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Abstract

Aim: We examined the molecular mechanism of curcumin in a preventive and therapeutic model of indomethacin-
induced gastric ulceration with regard to angiogenic processes. Results: Disrupted blood vessels, reduced collagen
matrices, and significant (60%) injury to mucosal cells were observed during ulceration. In addition, ulcerated
tissues exhibited decreased matrix metalloproteinase (MMP)-2 and vascular endothelial growth factor (VEGF)
expression in blood vessels. Interestingly, curcumin blocked ulceration by induction of collagenization and an-
giogenesis in gastric tissues via upregulation of MMP-2, membrane type (MT) 1-MMP, VEGF, and transforming
growth factor (TGF)-b at protein and messenger ribonucleic acid (mRNA) levels. To examine the angiogenic
properties of curcumin, we employed a chorioallantoic membrane model and Matrigel assay. During healing,
curcumin promoted collagenization and angiogenesis as well as enhanced MMP-2 activity via positive MT1-MMP
regulation and negative tissue inhibitor of metalloproteinase-2 regulation. Innovation: Our study demonstrates
that curcumin-mediated healing is associated with increased MMP-2, TGF-b, and VEGF expression and that it
plays a pivotal role as an angiogenic modulator by stimulating vascular sprout formation and collagen fiber
restoration in ulcerated tissues. Conclusion: We conclude that curcumin remodels gastric tissues by restoring the
collagen architecture and accelerating angiogenesis. Antioxid. Redox Signal. 16, 351–362.

Introduction

Gastric ulcer healing is a complex process involving
cellular proliferation, angiogenesis, and matrix re-

modeling, all of which ultimately lead to the restoration of
tissue structure. Although gastric ulcer healing requires an-
giogenesis, few studies have reported the efficacy of angio-
genic agents in promoting gastric ulcer healing (1, 10, 29, 30).
During gastric ulcer healing, endothelial cells, under the effect
of vascular endothelial growth factor (VEGF), proliferate to
form microvessels and a capillary network in tissues (20).
Transforming growth factor (TGF)-b accelerates angiogenesis
by inducing matrix metalloproteinase (MMP) expression.
MMPs degrade the basement membrane, extracellular matrix
(ECM), and other ECM components during gastric ulcer for-
mation (4, 6, 15, 18, 22, 25, 28, 31, 34). However, MMPs pro-

Innovation

This study is the first to demonstrate that curcumin
possesses both angiogenic and anti-angiogenic properties,
depending on the dosage used for a particular therapy.
Curcumin is a well-known anti-angiogenic agent (2, 9);
however, here we report that, at very low doses, curcumin
stimulates healing both in vitro and in vivo by inducing
vascular sprout formation and restoring collagen fibers in
ulcerated tissues. These results strongly suggest that cur-
cumin has both anti-angiogenic and angiogenic activity.
Thus, curcumin could be a superior natural product and
could be used (at judicious doses) for inducing or pre-
venting angiogenesis, depending on the medical context.
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mote wound healing by facilitating the migration of different
cell types during neovascularization and collagenization (25).
The active forms of ECM-bound proangiogenic factors, such
as VEGF and TGF-b, are also cleaved by MMPs, which pro-
mote signaling associated with endothelial cell proliferation
and angiogenesis during ulcer healing (1, 23, 25, 27, 29, 30).

Upon exposure to ulcerogenic agents, such as indometha-
cin, gastric tissues show characteristic changes leading to
gastric injury (5, 28). The action of curcumin, an antioxidant
from turmeric, has been extensively studied over the past few
years, however, its mechanism of action in gastric ulcer
healing remains unknown. Our previous studies have dem-
onstrated that curcumin offers gastroprotection through reg-
ulation of MMP-9 and MMP-2 by alleviating inflammatory
cytokines and redox-dependent signaling (14, 28). However,
no study has been conducted to date to elucidate its angio-
genic potential during gastric ulcer healing; however, some
studies have shown that this elucidation is possible. For ex-
ample, some Chinese herbs possess strong angiogenic activ-
ity, as has been shown by chick chorioallantoic membrane
(CAM) and in cultured bovine aortic endothelial cells (33). In
addition, the Centella asiatica plant extract has exhibited an-
giogenic activity during wound healing (26). A combination
of antioxidants (proanthocyanidin and resveratrol) from
grapeseed has also been shown to increase VEGF expression
and angiogenesis (13). Furthermore, we recently reported that
melatonin, a pineal hormone, promotes MMP-2-mediated
angiogenesis during healing of indomethacin-induced gastric
ulceration (6).

Here we report the novel functions of curcumin, namely,
the promotion of neovessel formation and inhibition of col-
lagenolysis during gastroprotection and healing of gastric
ulcers. Increased angiogeneis is associated with MMP-2, MT
1-MMP, VEGF, and TGF-b induction, and inhibition of tissue
inhibitor of metalloproteinase (TIMP)-2, all of which contrib-
ute to protection against ulcers associated with curcumin.
Experiments performed using a CAM model and Matrigel
assay suggest that low curcumin doses promote, whereas
high doses prevent, angiogenesis. Similarly, curcumin pro-
motes healing by enhancing TGF-b, VEGF, and MMP-2 ex-
pression and thereby restores the normal architecture of
disrupted blood vessels. Our study is the first to demonstrate
that curcumin induces angiogenesis via MMP-2 and VEGF
overexpression, protecting against and healing gastric ulcers.

