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ABSTRACT

Several natural substances have been used as therapeutic agents in traditional
Indian medicine. Of these, turmeric, the powdered rhizome of the plant Curcuma longa
Linn., has long been used for the treatment of inflammatory diseases. Curcumin
(diferuloyl methane), the major pigment of turmeric is its active constituent. Curcumin
has been reported to posses several biological properties. Present work is directed
towards understanding the mechanism of action of some of its biological properties
using both in vitro and in vivo models.

Angiogenesis inhibitors have been known to suppress tumor growth by restricting
neovascularization in animals. We examined the effect of curcumin on angiogenesis in
an in vitro model of endothelial cell differentiation. Human umbilical vein endothelial cells
(HUVEC) rapidly align and form network of tubes when cultured on Matrigel, a basement
membrane preparation. Treatment of HUVEC with non-toxic doses of curcumin resulted

in a dose-dependent inhibition of tube formation. The extent of inhibition was greater in



the presence of 2% serum as compared to 10% serum. Time course studies
demonstrated greater degree of inhibition when cells were pre-treated with curcumin, as
compared to treatment at the time of plating on Matrigel, or post-tube treatment. To
elucidate the mode of action of curcumin, its effect on proteinases was studied since
metalloproteinases have been implicated in angiogenesis. Zymograms of curcumin-
treated cuiture supernatant indicated regulation in the gelatinolytic activities of 53-kD and
72-kD proteinases which were characterized as metalloproteinases. Studies on the RNA
transcripts of 72-kD and 92-kD metalloproteinases showed a dose-dependent inhibition,
with greater regulation of 72-kD proteinase than 92-kD proteinases. These data suggest
that the regulation of the expression of metalloproteinases by curcumin may be
responsible for its anti-angiogenic activity.

The effect of curcumin on wound healing was studied in rats, guinea pigs, and
rabbits using punch wound models. Healing of wounds is a complex series of biological
events that involves the interaction of different cell types, growth factors, cytokines, and
extracellular matrix molecules. Oral administration of curcumin resulted in faster and
enhanced rate of healing compared to untreated control, as evidenced by increased
migration of dermal fibroblasts into the wound bed and complete re-epithelialization by
histological studies. Extracellular matrix (ECM) proteins like laminin, fibronectin and
collagen which are required for ceil adhesion, cell migration and tensile strength were
observed to increase in curcumin adminstered animals as compared to untreated

animals. We have demonstrated greater induction of growth factors like TGF-p and EGF

in curcumin-treated animals as compared to untreated animals by immunchistochemical,
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in-situ and RT-PCR analysis. The data suggest that curcumin could be enhancing wound
healing by induction of ECM proteins and growth factors which are important in wound

healing.
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CURCUMIN

The ground, dried rhizome of the plant Curcuma longa Linn., has been widely
used for centuries in indigenous medicine for the treatment of a variety of inflammatory
conditions and other diseases {Ammon and Wahl, 1991). The powdered rhizome is
commonly called turmeric. Curcumin (1,7-bis{4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione) or diferuloyl methane (shown in Fig.1), is the major pigment in

turmeric which is responsible for the yellow color of curry.

CH,0 OCH,
|-|o—<t)>—CH:cH—tl:I — CH;—C —CH =CH - — OH
0 0

Fig. 1
It is a chrome/orange-yellow, odorless, crystalline compound with mol.wt. 368.37
and mol.formula C,,H,,0¢. It is insoluble in water and ether but soluble in alcohol, glacial
acetic acid and dimethyl sulphoxide. It gives a brownish red colour with alkali and a light
yellow colour with acids (Merck Index, 1989).
Curcumin has anti-inflammatory {Srimal and Dhawan, 1973; Satoskar et al.,
1986) and anti-oxidant activities (Sharma, 1976; Toda et al., 1985). The anti-
carcinogenic properties of curcumin in animals has been demonstrated by its inhibition
of both tumor initiation induced by benz(c)pyrene and 7, 12 dimethy! benz(a)anthracene
(Huang et al., 1992; Azuine and Bhide, 1992) and tumor promotion induced by phorbol

esters (Huang et al., 1988) in skin and on carcinogen induced tumorigenesis in the
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forestomach, deodenum and colon of mice (Huang et al., 1994). Curcumin has been
shown to inhibit TPA-induced progression of epidermal cells through cell cycle (Huang
et al., 1992), inhibit smooth muscle cell proliferation (Huang and Jan, 1992), and has
inhibitory effect on arachidonic acid-induced inflammation and on arachidonic acid
metabolism through inhibition of both the cycloxygenase and lipoxygenase pathways in
mouse epidermis (Huang et al., 1994; Huang et al., 1991).

Recently, curcumin has been shown to suppress the proto-oncogenes (Kakyar
and Roy, 1994), the transcriptional factor c-jun/AP-1 (Huang and Lee et al., 1991), as
well as protein kinase activity (PKC) (Liu et al., 1993; Reddy and Aggarwal, 1984). The
inhibitors of PKC may block the phosphorylation induced by TPA-type tumor promoters
through inhibition of PKC activity and also block TPA-type tumor promotor induced
biological activities and tumor promotion (Nakadate et al., 1986). The suppression of
PKC activity by curcumin may cause the inhibition of TPA-induced inflammation and
tumor promotion.

Curcumin is a potent scavanger of reactive oxygen species, protects haemoglobin
from nitrite-induced oxidation to meth-haemoglobin and inhibits induction of nitric oxide
synthetase in activated macrophages (Shalini et al., 1987; Unnikrishnan and Rao, 1992,
Brouet and Ohshima, 1995). Some of these activities are aiso responsible for its ability
to protect DNA from free radical-induced damage and to protect hepatocytes against
various toxins (Donatus et al., 1990). Recently Dikshit et al., (1995) have demostrated
the anti-ischaemic property of curcumin in cat's heart. Besides inhibition of HIV
proteases (Sui et al., 1993) and HIV integrase (Mazumder et al., 1995), curcumin has

also been shown to be highly effective in inhibiting HIV type-| long terminal repeat
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directed gene expression and virus replication (Li et al.,, 1993) and at present is in
clinical trials as a therapeutic agent for AIDS. Thus, curcumin appears to be a multi-
faceted drug whose mechanism underlying these diverse effects are not fully
understood.

Our laboratory in collaboration with the Central Drug Research Institute (CDRI),
Lucknow, India, has been studying the effect of natural compunds on wound healing in
animal models. Curcumin is used in Indian traditional medicine as an antiseptic and anti-
inflammatory. This kindled our interest in curcumin as a possible wound healer. Studies
on cutaneous wounds in animal models showed enhanced healing by curcumin
treatment. This report demonstrates the possible molecular mechanism of enhanced
wound healing by curcumin. In an attempt to investigate other possible effects of
curcumin, we studied the effect of curcumin on angiogenesis in endothelial cells in an
in vitro model using Matrigel. Angiogenic studies show inhibition of tube formation in a
dose-dependent manner by curcumin. Studies on proteinases demonstrated the
inhibition of 53-kD, 72-kD and 92-kD metalloproteinases expression by curcumin. The
inhibition of angiogenesis may be related to the inhibition of metalloproteinase

expression by curcumin.



EFFECT OF CURCUMIN ON ANGIOGENIC

DIFFERENTIATION



INTRODUCTION

Angiogenesis is a process which involves sequential events including the
migration and proliferation of endothelial cells and subsequent tube formation. This
process is fundamental to reproduction, development and repair. Under these
conditions, angiogenesis is highly regulated and of short duration. In many pathological
states, this regulation is deranged so that the disease itself is driven by persistent,
unabated neovasularization. Thus, tumor growth and metastasis are angiogenesis
dependent and many non-neoplastic diseases are dominated by uncontrolled
angiogenesis. These “"angiogenic diseases" include arthritis, psoriasis and many types
of ocular neovascularization.

Endothelial cells which give rise to new blood vessels were first grown in vitro
when human umbilical vein endothelial cells (HUVEC) were cultured (Jaffe et al., 1972).
The proliferation of endothelial cells has been found to be a critical event in capillary
formation (Ausprunk et al., 1977). This suggested that angiogenic factors should be
endothelial mitogens.This idea was further strengthened after the purification of an
angiogenic factor, basic fibroblast growth factor (bFGF) which was guided by endothelial
DNA synthesis in vitro (Shing et al., 1984). However, the next angiogenic factor which
was discovered from the conditioned media of a human adenocarcinoma cell line,
angiogenin, was not an endothelial mitogen, thereby showing that not all angiogenic

factors are endothelial mitogens (Folkman and Klagsbrun, 1987).



Process of angiogenesis

Angiogenesis depends primarily, if not entirely, on endothelial cells, for, it is the
endothelial ceils that line the lumen of all blood vessels and comprise the entirety of
capillaries. initiation of the process requires that endothelial celis, quiescent in their
contact-inhibited state within an existing vessel, are freed from that inhibition. This may
occur by mechanical disruption, as in wounding, or by dissoiution of the basement
membrane, which provides the architectural matrix for continuity of the vasculature.
Once released from contact inhibition, endothelial cells leave the previously intact vessel
by migrating in the direction of an angiogenic stimulus. Because endothelial cells do not
exist singly, but are organized as a tissue, migration must be supported by proliferation,
so that, as endothelial cells move distally from the existing vessels, and they preserve
Continuity by the proximal addition of new endothelial cells. Endothelial proliferation
permits extension of the microvascular tubules which develop into loops and then into
a functioning circulatory network.

Thus, the "angiogenic cascade”, includes:
A. Establishment of vascular discontinuity:

i. Proteolytic enzymes secreted by tumor cells, macrophages or liberated during
disruption of basement membranes (Gross et al., 1983) are the most widespread
stimulus for angiogenesis. The secretion of proteinases like the metalloproteinases,
urokinase and tissue plasminogen activator leads to the disruption of basement

membrane.

ii. Local cell destruction or cytolysis brought about by cytotoxic drugs, action of



parasites etc., leads to the release of lysosomal enzymes that modulate basement
membrane permeability, thereby mediating vascular discontinuity (Cozzolino et al.,
1991).

iii. Endothelial cell retraction that occurs in combination with alterations in the
basement membrane architecture. Retraction can be induced by changes in
endothelial membrane changes brought about by binding with specific antibodies,
lectins or hyperthermia (Fajardo et al., 1988b).

. Endothelial migration:

i. Chemoattractants: These serve as chemical stimuli thereby inducing the migration
of quiescent endothelial cells to migrate from previously contained vessels. There are
several chemoattractants discovered such as phorbol myristate acetate (PMA) that
induced the migration of cells into collagen gels to form tubes (Montesano and Orci,
19885). An angiogenic factor secreted by hypoxic macrophages has been isolated
from wound fluids that are chemoattractants to mesothelial and vascular endothelial
cells (Banda et al., 1982).

ii. Cell-matrix adhesion: A critical balance exists between adhesions essential for
substrate guidance and adhesions that interfere with cell movement. Adhesion of the
cells with the ECM proteins like laminin, fibronectin may either inhibit or enhance cell
movement and cell surface reorganization (Grant et al., 1992) which in turn markedly
influences the net effect of the interactions between endothelial cells and matrix
components.

iii. Divalent cations: Divalent cations are critically important in providing membrane

stability. Externally administered chelators such as EDTA, lead to membrane
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instability, which in turn triggers cell locomotion. Further, calcium dependent adhesion
molecules (cadherins), not only mediate homotypic adhesions between endothelial
cells but also medrate interactions between leukocytes and endothelial cells which
permit the release of cytokines by the leukocytes and these may tend to modulate
endothelial cell movement.
C. Endothelial cell proliferation:

i. Growth factors: Proliferation of endothelial cells is regulated by growth factors.
Quiescent endothelial cells achieve significant levels of proliferation during
angiogenesis. Fibroblast growth factor (FGF), was one of the first endothelial
mitogens discovered from the brain (Gospodarowicz et al., 1978). This was foliowed
by endothelial cell growth factor (ECGS) from hypothalamus (Maciag et al., 1879).
Ii. Signal transduction: Signal transduction is initiated once growth factors bind to their
receptors on the surface of target endothelial cells. Successful induction of cell
praliferation requires interaction of growth factors with their ligands followed by
pPhosphorylation, transport, activation of transcription factors and the resultant
signaling which results in the progression of the cell cycle by the endothelial cells.
lii. Cell contact and cell shape: Both cell contact and cell shape can significantly affect
the endathelial cell response to growth-stimulating signals. The sensitivity of
endothelial cells to tumor necrosis factor aipha (TNFa) depends on their relative rate
of proliferation, rapidly dividing cells being more sensitive to TNF« inhibition than
more slowly replicating cnes. (Van De Viel et al., 1992).

D. Structural reorganization. Two properties of endothelial cells are essential for three-



dimensional reorganization;
i. Endothelial cells have intrinsic polarity manifested by forming a closed loop.
il. Endothelial cells can form tight junctions with other endothelial cells, thus

extending this loop to generate a multicellular array leading to tube formation

(Auerbach et al., 1994).

Regulation of angiogenesis

Experiments showing the ability of tumors to induce the growth of new capillaries
despite their separation from the vascular bed of the host by millipore filter (Rijhsinghani
et al ,1968), demonstrated the release of a diffusible tumor-derived angiogenic factor.
The first angiogenic factor was isolated from tumors (Folkman et al., 1971b). Structural
studies of isolated angiogenic molecules revealed that angiogenesis is a complex
Cascade and that an understanding of its regulation would require a detailed knowledge
of:

(i) How an angiogenic molecule is exported out of the cells?

(i) How these molecules are mobilized from extracellular matrix?

(iii) How extracelluiar matrix itseif governs the response of endothelial cells to
growth factors?

(iv) How non-endothelial cells like mast cells and macrophages may modify
angiogenesis?

(v) How natural inhibitors of endothelial proliferation normally maintain vascular
endothelium in a quiescent state?

(vi) How proteases affect tube formation and branching?

9



(vii) How other systems, such as the endocrine system, may regulate
angiogenesis, eg., in the ovarian follicle?

