not shown). Moreover, treatment with adenovirus
vector carrying the human genes for MMP-9 significantly decreased
tumor growth rate and microvessel area which was associated with
significantly increased levels of endostatin in vivo, whereas VEGF
levels were unaffected (Bendrik et al., 2008).

Feldman et al. (2000, 2001) showed that plasma endostatin levels
were elevated and correlated with VEGF levels in colorectal cancer
patients with liver metastases and clear cell renal carcinoma patients.
Furthermore, elevated endostatin levels were associated with disease
progression and bad prognosis (Feldman et al., 2000, 2001; Guan
et al., 2003).We also showed that elevation of endostatin levels in rats
with chemically induced UC and IL-10 KO mice was accompanied by
upregulation of potent angiogenic growth factors VEGF and PDGF.
Furthermore, we found a positive correlation between size of colonic
lesions and levels of endostatin and VEGF during experimental UC.
Recent study on IBD patients showed elevated serum levels of pro-
angiogenic factors angiogenin, and angiopoietin-2. Moreover, higher
endostatin levels were recorded in UC patients with extensive colitis
(Oikonomou et al., in press).

Concomitant upregulation of VEGF, PDGF and endostatin allowed
us to speculate on their co-regulation. Comparison studies of MMP-9
KO (decreased endostatin levels) vs.WT (increased endostatin levels)
DSS-treatedmice revealed significantly downregulated levels of PDGF
in MMP-9 KO mice similar to the pattern of endostatin levels. To our
knowledge this is the first report on the possible role of endostatin in
PDGF expression. Further investigations are needed to explain the
molecular mechanisms. Since PDGF is an important factor for newly
formed vessels stabilization, maturation by pericytes coverage
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(Lindahl et al., 1997) and facilitation of physiologic angiogenesis
(McCarty et al., 2007), concomitant upregulation of PDGF and
endostatin might play a positive role in IBD pathogenesis. An opposite
situation was observed for VEGF. Levels of VEGF were even higher in
MMP-9 KO than in WT mice with DSS-induced UC. It is unlikely that
MMP-9 inhibits VEGF levels, since treatmentwithMMP-9 didn't affect
VEGF levels (Bendrik et al., 2008). Upregulation of VEGF in MMP-9 KO
mice might be the result of decreased endostatin levels. Abdollahi
et al. (2005) showed that microvascular endothelial cells exposed to
endostatin had decreased levels of VEGF expression by 67%.
Furthermore, in our previous study we found that treatment with
neutralizing anti-VEGF antibody decreased endostatin and VEGF
levels in colonic tissue of rats with iodoacetamide-induced UC
(Tolstanova et al., 2007). Thus, VEGF might affect endostatin levels
as well, for instance via protease activation, e.g., MMP-9 (Belotti et al.,
2008).

We and others showed surprising effects of different angiogenic
factors on IBD healing. Diminished VEGF activity by neutralizing anti-
VEGF antibody or treatment with soluble VEGFR-1 ameliorated
experimental UC (Tolstanova et al., 2009; Scaldaferri et al., 2009) vs.
the accelerated healing of experimental duodenal ulcers by VEGF and
delayed ulcer healing by neutralizing anti-VEGF antibody (Szabo et al.,
1998a). Depletion of angiopoietin-2 attenuated leukocyte infiltration,
inflammation as well as blood and lymphatic vessel density during
experimental UC (Ganta et al., 2010). At the same time administration
of bFGF, PDGF or HGF accelerated the healing of both experimental UC
(Kojima et al., 2007; Szabo and Sandor, 1996; Szabo et al., 1999; Thatch
et al., 2009) and chronic duodenal ulcers (Szabo et al., 1996, 1998b;
Satoh et al., 1997b). Thus, we postulate that VEGF stimulates both
normal angiogenesis (e.g., in duodenal ulceration) and excessive/
pathologic angiogenesis in IBD. Because of the potent anti-angiogenic
effect of endostatinwe assumed that endostatinmight be beneficial for
IBD. In present study, treatment with endostatin in a dose which had
anti-angiogenic and anti-tumor effects in vivo (Folkman, 2006)
significantly improved clinical and histologic signs of DSS-induced
UC in MMP-9 KO mice. These results are supported by other studies
showing that the potent inhibitor of angiogenesis thalidomide
attenuates IBD in patients (Plamondon et al., 2007; Vasiliauskas et
al., 1999) and in animal models (Prakash et al., 2008). Furthermore,
deletion of thrombospondin-1 in mice, which is upregulated by
endostatin (Abdollahi et al., 2004), evoked more severe experimental
UC vs. WT mice (Punekar et al., 2008). So we assumed that the
elevation of endostatin levels during IBD might be a defensive
response to upregulated VEGF and excessive/pathologic angiogenesis.
However, because of thewell known “U-shape” effects of endostatin in
tumor regulation, detailed dose–response experiments in other UC
models are planned for our future studies.

Conclusions

The elevated levels of anti-angiogenic factor endostatin may be
beneficial for accelerating the healing of experimental UC. MMP-9
plays a key role to generate endostatin and may modulate a balance
between VEGF and endostatin during experimental UC. Anti-angio-
genesis seems to be a new therapeutic option for UC.
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