Results

Curcumin restores damaged blood vessels
of ulcerated gastric tissues and induces
MMP-2 and VEGF expression in rats

Our previous studies have demonstrated that curcumin
prevents gastric epithelial cell damage due to indomethacin-
and Helicobactor pylori-induced gastropathy because of its
anti-oxidant and anti-inflammatory effects (14, 29). How-
ever, no study has examined the ECM structure and asso-
ciated vasculature of gastric tissues. Therefore, in this study,
we examined curcumin’s effect at both the histological and
molecular levels to gain deeper insight into its mechanism of
action. Histological analysis showed that indomethacin
caused denudation of the gastric mucosa and disrupted
blood vessels in the submucosa (Fig. 1B), whereas curcumin
pretreatment augmented the reappearance of intact blood

vessels and a mucosal layer similar to that of the control
tissues (Fig. 1A and C). In addition, indomethacin induced
thrombosis and disruption of blood vessels (Fig. 1E),
whereas curcumin pretreatment restored blood vessels to an
intact status (like the control tissues) and restructured the
lumen of the submucosa (Fig. 1D and F). Silver-stained
control tissues showed intact tunica intima, media, and ad-
ventitia layers surrounded by an organized collagen matrix,
possibly type III collagen, in blood vessels (Fig. 1G). In-
domethacin treatment caused the merging of all endothelial
layers with the surrounding connective tissue, where sparse
and loose collagen bundles were observed around dilated
and thrombosed blood vessels (Fig. 1H). However, curcumin
pretreatment induced the reappearance of all the endothelial
layers, along with the development of an organized collagen
matrix (Fig. 1I). Various findings have shown that VEGF-
mediated MMP-2 signaling is essential for gastroprotection
(6, 25, 30). Therefore, we examined VEGF and MMP-2
localization in gastric tissues using immunofluorescence
(Fig. 1M–R). The control gastric tissues exhibited VEGF ex-
pression in endothelial cells, indicating a well-nourished
vasculature (Fig. 1M). However, in curcumin-pretreated
tissues, VEGF overexpression was observed predominantly
in the endothelial cells (Fig. 1O). VEGF localization (Fig. 1N)
was reduced in the damaged blood vessels of ulcerated tis-
sues. Similarly, decreased MMP-2 expression was restricted
to the damaged blood vessels of ulcerated tissues (Fig. 1Q),
whereas its overexpression was localized to a compartment
of endothelial cells in curcumin-pretreated tissues (Fig. 1R).
Phase contrast (Fig.1J–L) and fluorescence microscopy ana-
lyses revealed that curcumin-pretreated tissues exhibit a
higher number of VEGF- and MMP-2-positive endothelial
cells than ulcerated tissues. This finding suggests that cur-
cumin pretreatment induced VEGF and MMP-2 over-
expression and promoted clustering of endothelial cells
within the gastric vasculature.

Curcumin blocks collagenolysis,
preventing gastric ulceration

To investigate the role of curcumin in ECM maintenance via
collagenization, we immunostained all the experimental tis-
sues with Van Gieson stain. The Van Gieson-stained slides
showed that collagen fibers were orderly and abundantly
arranged in a systematic pattern in both the lamina propria
and submucosa of the gastric tissues of control rats (Fig. 2A, a
and d). Indomethacin treatment resulted in a sparse, thin,
loose, and disordered collagen matrix (Fig. 2A, b and e),
whereas curcumin pretreatment resulted in dense, organized
collagen fibers, indicating that curcumin exerts its protective
effect through collagenization (Fig. 2A, c and f). To quantify
the collagen content in the different gastric tissues, hydro-
xyproline levels were assayed. The collagen content in indo-
methacin-treated tissues decreased approximately 1.5-fold
compared to that in control tissues. Curcumin rescued the
tissues by ameliorating the changes in hydroxyproline levels,
indicating that it blocks collagen degradation during healing
(Fig. 2B). Thus, it is conceivable that ulceration causes com-
plete disorganization of the mucosal and submucosal ECM,
whereas curcumin restores the proper homeostasis of ECM by
increased deposition of collagen fibers in an orderly manner,
providing gastroprotection.
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Role of regulatory molecules in reduction of MMP-2
activity during ulceration and the effect of curcumin

In our previous report, we demonstrated that MMP-2
overexpression and activity is associated with accelerated an-
giogenesis (6). In this study, we observed an approximately 9-
fold increase in MMP-2 expression during curcumin-mediated

gastroprotection (Fig. 3A, B). Interestingly, MT1-MMP ex-
pression increased approximately 2-fold whereas TIMP-2
expression decreased approximately 2-fold in curcumin-
pretreated tissues. Because VEGF and TGF-b are well-known
angiogenic modulators, we determined their expression at both
the protein and messenger ribonucleic acid (mRNA) levels.
VEGF and TGF-b expression increased approximately 4-fold