To study the mechanism and regulation of angiogenesis, several models were

reported in the literature. These are:

I. The corneal micropocket technique, which permitted linear measurement of
individual capillaries as they grow towards a tumor or an angiogenic substance
implanted in the cornea (Gimbrone et al., 1974).
li. The chick embryo chorioallantoic membrane (CAM) was used to detect angiogenic
activity of partially purified fractions from tumor extracts (Ausprunk et al., 1974). In
this, the test substance is usually adsorbed onto a polymer disc from which it is
released slowly.
lii. The subcutaneous rabbit sponge model in which the angiogenic stimulators/
inhibitors, is implanted into polyester discs in rats after creating a lesion (Andrade et
al., 1987) and the sponges are gradually infiitrated by blood vessels.
iv. Rat-aortic ring model, wherein thoracic aortas are excised, cultured in collagen
gels and treated with the compound under investigation (Diglio et al., 1989).
v. Collagen gels, an in vitro model in which the endothelial cells are cultured on the
surface of a three-dimensional gel of type | collagen and angiogenic factors
studied by their invasion into the underlying collagen matrix.
vi. Matrigel assay: More recently, an in vitro differentiation model has been described
wherein endothelial cells rapidly and completely formed a capitlary like network on
reconstituted basement membrane (Kubota et al., 1988; Grant et al., 1989). The

basement membrane (Matrigel), contains laminin, collagen IV, nidogen/entactin and
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proteoglycan. Matrigel affects a variety of biological activities including ce!l adhesion,
migration, growth and morphogenetic changes during development and differentiation
(Carey, 1990). The reconstituted basement membrane protein mixture derived from
the Englebreth-Holm-Swarm (EHS) murine sarcoma induced differentiation in a
variety of cell types iike epithelial cells (Streuli et al., 1991) and bone cells (Vukicevic
et al., 1990). Culturing of micro-vascular endothelial cells on Matrigel resulted in the
increased expression of factor VIIl and uptake of acetylated low density process.
Endothelial cells attach to laminin in Matrigel through an RGD (arginine-glycine-
aspartic acid) site on the laminin molecule, a second site containing YIGSR (tyrosine -
isoleucine - glycine - serine - arginine) induces the cells to form a capillary like
network (Grant et al., 1989), and a third biologically active site in laminin, SIKVAV
(serine-isoleucine- lysine- valine - alanine - valine), promotes endothelial migration
and invasion into Matrigel. Kuzuya and Masafumi, (1994) have shown inhibition in the
synthesis of DNA and formation of a network of capillaries when endothelial cells from
the bovine aorta are plated on Matrigel. The regression of tubes which occured with

time could be prevented by the addition of transforming growth factor-beta (TGFp)

antibodies thereby indicating that TGFB and other soluble factors from Matrigel may
be important for differentiation and remodeling of endotheliai cells. When endotheiial

cells are layered on Matrige! the cells attach and differentiate into capillary like tubes.

Role of proliferation in angiogenesis

During angiogenesis, proliferation of endothelial cells occur at the growing tips of
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the capillary tubes. Rogelj et al., (1989) have shown that ECM-associated bF GF induces
endothelial cell proliferation. Likewise there are several inhibitors of proliferation eg.,
TGFp which inhibit the proliferation of bovine aorta endothelial cells in vitro (Frater-

Schroeder et al., 1986). The stimulation in proliferation by FGF was antagonized by

TGFp.

Role of extracellular matrix (ECM) proteins in angiogenesis

Capillary endothelial cells in vivo are surrounded by, and rest on basement
membranes composed of several extracellular matrix components. The normally
quiescent endothelial cells respond to injury and other stimuli by breaching the
constraints of the basement membrane and migrating and proliferating toward the
stimulus. Thus, throughout the reparative process capillary endothelial cells are in
intimate contact with matrix components, thereby suggesting the importance of ECM
proteins in directing the dynamic responses of capillary endothelial cells in injury.

As shown in Fig.2, ECM consists of several components such as collagens,
glycoproteins (laminin, fibronectin, entactin and nidogen), proteoglycans, and
glycosaminoglycans. Of these, collagens form the major constituents of ECM,
Constituting about 25% of the total proteins. Twelve types of collagen molecules have
been identified of which, types |, I, Il and IV have been well defined. Different coliagen

types have different proteolytic requirements for degradation (Mignatti et al., 1993).
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Of the glycoproteins present in the ECM, the best characterized are the laminin,
fibronectin, entactin and nidogen. The fibronectin and laminin contribute to the molecular
structure of the ECM by binding ECM components and mediating their attachment to
cells. These two glycoproteins also play an important role in determing cell morphology,
differentiation and division, and in cell locomotion. The connective tissue and
parenchymal cells ensure the integrity of ECM by a continuous process of synthesis and
degradation of its components. Under normal conditions the basement membrane is
impermeable to large proteins. However, they become permeable to cell movement
during tissue remodeling and invasive processes, including inflammation, wound healing
and angiogenesis. Defective basement membrane organization or loss may be due to
decreased synthesis, abnormal assembly or increased degradation of its components
or combination of all three mechanisms. The invasion of cells into the ECM also
depends on multiple factors, including the ability of cells to interact with specific ECM
components and to migrate actively (Liotta et al., 1983). A number of components of the
ECM are considered to act as reservoirs for growth factors, proteclytic enzymes and
their inhibitors eg., TFG-B can bind to type IV collagen (Paralkar et al., 1991); matrix
metalloproteinases (MMP-2 and MMP-9) bind to laminin and reconstituted basement

membrane (Mackay et al., 1993).

Study of capillary endothelial cells in vifro (Gospodarowitz et al., 1980) has
allowed for a systemic approach in which many variables can be controlled thereby
mimicking the in vivo condition. The endothelial mitogen, FGF, i:j the range of 0.1-

10ng/mi stimulate endothelial chemotaxis and DNA proliferation as well as angiogenesis
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in vivo. In response to FGF, capillary endothelial cells have been shown to invade into
three-dimensional collagen matrix as a result of increase in the production of urokinase
type plasminogen activator thus demonstrating that the angiogenic response to FGF is
a direct effect of growth factor and not secondary to an inflammatory response
(Montesano et al., 1986). While collagen has some adhesion promoting activity, laminin
has been shown to have potent action on cells-stimulating cell adhesion, growth,
differentiation and migration (Grant et al., 1981; Kleinman et al., 1985). The importance
of collagen in the alignment of endothelial cells on Matrigel in vitro as well as during
angiogenesis in vivo has demonstrated the requirement of collagen as a prerequisite for

tube formation (Haralabopoulos et al., 1994).

In the initial stages of angiogenesis, when the endothelial cells have to form
Capillary sprouts, the cells have to overcome the restraining mechanical barriers
imposed by their basement membrane and surrounding matrix. For this to occur, the

proteolytic enzymes localized to the cell surface facilitate this process by degrading the

matrix components.

Role of proteinases in angiogenesis

During tumar growth, while malignant cells invade normal adjacent tissues, the
Neoplasm itself is invaded by "normal” vascular endothelial cells from nearby capillaries
or venules. These cells form the tumor's vascular network. Across the newly formed
vessel wall, two-way invasive processes occur. On the one hand, immune cells egress

from the vessels to infiltrate the neoplasm; on the other hand, tumor cells penetrate
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through the capiliary lumen into the systemic circulation. Some of these malignant cells
arrest in capillary beds at sites distant from the primary tumor. Here they may invade
through the vessel walls into the surrounding tissue and form secondary tumors
(metastasis).

A common feature of invasive processes is the degradation of extracellular matrix
(ECM), basement membranes, basal laminae and interstitial stroma required for invasive
cells to migrate into adjacent tissues. For the degradation of the different components
of ECM, a complex array of lytic enzymes is necessary. Bovine aortic endothelial cells
grown on these structures were shown to degrade all the components of the matrices
by the production of different proteinases (Schmitt et al., 1992).

The growth of new blood vessels during angiogenesis is associated with three
distinct responses by the micro-vascular endothelium. Capillary endothelial cells, which
ultimately form the growing tip of a new capillary sprout, must undergo: a. degradation
of the basement membrane surrounding intact capillaries and migrate through
extracellular matrix towards the source of the angiogenic stimulus; b. proliferate behind
the migrating front; and, c. form the vascular lumen.

The induction and arrest of capillary endothelial cell migration during
Neovascularization and angiogenesis are likely to require precise regulation of the
Synthesis and degradation of extracellular matrix. Thus, the induction of synthesis of
Connective tissue proteinases and the regulation of proteinase activity can each be
pivotal in controlling tissue remodeling. During angiogenesis, angiogenic factors like

acidic and basic FGF (Gross et al., 1982), and TGF-B (Pepper et al., 1990) have been
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shown to induce the synthesis of matrix proteinases by endothelial cells. It has been
reported that angiogenin, a potent inducer of neovascularization in the CAM and rabbit
cornea, promotes endothelial cells invasion of Matrigel basement membrane by
stimulation of cell-associated proteolytic activities (Hu et al., 1994). Recent studies have
established the potential for capiliary endothelial cells to express a type IV collagenase
activity (Kalebic et al., 1983) as well as 5-13 times increased metalloproteinase activity
when stimulated by phorbol ester (TPA) or angiogenic factors (Gross et al., 1982).
Stimulated rabbit capillary endothelial cells (RBCE) express little collagenase and
stromelysin activity either before or after activation by trypsin or an organomercurial
agent, despite the synthesis and secretion of high concentrations of the zymogens,
proCL and proSL, and their conversion to macromoiecuies of the size of the active
proteinase (Herron et al., 1986). The activities of proteinases secreted by the endothelial
cells was only about 10-20% as compared to the activity of proteinases from stimulated
Synovial fibroblasts. The difference has been contributed to the secretion of large
amounts of tissue inhibitor of metalloproteinases (TIMPs) by endothelial cells as
Compared to fibroblasts, inspite of the comparabie tevels of synthesis and secretion of
these proteinases in both the cells. The proteinase activities are thus masked by
endogenous metalloproteinase inhibitors iike TIMP. Removal of the endogenous
inhibitors by chromotagraphy fead to measurable activity of the proteinases (Murphy et
al. 1977).

Because ECM components have unique proteolytic requirements for their
degradation, it involves an array of hydroiytic enzymes. The ECM degrading proteinases
Produced by most invasive cells can be subdivided into three classes:(i)
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Metalloproteinases eg.,collagenase (ii) Serine proteinases eg.,plasminogen activator,
and (iii) Cystein proteinases eg., cathepsin B.

The metalloproteinases produced by invasive cells include enzymes that can
degrade different collagen types, laminin, fibronectin and the protein core of
proteoglycans. The metalloproteinases involved in ECM degradation (matrix
metalloproteinases) share the following features:

(1} Contain a zinc ion at their active site and are inhibited by chelating agents.

(if) Show consistent sequence homologies.

(ili) Secreted In a latent form and become activated by partial proteolytic

cleavage.

(iv} Inhibited by specific tissue inhibitors of metalloproteinases like TIMPs.

Metalloproteinase are divided into three major subclasses based on their

Substrate specificity:

NAME(s) SIZE(KDa) DEGRADES
. Interstitial collagense 52 deduced 1, 11, Il collagen
(Type | collagenase/MMP-1) 52, 57 secreted
PMN collagense (MMP-8) 75 secreted I, II, 1l collagen
ll. 72KDa Type IV collagenase 72 secreted IV, V, Vll collagen
(72 KDa gelatinase/ MMP-2) fibronectin, gelatin
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92KDa Type IV collagenase 78 deduced
(92KDagelatinase/MMM-9) 92 secreted
lll. Stromelysin 53 deduced

(transin/ MMP-3/proteoglycanase) 57, 60 secreted

Stromelysin -2 53 deduced
(transin 2/ MMP-10)

PUMP-1 28 deduced

(MMP-7/ small MMP of uterus).

IV, V collagen

proteoglycans, laminin,
fibronectin, NI, IV,V
collagen, gelatin.

I, IV, V collagen
fibronectin, gelatin

gelatin, fibronectin

The expression of MMP activity is controlled at three levels: a. gene transcription,
b. proenzyme activation and c. inhibition by specific tissue inhibitors. In most cell types
the MMP genes are not constitutively expressed (Matrisian, 1990). However
transcription can be induced by a number of agents like phorbol esters (Chin et al.,
1885) and oncogene products (Kerr et al., 1990). Recent studies on the regulation of
MMP expression have provided strong indications for the involvement of these in tumor
progression. TRE (12-O-tetradecanoy) phorbol-13-acetate-responsive element) or AP-1
(activator protein-1) binding site is present in the promotors of rat, rabbit and human
stromelysin genes and in the human interstitial collagenase gene (Curran et al., 1988).
These binding sites form heterodimeric compiexes with the transcription factors c-fos

and c-jun. Induction of c-fos protein by Ha-ras and V-mos oncogenes, tumor promotors
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or platelet derived growth factor (PDGF) results in the subsequent induction of

collagenase and/or stromelysin gene expression (Schonthal et al., 1988).

The translational products of MMP mRNAs are secreted in the proenzyme form.
In vitro latent MMPs can be activated by agents like organic mercurials. The fully
activated MMPs can be inhibited with specific tissue inhibitors of metalloproteinases
(TIMPs). It has been shown that the same cells which produce interstitial collagenase
are capable of synthesizing and secreting TiIMPs. The net enzyme activity results only
when activated collagenase levels exceed inhibitor production (Herron et al., 1986 a).

The involvement of proteinases in the differentiation of cells on Matrigel during
angiogenesis has been demonstrated using human omenta! microvascular endothelial
cells (HOME cells). It has been observed that the mRNA of tissue-type plasminogen
activator and 72kD type IV collagenase increased while that of plasminogen activator
inhibitor-1 (PAI-1) and TIMP-2 was increased initially within the first 4h, then decreased
and again increased to greater than 18 fold in the expression of the message in HOME
Cells grown on Matrigel as compared to cells on coliagen (lto et al., 1995).

Thus, metalloproteinases and their endogenous inhibitors are key components
of an enzyme system which is important for a number of fundamental biochemical and
Cellular processes. Like other enzyme families, the metalloproteinases are a key
component of a system of "balanced proteolysis" wherein an equilibrium exists between
the amount of active enzyme and its endogenous proteinase inhibitor(s).

Serine proteinases include plasminogen activators (PAs), leukocyte elastase, and

Cathepsin-G. Plasminogen activators convert plasminogen into active plasmin which
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degrade several ECM components including fibronectin and laminin. It does not degrade
native collagens but can degrade gelatin. Plasmin also activates metalloproteinases
(Eaton et al.,1984).

Cystein proteinases include endo- and exo-peptidases. These are intracellular
enzymes found in the cytosol or in the lysosomes. These are active against a wide range
of small peptides and large protein substrates. Some are able to activate procollagenase
or directly degrade collagen and can digest the protein core of proteoglycans (Bond et

al., 1987).