FIG. 1. Effect of curcumin on angio-
genesis following ulceration in rat
gastric tissues. Gastric ulcer was in-
duced in rats by oral administration of
indomethacin (48 mg/kg b.w.) and cur-
cumin (60 mg/kg b.w.) was adminis-
tered i.p. prior to indomethacin
treatment. Control rats received vehicle
only. After 4 h, rats were sacrificed and
stomachs were processed for histological
analysis as described in ‘‘Materials and
Method’’. The histological appearance of
gastric mucosa and submucosal blood
vessels, stained with H&E and silver ni-
trate. Histological images of mucosa and
submucosa in (A) control (B) indometh-
acin treated/ulcerated and (C) curcumin
pre-treated indomethacin treated tissues
at 10X magnification. Histological im-
ages of blood vessels in submucosa in
(D) control (E) indomethacin treated/
ulcerated and (F) curcumin pre-treated
indomethacin treated tissues at 40X
magnification. Histological images
shows structural detail of silver stained
submucosal blood vessels in (G) control
(H) indomethacin treated/ ulcerated and
(I) curcumin pre-treated indomethacin
treated tissues at 40X magnification.
Gastric mucosal cells are shown by dia-
mond arrows, blood vessels of submu-
cosa by stealth arrows, disrupted blood
vessels by open arrows and detailed
structure of blood vessel by arrows re-
spectively. Color of all arrows are de-
marcated as control by light green,
Indomethacin by red and + curcumin by
green respectively. Phase contrast im-
ages of ( J) control, (K) indomethacin
treated/ ulcerated and (L) curcumin pre-
treated indomethacin treated gastric tis-
sues. Blood vessels are shown by upright
orange oval arrow. Immunostaining of
VEGF on endothelial cells shown by
upright yellow oval arrows in (M) con-
trol, (N) indomethacin treated/ ul-
cerated, and (O) curcumin pre-treated
indomethacin treated gastric tissues.
MMP-2 immunostaining of endothelial
cells shown by upright blue oval arrows
in (P) control, (Q) indomethacin treated/
ulcerated, and (R) curcumin pre-treated
indomethacin treated gastric tissues.
Bars represent 25lm in each panel (A-R)
respectively. (To see this illustration in
color the reader is referred to the
Web version of this article at www
.liebertonline.com/ars).
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each in curcumin-pretreated tissue (Fig. 3A, B). b-actin was
used as a loading control (Fig. 3A). Figures 3C and 3D show
that MMP-2 and MT1-MMP gene expression increased ap-
proximately 2.5-fold after curcumin pretreatment, whereas
TIMP-2 expression decreased approximately 1.5-fold during
gastroprotection. VEGF and TGF-b expression was inhibited
during ulceration; however, curcumin reversed this effect and
returned the expression to control levels and prevented
wounding (Figure 3C, D). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a loading control (Fig. 3C).

Curcumin promoted angiogenesis in a chick
chorioallantoic membrane model

To complement the investigation of the angiogenic poten-
tial of curcumin, we performed an angiogenic assay using a
CAM model. Implantation of a curcumin-impregnated disc
(80 lg) resulted in approximately 3.5- and 2.7-fold increases in

the length and branching points, respectively, of blood vessels
in the CAM model (Fig. 4C, D) compared to those in vehicle-
impregnated vessels (Fig. 4A, D). Implantation of an indo-
methacin-impregnated disc in the CAM model resulted in the
inhibition of angiogenesis (Fig. 4B, D). The angiogenic po-
tential of curcumin was further substantiated by a Matrigel
assay (Figure 4E). Our results strongly suggest that curcumin
inhibited tube formation at increasing doses; at 200 lM, the
cells were dispersed. However, at lower doses (0.2–10 lM),
curcumin showed potent tubulogenesis with maximum tube
formation observed at a dose of 1 lM of curcumin.

Involvement of curcumin in angiogenesis and
collagenolysis—Auto healing versus curcumin-
mediated healing of gastric ulceration

Rats were treated with either curcumin or vehicle following
ulcer induction. Gastric tissues were processed at different

FIG. 2. Histological detection of colla-
gen fibers in rat gastric tissues after ul-
ceration and prevention by curcumin
treatment. Stomachs from control, indo-
methacin treated and curcumin pre-
treated indomethacin treated rats were
processed for histological analysis as de-
scribed in ‘‘Materials and Method.’’ (A)
Histological appearance of collagen fibers
in submucosa of (a and d) control (b and
e) indomethacin treated and (c and f)
curcumin pre-treated indomethacin treated
tissues stained with Van Gieson’s stain and
observed at 20X and 100X magnification
for upper and lower panel respectively.
Hydroxyproline assay was done by chlo-
ramine T oxidation as described in ‘‘Mate-
rials and Methods.’’ Measurement of
hydroxyproline and collagen content in (B)
control, indomethacin treated/ulcerated
and curcumin-pretreated indomethacin
treated gastric tissues as represented in
histogram from four independent experi-
ments. Densitometry values of hydro-
xyproline and collagen contents were
compared with indomethacin treated tis-
sues versus control tissues and curcumin
pretreated indomethacin treated tissues
versus indomethacin treated tissues by
Bonferroni Post-tests two way ANOVA
analysis by GraphPrism Instat 5 software.
Error bar mean – SEM. p > 0.05 NS; *,
p < 0.001. (To see this illustration in color
the reader is referred to the Web version of
this article at www.liebertonline.com/ars).
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times during auto healing and curcumin-mediated healing
experiments and then analyzed for cellular injury, as shown in
Table 1. It is notable that curcumin accelerated healing from
8 h after ulceration and was prominent over a range of 8–24 h,
whereas autohealing began 12 h after ulceration and the 24-h
autohealed tissues were comparable to the 12-h curcumin-
healed tissues. Cellular injury was significantly arrested,
providing time for both autohealing and curcumin-mediated
healing (Table 1).