Inhibition of angiogenesis

The search for angiogenesis inhibitors was stimulated by the concept of "anti-
angiogenic therapy", which states that a putative inhibitor of blood vessel growth might
be therapeutic because it could limit tumor growth, and non-toxic because angiogenesis
is normally infrequent (Folkman, 1971). The first angiogenic inhibitors to be identified
were naturally occuring, or "endogenous" molecules, such as the angiostatic steroid
Medroxyprogesterone acetate (Gross et al., 1981) which was later identified to inhibit
Plasminogen activator (Ashino-Fuse et al., 1989) and also change the subunit structure
of laminin (Tokida et al.,1990), thereby altering the basement membrane. The efficiency
of the angiogenic inhibitors depends upon their route of administration and upon the type
of angiogenesis to which they are targeted. For example, angiostatic steroids are most
effective when applied topically for corneal neovascularization (Li et al., 1991), while

systemic therapy is only effective against tumors (Sakamoto et al., 1988). An
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angiogenesis inhibitor fumagillin derived from Aspergillus fumigatus (Ingber et al., 1990)
is a potential inhibitor of angiogenesis and of tumor growth when administered
systemically. Inhibitors of angiogenesis, like synthetic angiostatic steroids (U-24067 and
U-42129), heparin, suramin, interferon-2alpha (IFN-2a), and retinoic acid have been
shown to distinctly effect the plasminogen-dependent proteolytic system in human
bovine microvascular endothelial cells (Pepper et al., 1994). Johson et al., (1994) have
shown the inhibition of angiogenesis by TIMP in an in vivo rat corneal angiogenesis
assay. The inhibition by TIMP has been partly attributed to the inhibition in the migration

of endothelial cells.

Targets of angiogenesis inhibitors

Strategies of anti-angiogenic therapy depends on the knowledge of the biology
and biochemistry of the angiogenic process per se. An anti-angiogenic compound may
be able to inhibit angiogenesis by the following mechanisms:

1. Inhibit the export of angiogenic molecule from tumor cells.

2. Neutralize angiogenic molecules in transit.

3. Restict endothelial cell proliferation and/or migration.

4. Block the degradation of the basement membrane induced by proteinases.
5. Neutralize tumor-derived chemotactic factors for macrophages or mast cells.
8. Inhibit angiogenic factors secreted by macrophages and/or mast cells.

7. Inactivate tumor-derived plasminogen activators and proteinases.

8. Restrict basement membrane storage of bFGF and other angiogenic modulators.
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9. Prevent the accumulation of fibrin products in the neovascular bed.
10. Inhibit enhanced secretion of bFGF by endothelial cells.

11. Increase the secretion of angiogenic inhibitors secreted from tumor cells.

As mentioned earlier, protealysis is an important prerequisite for several important
physiological events, one of which is angiogenesis, wherein new capillary formation
occurs. With this in mind, along with reports of the inhibitory action of curcumin on tumor
initiation and tumor promotion kindled our interest to study the effect of curcumin on
angiogenesis. To characterize the stimulators or inhibitors or to elucidate the
mechanisms of angiogenesis, various in vitro models using cultured endothelial cells or
explants of aorta have been proposed (Madri and Williams,1983; Nicosia and
Otttinetti, 1990). To study the effect of curcumin on angiogenesis, we have used the
Matrigel model. Using Matrigel, we show that curcumin inhibits angiogenesis which could

be a mechanism responsible for inhibition of tumor promotion.

MATERIALS

HUVEC were purchased from Clonetics, Inc., San Diego, CA. Media-199,
streptomycin, penicillin, gentamicin, fungizone and 0.05% trypsin-EDTA were obtained
from Gibco BRL., Gaithersburg, MD. Endothelial cell growth supplement (ECGS) was
purchased from Collaborative Research Inc., Bedford, MA. Fetal bovine serum (FBS)
was obtained from Hyclone Laboratories Inc., Logan, UT. Curcumin, dimethyl sulphoxide

(DMSOQ), heparin, L-glutamine, phenyl methyl sulphonyl flouride (PMSF), N-ethyl
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malemide (NEM), and dithiothreitol (DTT) were purchased from Sigma Chemical Co.,
St.Louts, MO. Rabbit anti-factor VIII IgG was obtained from Dako Corp., Carpinteria, CA.
Monoclonat anti-human MMP-2 was purchased from Oncogene Science, Cambridge,
MA. FITC-labeled anti-rabbit IgG was purchased from Organon Teknika, Durham, NC,
while goat anti-mouse IgG, conjugated to alkaline phosphatase was obtained from Bio-
Rad, Hercules, CA . The cDNA for 67-kD and 92-kD metalloproteinases was kindly
provided by Dr. William Schnaper, Northwestern Medical School, Chicago, IL. Matrigel

was a generous gift from Dr. Hynda Kleinman, NIDR, NIH., Bethesda, MD.

METHODS
Culture of Human Umbilical Vein Endothelial Cells (HUVEC)

Cultures of HUVEC were maintained in media-199, supplemented with 2-10%
FBS, 100ug/ml of ECGS, 100U penicillin, streptomycin and fungizone, 50ug/ml
gentamicin and 50U/ml Heparin in 5% CO, and 95% O, at 37°C. All experiments were
Carried out between passages 3-7. Cells were checked periodically for the expression

of Factor VIII by immunofluorescence.

Immunofluorescence detection of factor VIl expression

Sterilized coverslips were placed in 50mm culture dishes and 5X10° HUVEC (P,-
Ps) were plated in media containing 10%FBS O/N. Cells were washed with cold PBS

and fixed in PBS containing 4% formaldehyde and 5% sucrose for 15min followed by
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Smin in Triton X-100. The cells were then washed for 15min, three times in PBS. Fixed
Cells were blocked with 5% bovine albumin in PBS for 15min. The coverslips were
incubated in anti-factor VII| rabbit IgG (Dako Corp., Carpenteria, CA) for 30min. The
cells were then washed three times for 15min each with PBS and incubated with FITC-
conjugated anti-rabbit secondary antibody for 30min. The cells were washed in PBS

three times for 15min each, mounted in fluromont and viewed under a Zeiss microscope.

Cell proliferation assay

HUVEC (1X10° were seeded in 24 well tissue culture treated (Costar, Amherst,
MA) plates in 0.5 ml, medium 199 containing either 2 or 10% FBS. After 12h, the media
was replaced with fresh media containing 1uCi/ml *H-thymidine (NEN, Boston, MA) and
treated with various concentrations of curcumin (0.25uM-100uM) in triplicate. The
experiments were terminated after 3, 6, 12, 24 and 32h of treatment. The cells were
Washed with cold PBS and treated with 20% TCA for 15min. TCA was then washed
away and the cells lysed with 0.1N NaOH containing 0.1%SD$S. The lysate was
transferred to scintillation vials and counted on Beckmann liquid scintillation counter.

DNA synthesis was assayed by measuring the radioactivity incorporated into TCA-

iNsoluble material.

Cell Viability Assay

To determine the effect of curcumin on cell viability, HUVEC (3x10 “cells/well),
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were cultured in 96 well plates (Costar, Amherst, MA.) in either 2% or 10%FBS
containing media. Cell viability was measured using the cell proliferation kit (Boehringer
Mannheim, {ndianapolis, IN), which assays cell growth by cellular conversion of
tetrazolium salt into blue formazan crystals. Cells were treated with varying doses of
curcumin (1-25uM) for 6h. Following treatment, 10ul of MTT reagent was added to each
well and after 4h, 100ul of a solution containing 10% SDS in 10mM HCI was added, and
plates shaken to dissolve the reduced MTT crystals. The viability of the cells was
measured by comparing optical density of the treated cells with untreated control in an

ELISA reader scanned with a 570nm filter.

Angiogenesis Assay

Twenty four-well culture plates were coated with 0.3ml of Matrigel (14-20mg
protein/ml), which was then allowed to solidify at 37°C for 1h. Medium-199 (250ul)
containing 2 or 10% FBS was added to the Matrigel-coated wells. HUVEC were then
trypsinised using trypsin-EDTA (Gibco BRL., Gaithersburg, MD), washed, suspended
in appropriate media and added to Matrigei coated wells (40,000 cells/well in 250pl
media). Stock solutions of curcumin (1-10mM) were prepared in DMSO. Various
concentrations of curcumin were added to the culture from these stock solutions such
that, DMSO had no effect on endothelial cell differentiation. The cells were incubated for
6h at 37°C. in a 5% CO, humidified atmosphere, the culture supernatant was aspirated
and the cells were fixed with Diff-Quick Solution Il (Baxter, McGraw Park, IL). The area

Covered by the tube network was quantitated using an optical imaging technique,

26



wherein, the pictures of the tubes were scanned in Adobe Photoshop, and quantitated
in NIH image program. Each dose of control or test compound was assayed in triplicate.
In addition, all experiments were performed at least three times and the results are
eéxpressed as the mean and the standard error of the mean, from at least three such
experiments.

For pre-treatment studies, 2% FBS containing media was added to the cells and
incubated overnight. The cells were then treated with curcumin (1-25uM} for 3h.
Following treatment, curcumin was washed off, the cells were trypsinized and 40,000
Celis /weli of each treatment was plated in triplicate on Matrigel coated plates. Tube
formation was observed after 6h. Post-treatment studies were carried out by treating

tubes formed on Matrigel for 6h with curcumin (1-25uM). Tubes were observed every

2h, and after 12h the tubes were fixed and stained.

Zymogram Analysis

SDS-substrate gels were prepared by a modification of standard SDS-PAGE
electrophoresis (Birkedal-Hansen & Taylor, 1982). Type | gelatin was added to the
Standard acrylamide polymerization mixture at a final concentration of Tmg/ml. The
Culture media from cells cultivated on plastic were estimated for protein content using
Protein estimation kit (Pierce, Rockford, IL). Equal protein from each sample was mixed
(3:1) with sample buffer (10% SDS, 4% glycerol, 0.25M Tris-HCI pH 6.8 and 0.1% bromo
Phenol blue) and loaded into the wells of a 4% acrylamide stacking gel. Gels were run

at 15mA/h while stacking, and 20mA/h during the resolving phase at 4°C. After
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electrophoresis, the gels were soaked in 2.5% Triton X-100 with gentle shaking for
30min at ambient temperature with one change of detergent solution. The gels were
rinsed with water for 20min and incubated overnight at 37°C, in substrate buffer (50mM
Tris-Hcl buffer, pH 8, 5mM CaCl, and 0.02% Tween 20). After incubation the gels were
stained for 1h in 0.5% Coomassie Blue R-250 in acetic acid:methanol:water (1:3:6),
destained in acetic acid:methanoi:water (1:4:6). After intensive destaining, proteolytic
areas appeared as clear bands against a blue background. The molecular weights of the
proteolytic bands were determined in relation to the reference marker proteins, which
were simulitaneously loaded in the gel. The molecular weight markers were: Myosin
205,000: B-galactosidase 121,000; Bovine serum albumin 86,000; Ovalbumin 50,500;
Carbonic anhydrase 33,600; Soybean trypsin inhibitor 27,800; Lysozyme 19,400 and

Aprotinin 7,400 (Bio-Rad, Hercules, CA).

Characterization of the Proteinases

For the characterization of proteinases, proteins were separated on SDS-PAGE
gels and the gels were incubated for 18h in substrate buffer containing either 10mM
EDTA, 1mm PMSF, 5mM NEM or 5mM DTT. Characterization of proteinases was based

ONn comparison of the gelatinolytic activity of proteinases in the presence and absence

of inhibitors.

Ilrnmunoblotting

HUVEC were plated in 6-well tissue cuiture plates in medium-199 containing 2%
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serum. The cells were conditioned overnight in 2% FBS containing media and treated
with various concentrations of curcumin for 6h. Equal amounts of protein was denatured
and resolved by electrophoresis on 10% SDS-PAGE gels using standard techniques
(Laemmli, 1970) and transferred to nitrocellulose filters (Schleicher & Schuell, Keene,
NH) at 4°C for 4h. Non-specific binding was prevented by blocking in 5% non-fat dried
milk for 4h in TBST buffer (100mM Tris-HCI, pH 7.5, 0.9%w/v NaCl and 0.1%v/v Tween
20). Blots were washed three times for 15min each at room temperature with TBST and
incubated individually with anti-MMP-2 monoclonal antibody (Oncogene Science,
Cambridge, MA) at 4°C for 12h. Blots were again washed in TBST and immersed in
alkaline phosphatase-conjugated goat-anti-mouse IgG (Bio-Rad, Hercules, CA),
followed by washing with TBST. immunoreactivity was visualized by the addition of

nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate (Promega, Madison,

wi),

Northern Analysis

HUVEC (8X 10°) at passage 5 or 6 were plated in large 150cm? tissue culture
flasks. After 12h the medium was replaced with fresh media-199 containing 2% FBS.
Cells were treated with curcumin (1- 25pM) for 3h, and washed with cold PBS. They

were lysed in TRIzol {(Gibco BRL., Gaithersburg, MD) to isolate RNA as specified by the

Mmanufacturer. Further purification of the RNA was done by precipitation with 0.3M
sodium acetate and ethanol. RNA was quantitated by measuring its absorbance at

260nm in a Beckmann DUB40 spectrophotometer. Equal amounts of RNA (10ug) was
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denatured in 6x loading buffer (0.25% w/v bromophenol blue, 0.25% wiv xylene cyanol,
30% wlv glycerol, 1.2% SDS and 60mM sodium phosphate pH 6.8) at 75°C for S5min.
RNA was electrophoresed on a 1% agarose gel at 3-7V/cm in 10mM sodium phosphate
buffer, pH 6.8 with continuous circulation of buffer. The separated RNA was stained with
ethidium bromide and photographed under UV light. The RNA was then transferred to
Nytran membrane from (Schleicher & Schuell, Keene, NH) by capillary method in
20XSSPE. Transferred RNA was crosslinked by UV light for 2min and hybridized with
cDNA probes of 67-kD and 92-kD metalloproteinases. The cDNA was labeled with a>2P-
dCTP (Amersham, Arlington Heights, IL) using the Oligolabelling kit (Promega, Madison,
WI) and purified using nick columns (Pharmacia, Piscataway, NJ). The labeled probe
(1X10%pm/ml) was added to the blot which had been previously pre-hybridized for 8h
at 42°C with Hybrisol, a hybridization solution (Oncor, Gaithersburg, MD) and incubated
at 42°C for 16h with the labeled probe. The blot was washed with 1xSSPE containing
0.1%SDS, three times at room temperature and once with 0.1XSSPE containing
0.1%SDS for 30min at 50°C. The radioactivity in the blot was measured in Betagen 603
blot analyzer (Betagen, Waltham, MA) for 6h and bands quantitated. The blot was then

€Xposed to X-ray film for 12h and then developed in a Kodak X-OMAT20 autoprocessor.

RESULTS

Expression of factor VIl by HUVEC

HUVEC used in all our experiments expressed factor VIl as demonstrated by
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immunofluorescence studies indicating that the cells are still endothelial in nature {Fig.3)

Effect of curcumin on proliferation

Endothelial cells plated on 24 well costar plates in media containing 10% serum
were treated in triplicate with curcumin (1-25uM) dissolved in DMSO. Thymidine
incorporation assays carried out after 6h curcumin treatment showed inhibition in
proliferation in a dose dependent manner (Fig.4A). DMSO concentrations used, showed
no inhibitory effect on cell proliferation.