Figures 5A–D show that during the early stages (0–8 h) of
autohealing, blood vessels were dilated and disrupted, and
thrombi persisted inside the vessels for 24 h. In contrast, dis-
rupted blood vessels were not seen at 8 h, and at 24 h the
gastric tissues had an increased number of vessels compared
to that at 0 h in curcumin-treated rats, suggesting the angio-
genic potential of curcumin (Fig. 5E–H). Quantitative analysis
of angiogenesis is shown in Figure 5I. At 24 h, curcumin
augmented vessel formation approximately 25-fold and re-
paired injured vessels approximately 6-fold compared to at
0 h of ulceration. Considerable differences in the density and
integrity of collagen fibers were also observed in curcumin-
mediated healing compared to those in autohealing. During

autohealing, collagen fibers were found to be thin, sparse, and
disordered from 4 h to 8 h, but there was a partial deposition
of collagen fibers at 24 h (Fig. 6A–D). In contrast, during
curcumin-mediated healing, the deposition of collagen fibers
became evident as early as at 8 h and was intense at 24 h after
ulceration (Fig. 6E–G).

Involvement of regulatory molecules during
auto healing and curcumin-mediated healing

To elucidate the molecular mechanism of curcumin-medi-
ated healing, in vivo time course MMP-2 expression was in-
vestigated in ulcerated and healed tissues (Fig. 7A, B). During
autohealing, proMMP-2 and active MMP-2 activities were in-
creased approximately 1.5- and 15-fold, respectively, at 24 h
compared with those at 0 h after ulceration. Interestingly,
active MMP-2 activity increased approximately 15-fold even at
8 h after ulceration and approximately 30-fold at 24 h after
ulceration during curcumin-mediated healing (Fig. 7A, B).
During autohealing, MMP-2 and MT1-MMP expression
increased approximately 15- and 6-fold, respectively, at
24 h, whereas no significant expression was detected at 4 h.

FIG. 3. Protein and messenger
ribonucleic acid (mRNA) expression
of regulatory molecules during pre-
vention of gastric ulcer by curcumin.
PBS extracts (120 (g) of control, ul-
cerated and curcumin-pretreated tis-
sues were subjected to (A) Western
blot and probed separately with dif-
ferent polyclonal antibodies: anti-
MMP-2, anti-MT1-MMP, anti-TIMP-2,
anti-VEGF, anti-TGFb and anti-(-actin
antibodies. Histographic representa-
tion (B) of fold changes in individual
protein bands as measured by Lab
image designed densitometry values
from above blots and three other
representative blots from independent
experiments in each case. The densi-
tometric data of protein bands of
curcumin pretreated indomethacin
treated tissues were compared with
indomehacin treated tissues and in-
domethacin treated tissues with con-
trol tissues by Bonferroni Post-tests
two way ANOVA analysis by
GraphPrism Instat 5 software. Error
bar mean – SEM. *, p < 0.001. Using
RT-PCR analysis, the expression of
MMP-2, MT1-MMP, TIMP-2, VEGF,
TGFb1 and GAPDH mRNA tran-
scripts were studied in ulcerated and
healed tissues and compared with
corresponding mRNA transcripts in
control tissues. PCR products stained with ethidium bromide were electrophoresed in a 2% agarose gel. RT-PCR products of
total RNA (C) derived from control, indomethacin treated and curcumin pretreated gastric tissues using specific primers for
MMP-2, MT1-MMP, TIMP-2, VEGF, TGFb1 and GAPDH representing the bands of 385, 401, 518, 192, 200 and 497 base pairs
respectively. Histographic representation of fold changes in individual product (D) bands as measured by Lab image
designed densitometry values from above blots and three other representative blots from independent experiments in each
case. The data of densitometric values of PCR amplicons of curcumin pretreated indomethacin treated tissues were compared
with indomethacin treated tissues and indomethacin treated tissues with control tissues by Bonferroni Post-tests two way
ANOVA analysis by GraphPrism Instat 5 software. Error bar mean – SEM. *, p < 0.001.
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Curcumin accelerated MMP-2 and MT1-MMP expression
approximately 6-fold each at 4 h compared to that at 0 h after
ulceration. TIMP-2 expression decreased significantly, even
at 8 h, during curcumin-mediated healing compared to that
at 24 h during autohealing (Fig. 7C, D). Because VEGF and
TGF-b modulate physiological angiogenesis via proMMP-2
activation, we determined their expression levels in a ther-
apeutic model of curcumin healing. VEGF expression in-

creased approximately 4- and 16-fold 8 h after ulceration
during autohealing and curcumin-mediated healing, re-
spectively, suggesting the angiogenic potential of curcumin
(Fig. 7C, D). In comparison to 0 h after ulceration, TGF-b
expression was enhanced approximately 6- and 20-fold at 4
and 8 h, respectively, during autohealing, but approximately
12- and 20-fold at 4 and 8 h, respectively, during curcumin-
mediated healing (Fig. 7C, D).