To determine the effect of curcumin on the proliferation of endothelial celis in
presence of 2% serum, HUVEC were plated on 24 well plates and incubated in media
containing 2% FBS overnight. Media was replaced by fresh media containing 2% serum
and *H-thymidine. Curcumin (1-25uM) was added to the cells in triplicate and cell
proliferation was assayed after 6h. Proliferation studies demonstrated an inhibition in
proliferation by curcumin in a dose dependent manner (Fig.4B). DMSO, concentrations
used did not have any effect on proliferation. The degree of inhibition was greater in

presence of 2% serum as compared to the effect in presence of 10% serum.

Effect of curcumin on viability

To ensure that the curcumin doses used in our studies were non-toxic to HUVEC,
the effect of curcumin on cell viability was studied using MTT assay. As shown in Fig.5A,
curcumin did not affect the viability of HUVEC in the presence of medium supplemented
with 10% FBS. Although the viability of HUVEC in 2% FBS containing medium was
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unaffected when treated for 6h with low doses of curcumin (Fig.5B), higher doses led to
a partial inhibition in viability. The effective concentration required to inhibit viability in

10% serum containing medium however, was higher than the concentration required to

inhibit the viability in the presence of 2% serum,
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Fig.3 Expression of Factor VIl by HUVEC: HUVEC were periodically checked for the
expression of factor Vill. Cells were plated on Coverslips overnight. The cells were

fixed in formaldehyde and sucrose ang treated with/without monoconal anti-factor VIII

antibody for 30min at 37°C. The cells were washed in PBS and incubated for 30min

In FITC-conjugated anti-mouse Secondary antibody,

The cells were then mounted in
paramount and viewed under a Zaiss microscope,

A: Negative Contro| (without anti-factor VIII); B Cells showing Factor V|| expression.
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Fig.4: Effect of curcumin on proliferation: HUVEC (2.5x10%) were plated in 24-well
Costar plates and cultured in presence of 10% (A) or 2% (B) serum containing
medium overnight. The celis were replaced with fresh medium containing 1pCi/ml *H-
thymidine and various concentrations of curcumin (0-25uM) for 6h. Following
treatment, the cells were washed and TCA precipitated as mentioned under Methods:

The cells were lysed and the radioactivity incorporated into TCA-insoluble material

was counted in a Beckamann liquid scintillation counter.
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Fig 5: Effect of curcumin on viability: HUVEC were plated at concentrations of 3x10°

cellsiwell in 96 well plates and cultured in presence of 10% serum (A) of 20/, serum
(B). The cells treated with curcumin (0-25pM) for 6h were assayed for viability using

MTT-kit as described by the manufacturer (Boehringer Mannheim, indianapolis, IN).
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Effect of curcumin on tube formation

Treatment of HUVEC with varying doses of curcumin (1-251M) at the time of
Plating on Matrigel in medium containing 10% FBS resulted in inhibition of tube
formation as evidenced in Fig.6A. In presence of 10% serum, HUVEC differentiated to
form an extensive network of thick tubes (Fig.6A:1). Lower doses of curcumin (1-5pM),
did not markedly affect the differentiation of endothelial cells, the tubes appear to be
thinner as compared to untreated control (Fig.6A:2-3) . Treatment with higher doses of
curcumin (10 & 251M) (Fig.6A:4-5), resulted in decreased tube formation and the tubes
appeared to be thin and incompiete.

In order to check whether the effect of curcumin on capillary formation varies with
Serum concentration, we performed the tube-forming assay in presence of 2% serum.
The extent of tube formation by endothelial cells in presence of 2% serum when
COmpared to the tubes formed in presence of 10% serum is only about half-maximum
(KinseHa et al., 1992). The effect of curcumin treatment on tube formation in presence
of 2% serum is shown in Fig. 6B. An inhibitory effect on the network formation could be
S€eN with as little as 1uM curcumin, although the maximal effect was observed at 25uM
CurCUmin, where there is complete inhibition of tube formation. Treatment with a lower
c\'O”Ceﬂtra’(ion of curcumin {5uM) resulted in incomplete and sparse tube formation

(FiQ-GB;s) On curcumin (10uM) treatment, the cells appear to differentiate partly, but

N0t SUfficiently to lead to tube formation (Fig.6B:4), while curcumin 251M, lead to

“OMplete inhibition in differentiation (Fig.6B:5). These findings were quantitated as

39



evidenced in data Fig.7 (A&B), by assessment of the area of the culture surface covered
by the tube network as mentioned under Methods. For the purpose of comparison, the
tube area formed in untreated cells was assumed to be 100%, and the percentage

network formation on treatment with curcumin was calculated by comparing with

untreated control.

Effect of curcumin treatment at different times on tube formation

We wanted to study whether curcumin effected tube formation if the cells were
treated with the compound before and after being plated on Matrigel. Since serum
appears to have a protective action against the inhibitory effect on tube formation by

Curcumin as evidenced by our earlier experiment, we used medium containing 2%

Serum in all further experiments.

Pre-treatment of cells with curcumin for 3h, before plating cells on Matrigel,
dppeared to be the most effective as compared to all other treatment times (Fig.8A).
While pre-treatment with 1uM curcumin (Fig.8A:2) demonstrated 15% inhibition in tube
formation (Fig.9A), 5uM curcumin (Fig.8:A3) inhibited tubes by as much as 75%.
Although curcumin at higher concentrations (10-25uM) (Fig.8:A4-5), permited cell

attachment on Matrigel, it nevertheless completely inhibited their differentiation.

In order to determine the effect of curcumin or pre-formed tubes, HUVEC were
Plateq on Matrigel and after 6h, the tubes were treated with various concentrations of
CUreumin. cureumin did not affect the pre-formed tubes for almost 6h after addition,

Athough, thereafter curcumin treatment resulted in the disintegration of the pre-formed
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tubes in a dose dependent manner (Fig.8B). Prolonged incubations of HUVEC on
Matrigel resulted in the thickening of the tubes which undergo further remodeling
(Fig.8B:1). Treatment of tubes with 1M curcumin did not show much change in the pre-
formed tubes (Fig.8B:2), while treatment with 5 and 10uM curcumin (Fig.8B:3&4)
resulted in broken tubes which appeared to lack intercellular communication. Treatment

with 25uM curcumin disintegrated the tubes by almost 80% (Fig.8B:5) and the tubes

appeared to shrink.

41



Fig.6: Inhibition of tube formation by curcumin: HUVEC (4x10%celisiwell) in medium
containing 10% serum (A) and 2% serum (B) were plated on Matrige! pre—coated 24
well plates and treated with curcumin (0-25.M). After 8h, the cultures were fixed and

stained. Curcumin treatment resulted in a dose dependent inhibition. Panel 1.

Untreated control, 2.1uM Cur; 3: 5uM Cur; 4: 10uM Cur: and 5 25uM Cur

respectively.
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Fig.7: Effect of varying doses of curcumin on tube formation: HUVEC (4x10%celisiwell)
in medium containing 10% serum (A) or 2% serum (B) were plated on Matrigel coated
24 well plates and treated with varying doses of curcumin (0-25uM) for 8h. The

cultures were fixed, stained and photographed. The tubes formed were quantitated

by scanning the pictures in Adobe Photoshop and NIH Image program as described
under Methods.
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S Post-tube treatment on tube formation by curcumin.
(A) HUVEC were treated with varying doses of curcumin

(0-25.M) for 3h. Following

treatment, the cells were washed with PBS and 4x10¢ cellshvell were plated in

Vipiaie enilamgel-costed 24| Plates. (B) HUVEC were plated on Matrigel, and

after 6h tube formation, the cultures were reated with curcumin (0-25uM). and tubes
were fixed and stained after 12h Panel 1 Untraated control, 2:1.M Gur 3 SuM Cur.

4:10uM Cur; and 5: 25,M Cur "espectively,
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Fig.9: Pre-treatment vs Post-tube treatment. Quantitation of tube formation. (Al

HUVEC were pre-treated with curcumin (0-25.M) for 3n. The cells were washed.
suspended in 2% serum containing medium, and plated on Matrigel. Tubes formed
after 6h were fixed, stained and photographed. (B) Pre-formed tubes were treated
with various concentrations of curcumin (0-25.M) and the cultures fixed after 42h

treatment. The effect on tube formation was quantitated by scanning the pictures

taken after fixation and staining, using NiH program.
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Effect of curcumin on proteolytic activity

To determine the effect of curcumin on proteinases, we used a zymographic
assay to visualize the proteinases expressed by HUVEC grown on plastic in the
Presence of 2% FBS after 6h treatemnt with different doses of curumin. HUVEC
Secreted three distinct types of proteinases with mol.wt. 92-kD, 72-kD and 53-kD. The
gelatinolytic activity of 72-kD proteinase was much more distinct, while the activity bands
Produced by 53-kD and 92-kD proteinases were faint. The results of one such
€Xperiment is shown in Fig.10, which indicates a dose-dependent inhibition in the
9elatinolytic activities of HUVEC by curcumin. The results also showed a greater
fegulation in the activities of 72-kD and 53-kD proteinases as compared to other

Secreted proteinases. However, when the supernatant of HUVEC grown on plastic were

Z¥mographed and incubated in curcumin containing substrate buffer, no inhibition of

Proteciytic activity was observed (data not shown).

Characterization of proteinases

To characterize the proteolytic activities, zymograms were further probed by
'nCUbating in the buffer containing proteinase inhibitors and the gelatinolytic activity was
then determined. Results shown in Table 1 indicate that the activities of extracellular

Droteinases in HUVEC are specifically inhibited by certain metalloproteinase inhibitors.

While incubation of gels in the presence of NEM or PMSF did not show any change in

the activity of either contral or curcumin-treated conditioned medium as compared to
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incubation in the substrate buffer containing calcium alone, addition of EDTA or DTT
completely inhibited the proteolytic activities in both the groups. Since the presence of
divalent cations like Ca*? are required for activating metalloproteinases, these data

suggest that the proteinases regulated by curcumin belong to the class of

metalloproteinases.

Effect of curcumin on the protein levels of proteinases

Conditioned media from HUVEC treated with curcumin (1-25uM) for 6h in media

containing 2% serum, was estimated for protein content. Equal protein was separated

on 10% SDS-PAGE. The proteins were transferred to nitrocellulose paper. Non-specific

binding was blocked with 5% milk. The blot was incubated with either 72-kD, 82-kD or

53-kD monoclonal antibodies. The proteins were detected using alkaline phosphatase
Conjugated secondary antibody. Western analysis using 72-kD proteinase antibody

showed a dose-dependent inhibition in the conditioned medium of endothelial cells

treated with curcumin (Fig.11). Analysis of 92-kD and 53-kD proteinases by Western

analysis did not show any signals (data not shown).

Effect of curcumin on mRNA levels of proteinases

e transcriptional regulation of these proteinases by

To investigate the possibl
examined in HUVEC cultured

Sureumin, the expression of 72-kD and 92-kD genes Were
n Presence of 2% FBS containing media by assay of the corresponding MRNA steady-

performed after treating the cells with various

$
tate levels Northern analysis was
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Concentrations of curcumin for 3h. Curcumin decreased the expression of 72-kD and 92-
kD metalloproteinase in a dose dependent manner (Fig.12). The inhibition in the mRNA
transcripts of 72-kD proteinase was greater as compared to the transcripts of 92-kD

proteinases.
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Fig.10:_Zymogram analysis of the gelatinolytic_activities: Conditioned media of

HUVEC treated with curcumin (0-25uM), was harvested after 6h and subjected 10
non-reducing SDS-PAGE through a 10% acrylamide resolving gel containing gelatiﬂ
as described in the Methods. The gels were renatured and incubated overnight @t
37°C and stained with coomassie blue. Bands of gelatinolytic activityare indicated PY

pale bands in the gel at 92-kD, 72-kD and 53-kD. Lane on the left shows molWt
markers.
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Table 1. Characterization of the proteinases

TREATMENT*
PROTE. CONTROL EDTA DTT PMSF NEM
INASES G Cur G Cur C Cur C Cur C Cur
~82-kD i A " " - - o+ ++ o+
~72-kD £ & - - - - ++ +4
. P & 4 ok

~53-kD ++ o+ . s

' Conditioned medium from HUVEC treated with or without Cur 25uM was separated on
SDS'PAGE as described in methods. After electrophoresis, the gels were incubated
OVer night with either substrate buffer (control), or buffer containing EDTA (10mM), DTT

(SmM), pmsF (1mM) or NEM (5mM). The gels were stained and visualized. The

sence of proteolytic activity 1S expressed as

Presence of activity is expressed as (+); ab
().

C"Umrea’[ed Cur- 25uM curcumin-treated
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Fig.11: Northern analysis of mRNA for 72-kD and 92-kD proteinases: HUVEC grown

to 75% confluency on plastic was conditioned overnight in medium containing 2%
serum and treated with curcumin (0-25uM) for 3h. RNA was isolated using thé
RNAzol method, electrophoresed on 1% agarose gel, and probed with 72-kD c-DNA
as described in the Methods. The blot was stripped and re-probed with g2-kD

proteinase cDNA. Ethidium bromide stained 28S and 18S RNA show equal loading
of RNA.
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Fig.12. Western analysis of 72-kD proteinase: Equal amounts of proteins from culturé

supernatants of HUVEC treated with curcumin (0-25uM) for 6h. was separated O
10% SDS-PAGE, transferred to nitrocellulose membrane, and probed with
monoclonal anti-72-kD  antibody. The bands were developed with alkalin®

phosphatase-conjugated anti-mouse IgG and BCIP/NBT as described in methods:
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DISCUSSION

Angiogenesis is a highly regulated process that involves a complex cascade of

events Given the physiological and pathological importance of angiogenesis, extensive

studies have been carried out to identify the factors that regulate this process. Growth

factors such as bFGF have been shown to promote angiogenesis in vivo and in vitro by

stimulating the migration, proliferation and proteolytic activity of endothelial cells

(Villaschi and Nicosia, 1993). The induction of tube formation in chicken chorioallantoic

Membrane by TGF is significantly different from that formed by bF GF, wherein TGF-f

induced the formation of large blood vessels while FGF induced small blood vessels

(Yang and Moses, 1990). In view of the therapeutic value of angiogenic inhibitors,

Several investigators have identified anti-angiogenic compounds. Antibiotics such as 15-

d":30"3’313'ergualin in vitro have been shown to inhibit angiogenesis of bovine vascular

®ndothelial cells by inhibiting cell proliferation in three-dimensional cuiture systems

(Oikawa et al, 1992).

Since curcumin has been reported to inhibit tumor initiation (Huang et al., 1992)
and tumor promotion (Huang et al., 1988), and since angiogenesis plays a major role
in tumor growth and metastasis, wé investigated the effects of curcumin on angiogenesis

Using an in vitro Matrige! model.
pond to angiogenic stimuli by migrating

During anglogene3|s endothelial cells res
ying new cells

Into the interstitium. The distal cells proliferate rapidly, thereby suppi
(1990), have identified a collagenase

"quired for the developing vessels. Moses et al.,
bitory action on endothelial cell migration

Inhibit'::ur from bovine cartilage which has inhi
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a i : :
nd cell proliferation. In general most endothelial cell proliferation inhibitors are anti-

angiogenic although, their is no strict correlation between the two phenomena. For

example, TGF-p has been shown to enhance the angiogenesis in vivo, but inhibits

endothelial cell proliferation in vitro. (Frater-Scroder et al., 1986). TNFa and IFNy,

having tumoricidal and tumorstatic properties in vivo have been reported to inhibit

proliferation (Friesel et al., 1987; Sato et al., 1986) and angiogenesis in vitro (Sato et

al., 1990). Using an in vitro angiogenic model of Matrigel which mimics the in vivo

angiogenic differentiation, our laboratory has shown the differential effect of interferon
On tube formation (Maheshwari et al, 1991b). While interferon alpha (IFNot) enhanced

tube formation of human umbilical vein endothelial cells (HUVEC), interferon-gamma

('FN‘Y ) has been shown to inhibit tube formation. TNF-o as well as IFN-y inhibit

angiogenesis of endothelial cells (Sato et al.,1990).
HUVEC proliferation by curcumin in &

In this report, we show the inhibition of
known, there are

dose dependent manner. While the mechanism of this inhibition is not
Feports which show the inhibition of lipoxygenase and cycloxygenase by curcumin (Lysz

acid (NDGA),
helial cell growth (Setty et al., 1987).

ar 12(S)-HETE (12(S)-

et . , o
al., 1994). Nordihydroguaiaretic a general lipoygenase inhibitor has

b -
€N reported to inhibit fetal bovine aortic endot

Recently the vital role of lipoxygenase products: 17 particul
rted to control endotheliai cell growth in

h :
Ydroxyeicosatetraenoic acid), has been repo
1994). Curcumin has also been

( Dethlefsen et al.,

bay,:
OVine capiliary endothetial cells
phosphorylase kinase, a key re

gulatory

sh o
OWn to be a potent and selective inhibitor of
go4). It has been speculated

e .

61



that this inhibition of phosphorylase kinase might block the autocrine action of growth

factors needed for ceilular proliferation. Kinase inhibitors have been shown to display

anti-proliferative activity in vitro and anti-tumor activity in vivo (Elliot et al., 1990).

Tetraphorbo! acetate (TPA) has been reported to elevate the expression of oncogenes

involved in cell proliferation. Recentiy it has been reported that curcumin inhibits TPA -

induced mouse skin carcinoma in CD-1 mice by inhibiting the expression of c-fos, ¢-myc

and c-jun proto-oncogenes (Kakkar et al., 1994). Thus, while the primary mechanism of

this pleuripotent growth regulator is unknown, curcumin has pleiotropic effect in common

with other growth regulating compounds.

Curcumin does not affect the viability of endothelial cells at low doses inspite of
Proliferation being greatly inhibited. The proliferation of HUVEC is completely inhibited
%Y curcumin (>5uM), even on &h treatment. The cells resume growth slowly after the

tes well with nutritional reports that indicate that

re , .
Moval of curcumin. This correla
despite being eaten in moderate doses for many centuries, curcumin has not been

1991). It has been shown that the effective

"®ported to be toxic (Ammon & whal,

i-neoplastic agent, required to inhibit cell proliferation

Co ,
Ncentration of Suramin, an ant
than in presence of 2% serum (Ewing et

i \
" Presence of 10% serum was much higher

aI..1993)_ Our observation of complete cell viability in 10% serum and partial viability in
2% serum indicated that the effect of curcumin on cell growth was similar to Suramin.
wth factors, it may be

promoting genes. Thus, while the

counteracting the effects

Sin
Ce serum is a source of geveral gro

ression of growth
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that this inhibition of phosphory!ase kinase might block the sutocrine action of growth

factors needed for cellular proliferalion Kinase inhibitors have been shown to display

anti-proliferative activity in vitro and anti-tumor actvily In vivo (Elliot et al, 1990).

Tetraphorbol acetate (TPA) has been repoﬂed 1o elevate the expression of oncogenes

involved in cell proliferation. Recentiy it has been reported that curcurmin inhibits TPA -

induced mouse sKin carcinoma in cD-1 mice by \nhibiting the expression of c-fos, c-mMycC

and c-jun proto-oncogenes (Kakkar el 41 1994). Thus, while the primary mechanism of
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of curcumin required for the same degree of inhibition in presence of the 10% serum
Is higher. Growth factors are known to induce proliferative genes such as c-fos and e-
myc which are inhibited by curcumin. Higher doses of curcumin overcome the effects of
Serum which is consistent with this explanation. Growth factors are known to induce
Proliferative genes such as c-fos, c-myc and c-jun which are inhibited by curcumin
(Kakkar and Roy, 1994). Higher doses of curcumin however, overcome the effects of
Serum which is consistent with this explanation.

Treatment of HUVEC with non-toxic doses of curcumin resulted in the inhibition
of the differentiation of HUVEC on Matrigel. The degree of inhibition differs with serum
Concentration, which is similar to its effect on cell viability and proliferation. However, in
COntrast to its effect on cell viability, where its effect is only partial curcumin inhibits
angiogenic differentiation completely. The effective concentration required to inhibit
angiogenesis in presence of 10% serum is much higher as compared to 2% serum.
Kinsella et al., (1992), have shown a serum-dependent difference in tube formation on
MatriQel. As 2% serum containing media is sufficient for endothelial cells to form tubes
N Matrigel, we performed angiogenic experiments in 2% serum containing media. The
Nhibition was seen at all doses irrespective of the time it was added to the cells. The
effects of curcumin may be irreversible or slowly reversible since the differentiation of
HUVEC s still inhibited when the cells are pre-treated with the drug for 3h and then
®Xtensively washed before plating on Matrigel. In fact, pre-treatment is more effective

inhibiti tion
| i i i tion was observed at a concentra
0 Preventing tube formation since complete inhibt

t
T10uM, whereas a higher concentration (25.M) was required for complete inhibition
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when cells are treated at the time of plating on Matrigel. This effect of curcumin may be
due to its regulation of early genes involved in differentiation, since it has been reported
o regulate the expression of many growth regulating genes. Endothelial cells plated on
Matrigel undergo continuous remodeling, which ultimately leads to the shrinkage of
lubes. This was evidenced by incubation of the cells on Matrigel for 16-18h which lead
to changes in the tube formation as compared to early time points. Curcumin treatment
of pre-formed tubes resulted in the disintegration of tubes. This may be due to the
Nhibition of further differentiation and remodeling, which ultimately leads to the
Shrinkage of tubes. The inhibition of differentiation in HUVEC by curcumin may not be
related to ce| cycle events since even fully differentiated tubes are disrupted by low

doses of curcumin at concentrations at which the viability of cells grown on plastic is not

at a|| affected

Kinsella et al., (1992), have shown that the tube formation induced by PMA can
be blocked by protein kinase C (PKC) inhibitors, thus, implicating the possible role of
PKC activation by PMA in regulating the formation of tube structures. Curcumin has
been reported to partially inhibit PKC (Reddy et al., 1994) and treatment of TPA
Stimulated NIH3T3 cells with curcumin resuited in inhibition of TPA-induced PKC activity
Nboth cytosolic and particulate fractions, but did not affect the level of PKC protein {Liu
®tal, 1993). Quercetin. an anti-oxidant and lipoxygenase and cyclooxygenase inhibitor
like Curcumin is a potent tumor suppressor and shows inhibitory effects on PKC activity
(GSChWendt et al. 1984). The suppression of PKC activity by curcumin could also be
Nvolved in inhibiting angiogenesis. In contrast to HUVEC plated on plastic wherein, the
Cells have a cobblestone morphology and are highly proliferative, HUVEC plated on
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Matrigel exhibit inhibition of proliferation and promotion of differentiation (Kuzuya and

Kinsella, 1994). Therefore, the effect of curcumin on proliferation observed on plastic

cannot be correlated to its inhibitory effect on Matrigel as no proliferation occurs on

Matrigel.

One event that plays a key role in angiogenic process is the re-organization of

extracellular matrix which is a complex and dynamic network assembled outside of the

cell using specific secreted glycoproteins and proteoglycans. Matrix proteolysis plays a

critical role in several stages of tumor development, including the process of

or tumor development. Tumor-promoting phorbol esters

angiogenesis, which is critical
Nave been reported to induce the infiltration of bovine microvascular endothelial cells

INto collagen matrix by increasing the secretion of proteinases like collagenase and

This effect of PMA an endothelial

plasminogen activator (Montesano and Orci,1985).

infiltration could not be blocked by a spectrum of inhibitors active against serine, thiol,

and carboxyproteinases but could be prevented Dy the metalloproteinase inhibiter 1.7 0-

ph‘8nr:1nthroline, thereby implicating a possible role of metalloproteinases (eg

Collagenase) in the invasion process. Although phorbol esters are not physiologically
Occuring substances, they cause a variety of effects in cultured cells, many of which are

also elicited by hormones or growth factors. Angel et al., (1987), have examined the

S'Upstream sequences of human collagenase genomic c-DNA and identified the phorbal
jun are among the

responsive element (TRE) as the AP-1 binding sité. As c-fos and ¢-

e-fos is essential for phorbol induction of

Protein components of AP-1, induction of

Collagenase. The requirement for c-fos in collagenase induction by oncogenes has been

), by the use of a plasmid to transfect cells with

demonstrated by Schonthal et al., (1988
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anti-sense fos sequences, which completely abolished the collagenase response. Thus
Curcumin, a potent inhibitior of the transcriptional factor c-jun/AP-1 (Huang and Lee et
al, 1991) may be inhibiting the transcription of collagenases.

Recent reports (Schnaper et al., 1993) indicate that metalloproteinases and their
Inhibitors, TIMPs play a major regulatory role in matrix re-organization and the initiation
of angiogenesis. We examined the effect of curcumin on the expression of proteinases
to see whether curcumin may inhibit angiogenesis by regulating the expression of these
key molecules. The conditioned media from HUVEC plated on Matrigel and treated with
Curcumin did not show significant changes in proteolytic activity. This could be explained
On the basis of the interference caused by the presence of endogenous
Metalloproteinases in Matrigel (Mackay et al., 1993). We therefore, decided to study the
"®gulation of metalloproteinases by curcumin in cells grown on plastic in order to avoid
the complications arising from the presence of the proteolytic enzymes in Matrigel.
FUrther, we have seen that curcumin did not inhibit the proteolytic activity when the
Conditioned medium from untreated cells were incubated in substrate buffers containing
Curcumin. In our experiments we have observed a dose-dependent inhibition of
Proteinases on treatment with curcumin. The properties of the proteinases are consistant
With them being neutral proteinases. The enzyme activities were not inhibited by serine
nor cystine proteinase inhibitors, but were inhibited by DTT; suggesting a divalent cation
"equirement for enzymatic activity as evidenced by inhibition of proteolytic activity when
reated with EDTA. Thus, the proteinases activities regulated by curcumin appear to
belong to the metalioproteinases group. The preference of the enzymes for gelatinase
SUbstrate has been evidenced by its inability to degrade caesin substrates (data not
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shown).

The biochemistry of metalloproteinase activation has been well characterized
through many in vitro studies. The mechanism for mammalian metalloproteinase
acCtivation has been referred to as the ‘cystein switch”, whereby an unpaired cystein
residue in the profragment co-ordinates with the active site zinc atom and maintains the
latency of the enzyme. When this cystein-zinc atom interaction is interrupted by chemical
Or physical means, a conformational change occurs and subsequent proteoiytic
Cleavage of the amino-terminal profragment ensues (Birkedai-Hansen et al., 1993). SDS-
Substrate gel analysis proved to be a powerful tool for studying metalloproteinases
activity. The proenzymes secreted by HUVEC exhibited proteolytic activity in the gels,
because as reported by Chin et al.,(1985), SDS interrupts the cystein-zinc bond thereby
activating proenzymes, collagenase and stromelysin. HUVEC synthesized at least three
different proenzyme species, all of which were regulated by curcumin in a dose
dependent manner. The level of inhibition of 72-kD and 53-kD proteinases was more
Pronounced with 10 and 25uM treatment showing maximum inhibition as compared to
lower concentrations. By far, the most extensive degradation by substrate gel analysis
Was observed for the lysis zone centered at 72-kD and 53-kD. Similar
Metalloproteinases have been detected from rabbit brain capillary endothelial celis by
Heﬂ‘on et al., (1986). The authors have demonstrated the presence of proteolytic activity |
In rabpit capillary endothelial ceils only when stimulated with TPA. However, we show
HUVEC to secrete metalioproteinses without induction by phorbol esters.Our

.. . : ck
SXperiments to check the inhibition of activity of proteinases by curcumin as well as (a
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of regulation of proteolytic activity by curcumin from conditioned media of HUVEC on
Matngei ndicated that curcumin does not inhibit the activity but could be regulating the
eXpression of the metalloproteinases at the transcriptional or translational level
However, Schnaper et al. (1993) have shown that the early expression of
Metalloproteinases are involved in tube formation. Therefore, it appears that curcumin
could be regulating the expression of metalioproteinases. On plastic, curcumin
differentially regulated the expression of 72-kD and 53-kD proteinases. While the
Nhibition of 72-kD proteinase at the protein level is clearly observed by Western blotting,
"€gulation of 53-kD and 92-kD proteinase levels could not be detected. This could be
due to the lack of sensitivity in the protocol. While Northern analysis demonstrated
"SQulation of 72-kD and 92-kD proteinases, the extent of inhibition at the mRNA levels
Was higher in 72-kD metalloproteinase as compared to 92-kD metalloproteinase. From
Our Observation we report that curcumin inhibits angiogenesis as well as regulates the
RNA transcipts of 72-kD and 92-kD proteinases. However, the extent of inhibition of
Metalloproteinase expression does not correlate with the extent of inhibition of
aNgiogenesis by different doses of curcumin. Thus, the effect of curcumin on
angiogenesis may be partly due to its regulation of proteinase expression. Inhibitors of
Cellular protein kinases have been shown to be involved in the regulation of
ngiogenesis (Kinsella et al., 1992; Wright et al., 1992; Tsopanoglou et al., 1994).
Curcumin, being a partial inhibitor of protein kinase activity (Liu et al., 1993; Reddy and
Aggarwa], 1994), may also regulate angiogenesis by regulating protein kinase activities.
SINce  curcumin  exhibits pleiotropic  effects, changes in the expression of
Metalloproteinases may be one of the mechanisms by which it could be inhibiting
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EFF
£CT OF CURCUMIN ON WOUND HEALING
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INTRODUCTION

Wound healing is a complex series of bioclogical events that in many ways
resembles the process of development. In simple organisms repair is essentially the
regeneration of portions of cellular structure, but in more complex organisms, the
regeneration of connective tissue, vasculature, and covering epithelium becomes the
Predominant reaction to injury. Celiular proliferation, migration, differentiation, and tissue
remodeling occur not only during embryaonic and postnatal development but also recur
during wound healing. Injury to skin initiates a cascade of events that follow a biological
time-table. The basic responses and their regulatory mechanisms are localized to the
iImmediate vicinity of injury. The tissue response to injury has been divided into three
Overlapping phases namely, inflammatory phase, proliferative phase, and remodeling

Phase. The different pathways involved in wound healing is shown in Fig.13

Inflammation

During the repair process after wounding, blood vessel disruption results in
extravasation of blood constituents, platelet aggregation, blood coagulation and
bradykinin production. In response to this, inflammatory connective tissue and vascular
elements appear in the damaged area in a specific sequence. Their concerted function

&ventually leads to the creation of a healed wound. The leakage of plasma and other

blood elements from damaged vessels results in clotting.
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Fig.13: Schematic representation of the pathways of wound repair
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Several intrinsic activities of intact blood vessel endothelium limit the ciot to the
damaged areas of vasculature. While the blood clot within the vessel lumen maintains
hemostasis, the coaguium within the wound space provides the matrix for cell migration.