FIG. 4. Angiogenic potential of curcumin
on chick chorioallantoic membrane and
Matrigel assay. Carboxymethylcellulose
discs impregnated with (A) vehicle (B) in-
domethacin and (C) curcumin were im-
planted in CAM as described in ‘‘Materials
and Method.’’ (D) Histographic representa-
tion of angiogenic index of control, indo-
methacin and curcumin implanted CAM
from above experiment and three other
representative experiments. The data of an-
giogenic index of indomethacin was com-
pared with vehicle and those for curcumin
with indomethacin by Bonferroni Post-tests
two way ANOVA analysis by GraphPrism
Instat 5 software. Error bar mean – SEM. *,
p < 0.05. (E) Different concentration of
HUVEC cells were cultured in DMEM me-
dia to optimize the number of cells for
studying angiogenic effect of curcumin. Six
well culture plates were used to culture 4X
104 cells per well. Different doses of curcu-
min (1.0, 10.0, 50 and 200.0lM concentra-
tion from top to bottom) was added in
HUVEC culture media and incubated
overnight at 37� C incubator. Data are re-
presented as triplicates. (To see this illus-
tration in color the reader is referred to
the Web version of this article at www
.liebertonline.com/ars).
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Discussion

A major finding of this study is the angiogenic effect of
curcumin, which was determined using a CAM model,
Matrigel assay, and rat model of gastric ulceration. Cur-
cumin was found to restore vessel architecture by restoring
the collagen matrices in ulcerated gastric tissues. The
presence of curcumin inside the system before ulcer de-
velopment may arrest microcirculatory damage or provide
a stimulus for repair of vascular architecture, thereby
preventing ulceration. Our results are in accordance with
those of Fedive et al. (3) and Hasbe (9), who observed a
decreased collagen content in different gastric ulcer mod-
els. Because collagen is the primary component of ECM,
ulceration appears to be due to differences in ECM turn-
over, which are guided by the balance between deposition
and degradation of collagen in gastric tissues. It is worth
mentioning that angiogenesis is dependent on ECM turn-
over, ECM deposition, and endothelial cell proliferation
(23). Khanna et al. reported that curcumin enhanced
healing of cutaneous punch wounds, providing further
support to our findings (17). In contrast, curcumin has also
been shown to exhibit anti-angiogenic activity in fibrosar-
coma cells and rabbit cornea (9, 19).

The hallmark of ulcer healing is a coordinated interplay
among pro-inflammatory cytokines, growth factors, and
proteases (7, 11). In the present study, VEGF and TGF-b
expression decreased during ulceration, which could be ex-
plained on the basis of the unavailability of prostaglandin E2,
resulting in decreased VEGF mRNA (8). We found that
curcumin hastens healing via a universal pro-angiogenic

stimulus, namely VEGF-mediated angiogenesis and col-
lagenization, in preventive and therapeutic models of gastric
ulceration. Furthermore, suppressed TGF-b expression is
associated with destruction of chief cells (13) in the ulcer
milieu. TGF-b inhibits the proliferation of cultured endo-
thelial cells, although it has a strong angiogenic effect,
probably via VEGF biosynthesis (23) in vivo, which in turn
promotes the synthesis of ECM components (22, 24). TGF-b
expression was enhanced before VEGF expression during
autohealing, and curcumin accelerated the expression of
both at earlier time points in our therapeutic model. Our
findings corroborate previous findings in which the addition
of exogenous VEGF caused healing of gastric wounds via
TGF-b signaling (22, 30).