For €xample, fibrin along with fibronectin serves as a matrix for the influx of monocytes

and fibroblasts (Clark, 1993).

Neutrophils followed by monocytes infiltrate into the wound area. Neutrophils in
'&Sponse to chemotactic factors produced by products of the coagulation cascade,
Prevent infection by phagocytizing and killing microorganisms and lysing devitalized
lissue by the release of proteases (Sato et al., 1994). These neutrophils are short lived
lasting only several hours after digesting bacteria and necrotic tisssue. However, the

Presence of neutrophils in the wound environment is not critical, as neutropenia does not

Nerfere with wound healing (Clark, 1988).

Monocytes are initially attracted to the wound site by the same stimutus as for the
N®utrophils, and their recruitment continues through signals released by monocyte
Specific chemoattractants like the extraceliular degradation products, thrombin and
trar181‘0rrning growth factor-beta (TGF-B) (Norris et al., 1982; Kingsnorth & Stavin, 1991).
The migrateq monocytes differentiate into macrophages (Diegeiman et al., 1981), kil
bacteria' produce vasoactive mediators and direct subsequent wound healing by
releasmg a series of growth factors like (TGF-B), transforming growth factor-alpha
(TGFw), piatelst derived growth factor (PDGF) and insulin like growth factor-1 (IGF-1)

(Hosgoog 1993) These cytokines are important in inducing cell migration and

Proliferation as well as matrix production.
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The most important cell immediately after injury is the platelet. Platelet is the first
Cell at the site of injury, appearing almost immediately, coinciding with hemorrhage (Ford
® al., 1989). The loss of the endothelial integrity of the vessel during tissue damage
results in the exposure of type IV and V collagen in the sub-endothelium. This promotes
aggregation and binding of platelets to these structural proteins and results in platelet
aclivation. The activated platelets exert their inflammatory effects through the release
°f a number of growth factors, including PDGF, TGF-3 and epidermal growth factor
(EGF) (Clark, 1993). These cytokines are thought to play an important role in the wound
healing process, since they function as growth factors that stimulate the proliferation of
r1Clﬂ~inﬂammatory cells after their migration into the wounded area (Clark, 1993). For the
Most part, secretion of growth factors by inflammatory cells is dependent upon
“Clivation, Once activated by infection agents, other antigens, or upon tissue injury, the
Cells generate numerous factors that promote local inflammation as well as recruitment,
Proliferation and function of fibroblasts and endothelial cells (Hunt, 1891). As both T-
Ymphocytes and macrophages produce cytokines capable of regulating endothelial cell
and fibrop|ast growth and function, these cytokines contribute to the link between
irmammaticm and repair. Anti-inflammatory agents, in particular, corticosteroids, given
Oefore wounding or during the crucial 1 to 3- day inflammatory phase, will markedly
Attenuate this response, and in turn, the subsequent cytokine directed response of
Mediators and the inflammatory cells. Vitamin A has been found to counter the anti-
inﬂammatory effect of corticosteroids on the wound (Stephen et al., 1971). Adriamycin

ini ' dto
(doxorubicin) an effective anti-neoplastic agent administered in rats has been foun

74



impai '
pair wound healing (Devereaux et al., 1979). This inhibition has been demonstrated

to be ; ,
reversed on treatment with a combination of growth factors like PDGF, TGF-$ and

EGF in a wound chamber model (Lawrence et al.,, 1986).

Celiular proliferation

One of the major goals of the body during cutaneous wound repair is the

tional barrier. The epidermis reacts to the defect

reconstitution of the skin as a func
Caused by injury within 24h. The keratinocytes initially respond to the presence of an
epidermal defect by migrating from the free edge of the wound. An early provisional
Matrix formed by fibrin, fibronectin and type \/ collagen enables keratinocytes to migrate
into the wound (Hammar, 1993). Growth factars like TGF-B stimulaies keratinocyte

position in the extracellular matrix (McKenzie et al.,

Production of fibronectin and ifs dé

Induction of extracellular mairix

1
990). TGF-p also stimulates epidermal migration.

atinocytes by TGF-p might be
(Vollberg, 1991)

(ECM) gene expression in ker responsible for epithelial

re . 3
generation observed during wound healing process

Angiogenesis
For the wound to heal sufficient blood flow is required 1o aliow delivery of

e most important cells involved In angiogenesis
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10 be a chemoattractant for mesothelial and vascular endothelial cells (Banda et al.,
1982). Endothelial cells proliferate and form capillaries at the wound surface in response
to growth factors like FGF released by macrophages and platelet signals, or due to low
OXygen tension, biogenic amines and lactic acid occuring in wounds which lead te the
injury of the parenchymal cells, thereby causing the release of FGF (Clark, 1993). The
family of FGF interact with heparin and enhance new vessel growth (McGrath, 1990).
These capillaries form a network of loops which fuse with each other to form a new
Capillary bed. Villaschi and Nicosia (1993), have shown that injury to rat aorta leads to

the release of FGF, thus providing the chemical signals required for the formation of

Mmicrovessels.

Fibroblast proliferation

Fibroblast begins to appear in the wound about two days after injury. The initial
cells migrate from nearby connective tissue (Carrico et al., 1984). Expasion of the
fibroblast population is not only as a result of recruitment of fibroblasts at the lesion, but
also the consequence of proliferation owing to the locally generated fibroblast growth
factors. Macrophages, fibroblasts and blood vessels move into the wound space as a
unit, which correlates well with the proposed biologic dependence of the cells during
tissue repair. While macrophages provide a continuous source of cytokines necessary
to stimulate fibroplasia and angiogenesis, fibroblasts construct new ECM necessary to
Support cell in-growth, and blood vessels carry oxygen and nutrients necessary to

Sustain cells and metabolism. Multiple complex interactive biologic phenomena occur
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within fibroblasts as they respond to wound cytokines, including the induction of
additional cytokines. Regardless of their exact origin, cytokines generated at a wound
site act in concert to induce fibroblast proliferation and migration into the wound space.

Pierce et al., (1989) have shown TGF-§ and PDGF to be the most important stimulants

for tissue repair. The fibroblasts are activated by direct stimulation through TGF-3

released from the macrophages and also secondary to endothelial stimulation by TGF-3

and bFGF. Macrophages secrete tumor necrosis factor-alpha (TNF-a), besides other

growth factors mentioned earlier. TNF-o promotes fibroblast proliferation (Sugarman et

al,, 1985), collagen and collagenase biosynthesis and prostaglandin release (Beutler et

al., 19886). Although TNF-cc is an inhibitor of vascular endothelal cell growth in vitro, it

Promotes angiogenesis and new blood vessel formation in vivo (Frater-Schroder &1 al.,

1987), contributing to the reparative phase of inflammation

Connective tissue formation

As fibroblasts migrate into the wound space, thetr endoplasmic reticula and golgs

apparatus begin to disperse throughout the cytoplasm and begin to deposit loose ECM

composed of large quantities of fibronectin (Pierce et al., 1989). The fibronectin matrix

Not only enhances fibroblast migration but also provides a scaffold for collagen fibrils and
Mediates wound contraction. AS angiogenesis proceeds with the formation of new
vesseis and increased oxygen capacity, this stimulus for fibroblast proliferation
diminishes and undergoes a series of phenotype switch 10 a profibrotic phenotype,

during which they produce abundant type | and Il collagen (Welch et al, 1990).
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Subsequently during wound contraction, the fibroblasts begin to assume the phenotype
of myofibroblasts, which are characterized by large bundies of actin-containing
Microfilaments. Fibroblasts bind to fibronectin, vitronectin and fibrin through specialised
Cell membrane receptors or integrins (Ruoslahti, 1991). Fibroblasts effect the
Extacellular matrix through new synthesis, deposition and remodeling of the ECM
(Kurkinen et al., 1980), whereas the ECM affects fibroblasts by regulating their function,
Including their ability to synthesize, deposit and remodel ECM (Mauch et al., 1988). The
New connective tissue also contains glycosaminoglycans and proteoglycans. The

Synthesis of these matrix proteins occurs concomitantly with the production of new

Collagen.

Wound contraction

The contractile forces produced by granulation tissue in wounds are derived from
Myafibroblasts that contain contractile proteins. Myofibroblasts are the most numerous
“8lls in mature granulation tissue and are aligned within the wound along the lines of

Contraction (Skalli and Gabbiani, 1988). F-actin bundle arrays, cell-cell and cell-matrix

linkages and collagen cross-links are involved in wound contraction. Addition of PDGF
10 cultured fibroblasts lead to the contraction of collagen matrix (Clark et al., 1989). The

PDGF present in the wounds could be involved in providing the signal for wound

Contraction.
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Remodeling phase

This phase involves the deposition of matrix materials and their subsequent
Change over time. Dermal macromolecules such as fibronectin, hyaluronic acid,
Proteoglycans and coliagen are deposited during repair and serve as a scaffold for
Cellular migration and tissue support (Kirsner et al., 1993). Even after the skin is restored,
events continue to occur that are related to wound injury and repair. The total amount
of collagen increases early in the repair process, reaching a maximum between two and
three weeks after injury. During the remodeling phase, collagen Il which was deposited
N the dermis in the early stages of wound healing is converted to type [ collagen. This
Conversion js accomplished through tightly regulated interactions between synthesis of

New collagen and lysis of old collagen brought about by collagenases (Kanzler et al.,

1988),

Role of growth factors in wound repair

Growth factors are produced by different cells aiding in wound healing, and are
affective during replacement and reconstitution. These are termed as competance or

Progression factors, depending upon the ability to initiate the cell into mitosis or inttiate
the machinery of mitosis respectively. The accumulation of platelets at the wound site

In response to injury initiates the cascade of growth factors present in the wound via the
release of PDGF, TGF-B and EGF (Kudlow et al., 1987). PDGF is believed fo direct the

Sequential migration of monocytes, neutrophils and fibroblasts to the site of wound
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repair, Activation and proliferation of early wound cells results in endogenous production
of growth factors which in turn act as chemoattractants for other inflammatory cells to
Secrete regulatory growth factors or to migrate to the site of tissue repair to modulate the
growth environment. Fibroblasts, keratinocytes, endothelial cells and lymphocytes
Migrate into the site after the initial inflammatory reaction, providing a further cascade
of growth factors, cell proliferation and extracellular matrix deposition. Wound healing

therefore requires a complex orchestration of different cell types and regulation by

growth factors and other cytokines.

Transforming growth factor- beta (TGF-p)

This is a low-molecular weight protein with a broad array of biological effects.
Sporn et al., (1983) have shown the effect of TGF-8 in vivo, by the addition of partially
Purified TGF-B into the Schilling-Hunt wound chamber implanted into the back of rats.
The analysis of the contents of the wound chamber two weeks after insertion, showed
NCreaseq collagen deposition and fibroblasts infiltration thereby implicating the role of
TGF-f in wound healing. This effect has been further proved by Lawrence et al., (1986)
Who have demonstrated the ability of TGF-B to reverse the inhibition of wound healing
by Adriamycin in rats. They have shown by collagen content, protein content, cellular
Proliferation rate and histology that TGF-B reversed most of the Adriamycin-induced
Wound-healing impairment. Also, of all the growth factors like PDGF, EGF, and TGF-8
tested, TGF- most effectively reversed the Adriamycin-induced impairement. The effect

or TGF-B has been reported to be potentiated by the presence of PDGF and EGF;
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together, these three peptides reversed almost 90% of Adriamycin-induced impairement.
Injection of purified TGF-3 into new born mice by Roberts et al., (1986) led to the
formation of granulation tissue at the site of injection. Morphological studies of the tissue
showed that angiogenesis and collagen deposition were induced by TGF-B. Fibrobiasts,
Macrophages and granulocytes were observed at the injection site. Similar studies with
saline or EGF however, did not induce the same response, thereby showing that the in
vivo presence of TGF-f is closely associated with wound-healing response.

The induction of integrins like o, and a,B; by TGF-B on cultured fibroblasts as
well as Keratinocytes have been reported to facilitate their migration into the wound area

during re-epithelialization (Gailit et al., 1994). Garlick et al., (1994), using an organotypic

CO-culture have demonstrated a dose dependent inhibition of proliferation of
keratinocytes and delay in re-epithelialization by TGF-B. This delay in re-epithelialization

has been attributed to the modification of proliferation and migration by TGF-j.

Epidermal growth factor (EGF)and Transforming growth factor-alpha
(TGF—Q)

EGF is a polypeptide composed of 53 amino acids. TGF-a shares a 30% amino

acid similarity with EGF and binds to EGF receptor. Martin et al., (1992) have shown the

Presence of TGF- in skin keratinocytes and activated macrophages, and binds to EGF
receptors, Both EGF and TGF-o have been identified at the wound site after injury. The

fequirement of EGF in collagen formation, granulation tissue development, and
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enhancing epithelialization as demonstrated in animal models suggests that EGF
influences both fibroblasts and epithelial cells which are known to play an important role

in wound healing. Topical appiication of EGF and TGF-a separately on burn wounds

showed increased epithelialization by both growth factors (Brown et al., 1989). TGF-¢,

however, was seen to be more potent than EGF.

Platelet derived growth factor (PDGF)

PDGF is a glycoprotein consisting of two chains, o and B, and are 60%
homologous with one another. This growth factor arrives at the wound site from several
Sources, including degranulated platelets, activated macrophages, and smooth muscle
Cells of vascular endothelium. The presence of PDGF is known to increase fibroblasts
and inﬂammatory cell infiltration, as well as collagen and granulation tissue production
(Hemdon et al., 1 993). The stimulation of fibroblasts by PDGF leads to the secretion of

Collagenase which may be involved in the removal of damaged collagen tissue or in the

feémodeling of tissues.