Endothelial cells are known to predominantly express
MMP-1, MMP-2, and MMP-9, which regulate angiogenic
processes involving basement membrane degradation,
ECM invasion, and cleaving cell–cell adhesion (18, 21, 23).
Several studies have explained the inhibitory effect of in-
domethacin on angiogenesis via MMP-2 suppression (6, 12,
28, 29). We observed that curcumin not only overexpressed
MMP-2 but also colocalized with VEGF at neovessels in
healing tissues. We postulate that the overproduction of
active MMP-2 is governed by VEGF signaling in healing
pockets of gastric tissues. The threshold VEGF and TGF-b
levels were attained at earlier time points during curcu-
min-mediated healing than autohealing. Moreover, curcu-
min stimulated tubulogenesis at low doses in the human
umbilical vein endothelial cells (HUVEC) cell line. One
possible explanation is that the mechanism of healing oc-
curs via VEGF and MMP-2 overexpression and TIMP-1 and
TIMP-2 suppression (32, 36). Other studies have postulated
a universal mechanism of MMP-2 and VEGF accumulation
that is governed by mucosal or chief cells and endothelial
cells in gastric tissues during healing. We earlier reported
that collagen type III and IV can be efficiently cleaved by
activated MMP-2 in vitro (6). Furthermore, immunofluo-
rescence and in vitro collagenase assays revealed that the
availability of active MMP-2 in the gastric ECM (lamina
propia) assists in the alteration of the basement membrane
and vascular architecture, thereby promoting healing (6).
In this study, MMP-2 upregulation occurred together with
increased MT1-MMP expression but decreased TIMP-2
expression. Therefore, we postulate that MMP-2 may be
activated by a MT1-MMP- and TIMP-2-dependent mech-
anism in vivo and modulate ECM homeostasis and angio-
genesis during healing. TIMP-2 was also found to be
downregulated at an earlier time point in curcumin-
pretreated tissues, suggesting that the balance between
proteases and protease inhibitors is a critical factor in the
physiological setting during healing. Our preventive and
healing studies together corroborate the molecular mech-
anism, that is, the availability of MMP-2 is indispensable in
the ulcer milieu for guiding physiological angiogenesis.
This is the first study to reveal that the presence of cur-
cumin in the system before or after ulcer development may
arrest microcirculatory damage or initiate neovessel for-
mation and collagenization by recruiting VEGF and MMP-
2, thereby increasing angiogenic processes during healing
of gastric ulcers. In summary, we propose that curcumin as
an angiogenic modulator is dependent on the pathological
and physiological state of the tissue environment.

Table 1. Cellular Injury in Gastric Mucosa

During Healing of Indomethacin-Induced

Ulcer by Curcumin

Duration
in hr

Autohealing
(% cell

injury/inch2)

Curcuminmediated
healing (% cell
injury/ inch2)

Healing
efficacy of
curcumin

0 h 58 – 2.6 58 – 2.6 0%
4 h 52 – 1.7** 51 – 0.8* 17%
8 h 36 – 0.7* 22 – 1.6* 64%
12 h 30 – 1.1* 12 – 0.5* 64%
24 h 23 – 1.5* 4 – 0.6* 54%
30 h 18 – 0.6* 2 – 0.4* 40%

Gastric ulcers were induced by indomethacin (48 mg/kg b.w.) and
after 4 h, one group of rats received curcumin (60 mg/kg b.w.) while
the other group received vehicle. Autohealing and curcumin-mediated
healing were monitored at different time points. Rats were sacrificed at
different time points and stomach tissues were processed for H&E
staining. Microscopic photographs of each group at different time
points were separately captured at 100X magnification under oil
immersion and divided into several 1inch2 boxes by Adobe Photoshop
version 6. The injured cells in each box from mucosal areas were
counted from three independent experiments of each group. Results are
reported as the means – SEM. *, p < 0.001; **, p < 0.05. The data of % cell
injury of auto-healed and curcumin-mediated healed samples at
different time points were compared with their respective 0 h by
Bonferroni Post-tests two way ANOVA analysis by GraphPrism Instat
5 software. The healing efficacy was measured using the following
formula [(value of autohealing - value of curcumin-mediated
healing)O(value of autohealing at 0 h - value of autohealing at
respective h) · 100].
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Materials and Methods

Gelatin from porcine skin, indomethacin, curcumin, Triton
X-100, protease inhibitor cocktail, gelatin fused with 4%
beaded agarose, Fast Blue BB salt, benzenesulfonic acid,
chloramine-T and 5-bromo-4-chloro-3-indolyl phosphate/ni-
troblue tetrazolium solution were obtained from Sigma.
Polyclonal anti-MMP-2, MT1-MMP, TIMP-2, VEGF, TGF-b,
and b-actin antibodies were purchased from Santa Cruz.
TRIZOL reagent, Superscript II Reverse Transcriptase, and
oligo(dT) primer were purchased from Invitrogen.

Indomethacin-induced gastric ulcer in rats—protection
and healing experiments with curcumin

Animal experiments were performed following the guide-
lines of the animal ethics committee. Indomethacin-induced
gastric ulceration developed in male Sprague-Dawley rats
(180–220 g) following oral administration of 48 mg/kg body-
weight (b.w.) indomethacin. The control group received
vehicle only. In some animals, 30 min before indomethacin
administration, 60 mg/kg b.w curcumin was administered
intraperitoneally (i.p.). The rats were then sacrificed after 4 h of
indomethacin treatment, and their stomachs were collected
and scored for ulcer indices (28). For healing experiments, after
4 h of indomethacin administration, one group of rats received
vehicle while the other group received 60 mg/kg b.w curcumin
i.p. Rats were sacrificed at different time points (i.e., 0, 4, 8, and
24 h after 4 h of indomethacin treatment) to monitor healing.

Histological studies

Gastric tissues were fixed in 10% buffered formalin and
embedded in paraffin. Sections (5-lm) were stained with he-
motoxylin and eosin, silver nitrate, and Van Gieson stains. For
immunofluorescence experiments, antigen retrieval was per-
formed by trypsin (0.05% trypsin, 0.1% CaCl2) followed by
blocking with 5% bovine serum albumin (BSA) in tris buffer
saline (TBS) (20 mM Tris(hydroxymethyl)amino methane-
HCl , pH 7.4 containing 150 mM NaCl) for 2 h. The specimens
were then incubated overnight at 4�C in primary antibody
solution (diluted 1:200 in TBS with 1% BSA) in a humid
chamber. The sections were washed with TBS Tween 20
(TBST) and then incubated with fluorescein isothiocyanate-
conjugated secondary antibody (diluted 1:400 in TBS with 1%
BSA) for 2 h at room temperature and washed with TBST.
Images were captured at magnifications of 20 · 10, 40 · , and
100 · 10 using an Olympus microscope (1 · 70) and Camedia
software (E-20P 5.0 Megapixel).

FIG. 5. Curcumin promotes submucosal blood vessels
formation during healing of gastric ulceration. Gastric ul-
cers were induced by indomethacin (48mg/kg body wt). 4 h
after gastric ulcers reached maximum, one group of rats re-
ceived vehicle while the other group received curcumin
(60 mg/ kg body wt) intraperitonially. Rats were sacrificed at
different time points and stomachs were processed for H&E
staining as described in ‘‘Materials and methods’’. Left panel
shows submucosal blood vessels (40X) at (A) 0 (B) 4 (C) 8
and (D) 24h during autohealing and right panel shows at (E)
0 (F) 4 (G) 8 and (H) 24h during curcumin-mediated healing.
Normal, damaged and newly formed blood vessels cells are
shown by big arrow, small arrow and arrowhead respec-
tively. Bars represent 25 lm for left and right panel (A–H)
respectively. Histological photographs of both auto and
curcumin mediated healed tissues were captured and ana-
lyzed by Adobe Photoshop program. Histographic repre-
sentation of angiogenic index (I) of tissues at various time
points as compared to 0h of maximum ulcertion from above
experiment and three other representative experiments. The
data of angiogenic index of autohealed and curcumin pre-
treated tissues were compared with 0h of maximum
ulcerated tissues by Bonferroni Post-tests two way ANOVA
analysis by GraphPrism Instat 5 software. Error bar mean –
SEM.*, p < 0.001, # p < 0.01. (To see this illustration in color the
reader is referred to the Web version of this article at
www.liebertonline.com/ars).
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Collagen estimation

Tissues obtained from all three groups were dried to a
constant weight and hydrolyzed in 6 N HCl for 4 h at
130�C. The hydrolyzed samples were then adjusted to a
pH of 7 and subjected to chloramine-T oxidation for
20 min. The colored adduct formed with Ehrlich reagent at

60�C was read at 557 nm. Hydroxyproline, which is con-
sidered a marker of collagen synthesis, was run concur-
rently as a standard and values were reported as mg/g
dry weight of tissue (35).

Chick chorioallantoic membrane model

The angiogenic activity of curcumin was examined using
the CAM model (16). Day 0 fertilized eggs of white leghorn
chickens were kept at 37�C under sterile conditions. After 9
days, either indomethacin- (20 lg) or curcumin- (20, 40, and
80 lg) impregnated carboxymethylcellulose discs were im-
planted in the CAM models through a 1 cm2 window
made on the shells of different eggs. Control eggs were im-
planted with vehicle-impregnated discs in an identical
manner. After resealing, eggs were incubated at 37�C in a
humidified chamber for 72 h, opened, and observed macro-
scopically. Quantitative measurements of the branching
points and length of the vessels were performed after
capturing photographs and were computed using Adobe
Photoshop.

Capillary tube formation by HUVEC cells in Matrigel

To examine the effect of curcumin on tubulogenesis,
HUVEC cells (40,000 cells/well) were simultaneously see-
ded with curcumin (0.2, 1.0, 10.0, 50, and 200 lM) in 6-well
culture plates precoated with Matrigel (Fisher Scientific).
Tube formation was observed periodically using a phase
contrast microscope. The representative Polaroid images
shown in the results were taken 24 h after curcumin
administration.

Quantification of the angiogenic index
and inflammatory cell infiltration

Microscopic photographs of tissues in each group were
separately captured at a magnification of 100 · under oil im-
mersion and divided into several 1-inch2 boxes by Adobe
Photoshop version 6.0. Normal, disrupted, and newly formed
blood vessels as well as infiltrated inflammatory cells in each
submucosal specimen were counted, with three independent
experiments for each group. Data relating to the angiogenic
index and cell infiltration in different tissue groups were
compared with regard to the prevention of ulceration by
curcumin.

Tissue extraction and gelatin zymography

Gastric tissue specimens were suspended in phosphate-
buffered saline containing a protease inhibitor cocktail, minced,
and then incubated for 10 min at 4�C. After centrifugation at
12,000 g for 15 min, the supernatant was collected and elec-
trophoresed on 8% non-reducing SDS-polyacrylamide gels
containing 1 mg/ml gelatin, under non-reducing conditions,
washed with 2.5% Triton X-100, incubated in calcium assay for
18 h at 37�C and stained with 0.1% Coomassie blue before
destaining (28).