The role of ECM in wound repair

The importance of ECM in wound repair is shown in Fig.14. The diverse
extracellular matrices present in ECM are uniquely capable of modulating cellular
behaviour and phenotype. By binding specific cytokines and growth factors, ECM
Sequesters potent biological response modifiers in the environment of the healing wound
and aids in organizing the geometric framework that facilitates cell migration and
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modulate celi-cell interactions (Raghow, 1994). The dynamic cell-ECM interactions are
continuously modified by a host of potent cytokines, and are subject to feedback
régulation mediated by transcription, post-transcriptional, translational, and post-

translational mechanisms during wound repair.

Fibronectin

Fibronectins are modular cell-adhesive and matrix-organizing glycoproteins that
aid in healing by stimulating cell attachment and migration by farming part of the initial

Connective tissue matrix at wound sites {(McDonald, 1988). TGF-B and bFGF activate
keratinocytes, and TGF-B stimulates the keratinocytes to produce fibronectin, an

attachment filament promoting spreading. Fibronectin induces proliferation indirectly by

the release of TGF-o/EGF from keratinocytes in an autocrine fashion. During migration,

k‘eratinocy’te-s degrade fibronectin, reconstitute their fibronectin receptors, and produce
New material for further attachmant (Clark, 1990). In the skin normally, fibronectin is not
©Xpressed in the ECM produced by the fibroblasts. However, once a wound has
OCcured, the transient appearance of fibronectin is detectable in the ECM first. The
ker atinocytes then develop receptors for this fibronectin and respond to it with increased

Motility. The keratinocytes move along with this fibronectin trail to help close the wound

and, with the closure of the wound, the production of fibronectin by the fibroblasts

Ceases, the keratinocytes looses their receptors for fibronectin (Mac Neil, 1994).
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Gene regulation

Cell
FAK pp125 kinase differentiation
ERK kinases Keratinocytes
AP-1 Endothehal cells
NF-xB Muyefibreblasis
ECM components Monocytes/
Metalloproteinases Macrophagvs
Adhesion and ECM Metabolic
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TGF-p Endothelial
PDGF cells

Fig.14: Schematic representation of the role of EGM in wound healing
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Collagens

Collagens form the backbone of ECM, and based on their source, these are
Classified as fibrillar (type I, I, i}, non-fibriliar (type 1V) and FACIT collagens (fibril
associated collagens with interrupted tripte helices). Collagen I, Il and IV have been
'Mplicated in wound healing and tissue regeneration. The involvement of fibrilar collagen
In platelet aggregation during the early stages of wound healing has been reported by
Shoshan etal, (1981). The subsequent binding of platelets to the fibrillar collagen,
leads to the release of several large glycoproteins such as fibronectin and
thrombospondin. During granulation, tissue formation which begins three to five days
after wounding and continues for ten to twelve days shows rapid synthesis of type | and
U Collagen and associated increase in tensile strength in cutaneous wounds of the rat
(Madden and Peacock, 1968). The type | and Il collagen in conjuction with non
Collagenous proteins such as fibronectin provides support for epidermal cell migration
and proliferation. The factors regulating collagen production can be divided into those
that Participate in the early, intermediate, and later stages of the process. The tensile
Strength is provided to the wound by the aggregation of coilagen macromolecules into

fibriliar bundles (Clark, 1993). The transition of granulation to mature scar depends on
Collagen synthesis as well as collagen catabolism. The degradation of the wound
“Oltagen is controlled by a variety of collagenase enzymes secreted by fibroblasts,
maCmphaQES and granulocytes (Hasty et al., 1986). Besides providing structural support
and Strength to the new tissue, collagen can have a profound effect on the cells within
and on its matrix. Collagen and collagen derived peptides act as chemoattractants for
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fibroblasts in vitro (Postlethwaite, 1978)

Laminin

This is a major constituent of basement membranes and is in contact with a
variety of epithelial and mesenchymai ceils. Purified laminin has been shown to exhibit
disparate biological activities which include cell proliferation, attachment, and chemotaxis
(Terranova et al., 1980), inhibition or enhancement of metastasis and angiogenesis
(Kleinman et al., 1989), induce collagenase type IV (Timpl et al., 1983}, and induce
differentiation of neuronal precursor cells and tyrosine hydroxylase enzymes (Raghow,
1894,

QOur laboratory has earlier demonstrated, enhanced healing of punch wounds
Created in the dorsal surface of mice on treatment with interferon and polyinosinic-
Polycytidylic acid (poly-IC)-an interferon inducer (Bharatiya et al.,1992). Enhanced
wound healing was reported on the basis of gross and histological observations as well
as enhanced ECM protein deposition which are important for remodeling. In this report,
We demonstrate our observation of enhanced wound healing in curcumin-treated rabbits,
fats and guinea pigs compared to untreated controls based on gross morhological and

historogicar observation as well as studies on ECM proteins and growth factor induction

Which have been reported to be important in the healing process.

MATERIALS

Female rats (250-350gm) were purchased from Charles River Laboratories
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(Kingston, NY). The animals were used in compliance with the U.S. Public Health
Service Policy on human care and use of animals. Adult rabbits and guinea pigs were
obtained from NLAC, Central Drug Research Institute (Lucknow, India). The animals
were housed in a room with 12-hour light, and 12-hour dark cycle and were fed Purina

fox chow and water ad libitum. Curcumin was isolated from Curcuma longa rhizomes

at Central Drug Research Institute (CDRI) (Lucknow, India).
METHODS

Creation of Wounds

The animals were anesthetized using pentabarbital. Hair on the dorsal side of
Subjects was shaved and skin was cleaned with 70% alcohol. An 8mm skin biopsy
Punch (Acuderm Inc. Ft. Lauderdale, FL) was used to create full thickness dorsal

Cutaneous wounds under aseptic conditions. Four wounds were created, with two on

€ach side, and thereafter, the animals were individually caged.

Treatment

Rats, guinea pigs, and rabbits were divided into two groups-viz., unireated controi
and curcumin-treated. In guinea pigs and rabbits, curcumin was administered orally
everyday (40mg/kg), while in rats, curcumin was administered intraperitoneally 18h prior
to the creation of the wounds, on the day of wounding, and day 1, 3 and 5 post-

Wounding. Rats and guinea pigs were sacrificed on day 3 and day 6 after wounding,
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While rabbits were sacrificed on day 4 and day 7 post-wounding.

Histological studies

The wound lesions were photographed at the beginning till the termination of the
#Xperiment. The animals were euthanized using pentabarbital. The wounded skin and
e adjacent skin were collected and fixed by immersing in POLY/LEM fixative
(Polyscience, Warrington, PA) for histological, immunohistochemical, and in-situ studies.
For histo!ogical studies, the wounded tissues were dissected along the longitudinal plane
and the biopsies of the tissue specimens were fixed in 10% formalin in phosphate buffer,
PH 7.4, The specimens were fixed at 4°C overnight and then paraffin embedded.
Microtome cut sections (4um) of the tissue specimens were mounted on poly L-lysine
“Oated slides (Sigma Diagnostics, St.Louis, MO), and oven-dried at 59°C. For
prOCessing, the paraffin-embedded, fixed -tissue sections were de-paraffinized
'mmecjiately before staining with two 10min incubations in Hemo-D (Fischer Scientific,
PjttSbUfQ. PA), two 10min incubations in absolute ethanol, one 10min incubation in 85%

®thanol followed by one 10min incubation in 70% ethanol. The slides were rinsed with

"Unning water and soaked in PBS pH 7.4 for 15min.

Quantitation of the Lesion Area

The wound lesions on the animals were photographed on day 5-11 post-

WOUnding. The lesions were scanned and quantitated on a Macintosh 11 cx computer,
®Quipped with Mac Image 3 (copyright 1986-1990). After scanning the images in Adobe
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phOtoshop software, the images were analyzed using NIH Image program.

Massons Trichrome staining

The tissue sections were de-paraffinized and stained for collagen with Masson's
tri - : , :
fichrome stain. The sections were then photographed under a microscope fitted with a

Camera,

Immunohistochemical Localization

Immunohistochemical analysis was performed using antibody against laminin
(rabbit polyclonal (Cappel, Durham, NC), fibronectin (goat anti-rabbit 19G) (Cappel,
Durham, NC) EGF and TGF-B1 (turkey anti-human IgG) ( Vector Laboratories,
Bur””gham, CA) using an indirect avidin-biotin-immunoperoxidase technigue
(VeCtastaimABC Elite kit, Vector Laboratories, Burlingham, CA) as specified by the
Manufactyrer Briefly, sections placed on poly-L-lysine coated slides were de-
Paraffinized ang hydrated using graded ethanol. Endogenous peroxidase was blocked
With hydrogen peroxide in methanoi. Non-specific staining was blocked with normal
Serum, angd the sections were incubated with primary antibody goat anti-rabbit FN or
"abbit polyclonal anti-LMN or turkey anti-human TGF-f antibody for 10h at 4°C. To
SSCertain that the reactions of antibodies were specific, sections from each test were
NCubated with normal serum IgG separately. Slides were washed with 1XPBS.
B'C‘“”Wated secondary antibody was added for 1h, followed by avidin-biotin-peroxidase
“OMplex for 30min. Slides were stained with heamatoxylin/eosin. The slides were
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de

hydrated and mounted on Fluoromount-G (Southern Biotechnology Associates, Inc,,
Bi :

fMingham, AL) and viewed under an Otympus light microscope equipped with a

Camerg.

RT’PCR analysis (Reverse transcription-polymerase chain reaction)

l .
Solation and purification of RNA

On day 3/4 post-wounding, the animals were sacrificed, the wound tissue
“XCised, washed in PBS containing DEPC-treated water and total RNA isolated
"MMediateyy using RNAzo! (Tel-test Inc., Friendswood, TX) as specified by the

Manufacturer, RNA was further purified by lithium chloride precipitation, and analyzed

b ,
/ €lectrophoresis on a denaturing 1.5% formaldehyde gel to ensure the quality of the

RNA.

Rev .
€rse transcrition reaction

The r everse transcrition reaction used here is a modification of the one described
by D'amOHd et al., (1990). In a final volume of 20! containing 1.5u! of a 10mM mix of

Al four Nucleotide triphosphates (dNTPs) (Boehringer Mannheim, San Diego, CA); 4ul
O 5X reverse transcriptase bufffer (250mM Tris-HC! pH 8.3, 375mM KCi, 15mM MgCt,),

24l of 0.1M DTT; 2 ul of (1mg/ml) total RNA; 2 pl of random primer (0.5U/25n)
(promega' Madison, WI); and 7ul of RNAse free double distilled water, RNA and primers

Were added and heated at 70°C for 10 min to anneal the primers, cooled on ice and the
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buffer mix was added. Reverse transcriptase (RT) (200U/ul) (Life Technologies.
GaithErsberg, MD) was added to the mix and incubated at 37°C for 30 min. The reaction

Mixture was then heated at 90°C for 10 min to inactivate the RT and chilied quickly on

ice.

Polymerase chain reaction (PCR)

The reverse transcribed cDNA was amplified by PCR using sense and anti-sense
SPecific primers, Briefly, to 31! of RT mix, the following components were added; 6 pl of
ANTP mix (100 mM); 10 wl of 10X PCR buffer and 0.5ul of Taq polymerase (5 Uul);
OAH' of sense primer (1ug/ul) and 0.4ul of anti-sense primer (1pg/ul) and 79.7ul of
distilled water. The samples were incubated in DNA thermacycler { Perkin Elmer Cetus,
Gene Amp PCR system 9600) for 25 cycles. To confirm that equal amount of RNA were
taken in each PCR reaction in the experiment, primers for the " house keeping gene”,
gfyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for comparison.The
location o primers for nucleotide sequence amplification of amplified DNA product on
Sauthern blot were bases 1271-1292 (sense), 1510-1491 (antisense) and 1401-
1421(probe) for TGF-B1 and 1657- 177 (sense), 2070-2050 (antisense) and probe

(1830—1850) for fibronectin, and GAPDH primers were 388-405 (sense), 581-562

(antisense) and 531-549 (probe).

Southern lot analysis of the amplified product

12 pl of the final PCR products from each sample were run on 1%GTG agarose
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Se
{(Seakem, Rockford, ME), blotted to nytran membrane (Schieicher and Schuell, Keene

NH Y
) and hybridized to *P (NEN, Boston,MA), end labelled oligo-probes at 42°C for 8 hr

and autoradiographed.

In-situ hybridization

Paraffin sections were cut tpm thick on an ultramicrotome and allowed to adhere

overni o ! . : .
rnight at 42°C on silane coated slides (Sigma Diagnostics, gt Louis, MO). The

De—paraﬁinized sections were first

secti
ections were de-parafﬁnized as mentioned earlier.
followed by 0.2M HC!I for

i .

ncubated for 30min at 65°C in a solution containing 2XSSC,
2 .

Omin, and washed twice for amin in 2XSSC. The sections weré incubated for 15min at

370 .
C with 1ug/mi of proteinase K (Boehringer Mannheim,
containing 2mM CaCl, and 40mM Hel, pH7 4 The samples Were cinsed with PBS

containing 2mg/mt glycine. followed by 10min incubation in freshly prepared solution

containing 0.25% acetic anhydride and 0.1M triethanolamine. pH 8. The samples were

dehydrated with successive incubation in 70% and 95%

e heated at 90°C for BMiN,

{ : .
hen rinsed with distilled water,
cooled on ice. and

e
thanol, and air dried. The samples wer
prehybridized for 16h in solutions containing 10mM DTT, 1mg/mi BSA, 0.6M NaC!, 50%

deionized formamide, 10%wlv dextran sulphate, 200ug/mi sonicated sa!

DNA, 0.02%wi/v Ficoll, 0.02%wWIV polyvinylpyrrohdone 0.5mM

re carried out for 6 esh hybndizatuon

oh at A2°C using fr

HCI, pH7.4. The hybridizations we
solution containing *S-tabelled TGF-p cDNA. The probe was iabelled with =S~
dATP(NEN, Boston, MA) by Nick translation to a specific activity of approximately
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3X10’cpm/m! of hybridization solution. Following hybridization, the sections were
washed in 50% formamide, 2XSSC, 10mMDTT at 50°C, digested with 10ug/ml Rnase
A (Sigma Chemical Co., St.Louis, MO), for 30min at 37°C, and then washed for 1h in
three changes of a solution of 0.1XSSC, 10mMDTT at 52°C and air dried. The sections
were then dipped into photographic emulsion (NTB-2, Eastman Kodak Co., Rochester,
NY, diluted 1:2) and exposed for 1 week at 4°C in dessicant containing boxes. The
SaMples were subsequently developed with a photographic developer (D-19, Eastman
Kodak) for 30-90sec, rinsed for 30sec with distilled water, and fixed for 5min (Kodak
Fixer, Eastman Kodak, Rochester, NY). Sections were subsequently stained with eosin.