Western blotting

Proteins (120 lg) were electrophoresed on 8% non-
reducing SDS-polyacrylamide gels and transferred to a

FIG. 6. Examination of collagen matrices of rat gastric
tissues during autohealing and curcumin-mediated heal-
ing. Autohealing and curcumin-mediated healing experi-
ments were done as described in Fig. 4, rat stomachs were
processed for Van Gieson’s stain as described in ‘‘Materials
and Method’’. The histological appearance of submucosal
collagen fibers as a function of time during autohealing and
curcumin mediated healing. Left panel shows deposition of
collagen fibers (40X) at (A) 0 (B) 4 (C) 8 and (D) 24 during
autohealing and right panel shows deposition of collagen
fibers (40X) at (E) 0 (F) 4 (G) 8 and (H) 24 h during curcumin
mediated healing of ulcerated tissues. Bars represent 25 lm
for left and right panel (A–H) respectively. (To see this
illustration in color the reader is referred to the Web version
of this article at www.liebertonline.com/ars).
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nitrocellulose membrane. The membrane was blocked for
2 h with 20 mM TBST containing 3% BSA solution, fol-
lowed by overnight incubation in 1:200 dilutions of dif-
ferent primary antibodies. The membrane was washed
with TBST and incubated with alkaline phosphatase-
conjugated secondary antibody. The bands were visualized

using a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazonium substrate solution.

Reverse transcriptase-polymerase chain reaction

Total cellular RNA was extracted from mucosa of gastric
tissues with TRIZOL reagent and quantified by measuring
absorbance at 260 nm. Complementary DNA was synthesized
using 1 lg of total RNA from each sample in a 20-ll reaction
buffer with Superscript II reverse transcriptase and an oli-
go(dT)15 primer. Complimentary DNA was amplified against
forward and reverse primers of MMP-2 (5¢-ATGGCTTCC
TCTGGTGCT-3¢ and 5¢-TCGTAGTGGTTG TGGTTGC-3¢),
MT1-MMP (5¢-ATGGCACCCTTTTACCAGTG-3¢ and 5¢-AA
CACCCAATGCTTGTCTCC-3¢), TIMP-2 (5¢-AAAGCAGTGA
GCGAGAAGGAGGTG-3¢ and 5¢-GGG TCCTCGATGTCAA
GAAACTC-3¢), VEGF (5¢-TTGAGACCCTGGTGGACATC-3¢
and 5¢-CTCCTATGTGCTGGCTTTGG-3¢), TGF-b1 (5¢-CAACA
ATTCCTGGCGTTACC-3¢ and 5¢-TGGGACTGATCCCATTG
ATT-3¢), and GAPDH (5¢-TGGGGTGATGCTGGTGCTGAG-3¢
and 5¢-GGTTTCTCCAGGCGGCATGTC-3¢). The polymerase
chain reaction (PCR) reactions included 35 cycles of dena-
turation (94�C for 30 s), annealing (54–59.5�C for 30 s), and
extension (72�C for 60 s). The PCR products were fractionated on
2% agarose gels and visualized by ethidium bromide staining.

Statistical analysis

Data were fitted using Sigma plot and are presented as
mean – SEM. Statistical analysis was performed using
Bonferroni-corrected two-way analysis of variance (ANOVA)
in GraphPrism Instat 5 software.
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FIG. 7. Involvement of regulatory molecules in angio-
genesis and collagenolysis during autohealing and curcu-
min-mediated healing. Gelatin zymography of (A) equal
amounts of PBS extracts (80lg) from auto and curcumin
healed tissues at different time points. Graphical represen-
tation (B) of pro- and active MMP-2 as measured by Lab
Image densitometry program from the above zymogram and
two other representative zymograms from independent ex-
periments in each case. Western blot analysis (C) using
120 lg of protein of PBS extract from gastric tissues of auto
healing and curcumin-mediated healing at different time
points and probed separately with anti-MMP-2, anti-MT1-
MMP, anti-TIMP-2, anti-VEGF, anti-TGFb and anti-(-actin
antibodies. Graphical representations of fold changes in (D)
individual protein bands as measured by Lab image de-
signed densitometry values from above blots and three other
representative blots from independent experiments in each
case. The data of angiogenic index of autohealed and cur-
cumin pretreated tissues were compared with 0h of post
ulceration by Bonferroni Post-tests two way ANOVA anal-
ysis by GraphPrism Instat 5 software. Error bar mean – SEM.
*, p < 0.001, # p < 0.01, NS, non-significant.
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CAM¼ chorioallantoic membrane
ECM¼ extracellular matrix

GAPDH¼ glyceraldehyde 3-phosphate dehydrogenase
HUVEC¼human umbilical vein endothelial cell

i.p.¼ intraperitoneally
MMP¼matrix metalloproteinase

mRNA¼messenger ribonucleic acid
MT¼membrane type

PGE2¼prostaglandin E2

TBS¼Tris buffer saline
TGF¼ transforming growth factor

TIMP¼ tissue inhibitor of metalloproteinase
VEGF¼vascular endothelial growth factor
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