The Specimens were finally dehydrated, mounted with permount (Fisher Scientific,

Fai”aWn. NJ) and viewed under Zeiss microscope.

RESULTS

Gross observations

Wound punches were made on the dorsal side of guinea pigs, rats and rabbits.
The Contraction of the wound is considered to be an index of wound healing in animals
ANd humans, The closure of the wound on treatment with/without curcumin was
Obseryed visually from day of wounding till almost complete wound closure. Visual
Observations of the punch wounds in guinea pigs were observed daily till almost

COmplete wound closure. Pictures were taken from 5-11 day post-wounding. It is evident

from the picture (Fig.15) that enhanced wound closure occurs in curcumin-treated
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animals, as compared to untreated controls. Quantitation of the lesion areas in guinea
PIgs as determined by densitometric analysis using NIH 1.30u program showed almost

complete healing in curcumin-treated guinea pigs as compared to untreated controls

(Fig.16).

Histological studies

Multiple cross sections of hematoxyliin and eosin stained sections of curcumin-
Ireated ang untreated biopsy punch tissues of rats, rabbits and guinea pigs were
€xamined for epithelial regeneration and infiltration of different cells into the wound bed.
n3 day rat wound punches, curcumin-treated sections showed a moderately thick crust
covering the exposed dermis (Fig.17B). The crust/scab was composed of degenerating
Cells (primariiy neutrophils and some macrophages), keratin, and mild to moderate
NUmber of infiltrating viable neutrophils. Occasionally, proliferating fibroblasts were
Observeq adjacent to the areas where the epithelium has been interrupted. However in
Untreate controls, the epithelium was not intact and the epithelial cells adjacent to the
area of loss did not exhibit hyperplasia. Proliferating fibroblasts as well as
nec’VEISCUIarization was not seen in the dermis although, there were moderate to marked

NUmber of inflammatory cells infiltrating throughout the dermis under the area of

€pitheliaf foss (Fig.17A).
Tissue saeticrs Fam day 6 post-wound area of untreated controls appeared to

be essentially the same as that of day 3 treated wound tissues (Fig.17C). There was

A Moderate to thick crust covering the dermis, and mild neovascularization and
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granulation tissue formation was observed. Curcumin-treated wound sections on day 6

Post-wounding however, showed aimost complete re-epithelialization along with newly

formed epidermis (Fig.17D).

In rabbit tissues, curcumin-treated sections showed partially intact epithelium,
exhibiting a mild to moderate focally extensive hyperplasia adjacent to the area of
Spithelial interruption on day 7 post- wounding as compared to day 7 of control (Fig.18).
While cceasional proliferating fibroblasts were observed within the superficial dermis of
CUrcumin-treated sections, there were no proliferating fibroblasts cbserved within the
dermis in untreated controls. While the dermis area beneath the epithelial loss showed
mild neovascularization and infiltration of mild to moderate number of inflammatory cells

in Curcumin-treated wounded tissues, there was no neovascularization in the case of

Untreated controls.
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Fig.15. Effect of curcumin on wound contraction in quinea pigs: Punch wounds weré

made on the dorsal side of guinea pigs as described under Methods. Curcumin
40mg/Kg body weight was administered orally everyday and wound closure was

observed visually till almost complete woung closure occured in treated animals. ToP

panel: Untreated control; Lower panel: Curcumin-treated Left to right: 1) 5 day; 2) 7

day; 3) 8 day, 4) 9 day; 5) 10 day: and 6) 11 day
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nd
Fig.16: Quantitation of the woung contraction in quinea Rigs' Pictures of the wou

, - as
area in animals shown in Fig 15 Were scanned in Adobe photoshop and the area W

quantitated as described under Methods
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Fi1g.18._Hematoxylin/eosin staining_of rabbit tissyes: A)

Day 7 untreated wounds

(10X); B) Day 7 curcumin-treated wounds (10x). Sections from treated/untreated

wounds were stained with hemotoxylin/eosin. Treated sections demonstrates
complete re-epithelialization and deposition of collagen fibres in the matrix. Untreated
sections show a thick scab and partial re-epithelialization. The matrix is filled with

migrated inflammatory celis. Moderate Neovascularization is seen in the wound bed.
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Effect of curcumin on collagen synthesis by Masson's Trichrome

staining

Collagen staining of rabbit tissues with Masson's tricrome stain demonstrated
higher collagen content in curcumin-treated tissue sections as compared to untreated
controls. Collagen depostion was observed just below the epidermal layer in treated
wound sections (Fig.19). On day 6 post-wounding, however, there was no significant

difference between treated and untreated controls, Simitar results were observed in

uinea pigs (Data not shown).

Effect of curcumin on the expression of fibronectin and laminin by

immunohistochemistry

ECM proteins were localized in curcumin-treated and untreated wound sections.
As COMpared to a faint staining of fibronectin and laminin in untreated wounds (Fig.20A),
ﬁbroﬂectin, however, was found predominantly in the epidermis and granulation tissue
of Curcumin-treated wounds in guinea pigs while migrating epithelium and the vessels
N the dermis show maximum staining for laminin in curcumin-treated wound sections
<Fi9-205). Curcumin-treated wounds consistently demonstrated a greater influx of

Macrophages and fibroblasts into the dermis and stained positive for laminin and

fibronectin.
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Effect of curcumin on the mRNA transcripts of fibronectin

As immunchistochemical analysis demonstrated an increase in fibronectin
eXpression, we wanted to determine the effect of curcumin on the biosynthesis of
fibronectin in the wound area. Using RT-PCR analysis, we observed an increase in the
MRNA Expression of fibronectin in curcumin-treated wounds (Fig.21). Equal expression

Of GAPDH inicates that equal RNA was taken for RT-PCR analysis.

Effect of curcumin on EGF expression

Sections of treated/untreated rabbit wounds were stained for EGF using anti-EGF
&ntibody. while in 3 day curcumin-treated sections the staining for EGF was more
ntense as compared to untreated control, 6 day sections of both treated as well as
UNtreated sections demonstrated almost same intensity of staining (Fig.22). In 3 day
“Ureumin-treated sections the wound-bed appeared to be rich with EGF stained

mﬂammatory cells, However, in 3 day untreated control the absence of this staining was

SIgnificant.
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Fig 19: Masson's Trichrome staining for Collagen in rats A) 2 day untreated, B) 3 cay

curcumin-treated; C) 6 day untreated D) 8 day curcumin-treated wound sections.

Sections were de-paraffinized angd slained with Masson's trichrome staining for

coliagen.
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Fig.20. Effect of curcumin on laminin and fibronectin expression in guinea pi

g wounds
by immunohistochemistry: Top panel: Curcumin-treated/untreated wound sections

were deparaffinized and treated with goat anti-laminin antibody as mentioned under
Methods. Bottom panel: Treated/untreated sections were treated with rabbit anti-

fibronectin antibody and the expression of fibronectin determined using ABC elite kit
(Vector laboratories) as mentioned under Methods A)

3 day untreated guinea pigs
B) 3 day curcumin-treated guinea pigs.
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Fig.21. Effect ot_curCUMDwn_ﬂpgonectin_m_,RﬂA_trg_rlscr|gts A) Untreated control: B)

Curcumin-treated. Rat wound area on day 6 Post-wounding was separated and RNA

prepared using RNAzol (Life Technalogies, Gaithersburg, MD) as specified by the

manufacturer. RNA was reverse transcribed ang amplified as mentioned under

Methods using specific primers for fibronectin ang GAPDH. The amplified products

were separated on 1%

fibronectin and GAPDH 0ilgo probes. Equal GAPDH indicates that equal RNA was

used at the time of reverse transcription
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Fig.22: Effect of curcumin on EGF expression by immunohistochemistry: A) 3 day

untreated; B) 3 day curcumin-treated; C) 6 day untreated; D) 6 day curcumin-treated

rabbit wound sections. Sections were incubated with anti-EGF antibody and color

developed as mentioned under Methods.
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Effect of curcumin on TGF-B1 by immunohistochemical localization

TGF-B1 was localized in curcumin-treated and untreated wound sections. A faint
Staining of TGF-B1 was seen in untreated wounds of rats and rabbits (Fig.23 and 24).

However, TGF-f31 was found to be highly expressed in the epidermis and granulation
tissue of Curcumin-treated wounds. Migrating epithelium over the lost tissue area, and
hyperplastic epithelium adjacent to the migrating epithelium showed maximum staining
for TGF-R1 in rabbits, Curcumin-treated wounds consistently demonstrated a greater
INflux of fibroblasts, which stained positive for TGF-B1. To demonstrate whether the
Mliltrating cells were fibroblasts, the sections were stained with smooth muscle alpha
actin. As is evident from Fig.25, most of the infiltrating cells in the dermis were positive

for actin staining, indicating that the migratory cells in the wound bed of curcumin freated

Wounds were fibroblasts.

Effect of curcumin on the mRNA transcripts of TGF-31

Immunohistochemical localization showed an increase in the levels of TGF-B1
N the wounded tissues of curcumin-treated animals. Whether curcumin treatment
®nhanced the biosynthesis of TGF-1 was examined using in- situ hybridization and RT-
PCR. The amplification of TGF—B1 by PCR and hybridization with the oligonucleotide
Probe, showed that there was an increase in the transcripts of TGF-1 in curcumin

reated wounds compared to untreated wound (Fig.26). The mRNA transcripts of
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G "
APDH show that an equal quantities of RNA was taken for the amplification of TGF-

1

In tissue biopsy studies, PCR amplification may not provide an exact picture to

s . .
tudy the regulation of gene transcription in tiSSUes, because a large volume of the

ulation of the gene of interest may contribute © the

tissue which is not involved in the reg

RNA, thereby interfering with the actual amount of MRNA transcripts, suggesting that

PCR amplification may not be ideal procedure for comparision of genes transcripts In

tissues. Therefore, we examined the expression of TGF-1in untreated and curcumin-
treated wounds by in-situ hybridization. The grains demonstrates the level of mRNA
transcripts. The presence of grains in the vector control wound tissue was almost

Negligible, indicating the specificity of the procedure (Fig.27A). However, few grains

n the tissue was hybridized with the cDNA of

Were observed in the wounded skin whe
ce of TGF-p1 (Fig 27B) The presenc
pression of TGF-f1

TGF‘I”. indicating the presen e of a large number

of T . y
grains in curcumin treated wounds showed an increase In the ex

38 compared to untreated wounds (Fig.27C)
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Fig.23: Effect of curcumin on TGF-31 expre

$sion by immunohistochemistry: A) 3 day

untreated; B) 3 day curcumin-treated: C) 6 day untreated; D) 6 day curcumin-treated

rat wounds sections. Treated/untreated wound Sections were deparaffinized and

treated with anti-TGFB1 antibody. Turkey anti-human IgG (Vector laboratories,

Birmingham, CA) was used as secondary antibody and color was developed as

mentioned under Methods.
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Fig.24: Immunohistochemical localizatio

N of TGF-[31 in rabbits: A) 4 day untreated,

B) 4 day curcumin-treated; C) 7 day untreated-: D)7 day curcumin-treated wounds.

E) Higher magnification of 4 day curcumin-treated wound representing the granulation

tissue. Proliferating cells in the matrix are showing staining for TGF-B1
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Fig.25: Smooth muscle o -actin_staining in rabbit wound: Treated/untreated wound

sections were stained with anti-a. actin antibody. Infiltrating cells in the wound bed

after 6 day of wounding and curcumin treatment show positive staining for actin,

indicating the migrating myofibroblasts.

120



121



Fig26: Effect of curcumin_on TGF-B1 mRNA in rat wounds Curcumin-

treated/untreated wounds on 3 days post-wounding were separated and RNA made

using RNAzol (Life Technologies, Gaithersburg, MD). Equal RNA was reverse-
transcribed and ampiified using specific primers for TGF-31 and GAPDH respectively,
as mentioned under Methods. The amplified product was separated on 1% agarose

gel and transferred to nylon membrane and probed with TGF-1 and GAPDH oligo

probes. Lanes: A. Untreated control; B. Curcumin-treated rats.
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Fig.27: In-situ hybridization for TGF-B1 in rat wounds: A) Wound section hybridized
with plasmid vector PBR322; B) Untreated wound; C) Curcumin-treated wounds:
Sections fixed on sialinated slides were processed and hybridized with RS-
radiolabelled TGF-B1 c-DNA, which had been excised from PBR 322 vector, @3
mentioned under methods. Black grains indicate the degree of mRNA expression of
TGF-B1. Lack of grains on hybridization with plasmid from which c-DNA of TGF-B'

was excised indicates the degree of specificity of the probe.
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DiIsCussionN

Several studies have been carried out to investigate the role of growth
factors!cytokmes as possible agents to enhance the healing process. Growth factors
such as PDGF-AA, PDGF-BB, and EGF applied to the wound area showed an increase
N the thickness of the granulation tissue in guinea pigs (Legrand et al, 1993
SUppfementation of the wound chambers in Adriamycin induced healing deficit in rats,
With growth factors like TGF-B and EGF resulted in accelerated healing as observed by
Collagen synthesis and cellular proliferation (Lawrence et al., 1986). A combination of
9rowth factors Jike EGF, TGF-$, and PDGF resulted in complete reversal of the inhibition

f wound repair. Addition of individual factors was not as effective in stimulating repair,

therepby indicating a synergistic action between growth factors.

Previous work done in our laboratory demostrated the wound healing potential
OTIFN and Poly-IC, an interferon inducer (Bharatiya et al., 1992). The authors had
demonstrated enhanced healing in IFN and Poly-IC-treated mice using punch wound
Models. in the present study, the effect of curcumin on wound healing was investigated
USing similar comprehensive and quantitative methods of analysis. A faster rate of
Woung closure was observed in curcumin-treated wounds as compared to untreated
“Ontrols. Data demonstrated that curcumin administration in rats, rabbits, and guinea

Pigs has g significant effect on the regeneration of connective tissue and the process of

"S-epithelialization in the standardized wounds. Full-thickness punch model has been

' e
Used in our studies thus, enabling us to study wound closure due to contraction as on
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inflammato
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tissue integrity at the wound site The migration of cells such as platelet
S,

ihe release of various growth factors which help

macro -
phages, and fibroblasts results N

in the wound-heali
healing process. Curcumm-treated wound biopsies stained by hemotoxylin

show greater migration of inflammatory cells into the wound bed which could

result in
petter and faster restoration of tissue integrity. The migration of the

inflammat
0
ry celis have been reported 1O release growth factors that are instrumental

inthe e :
volution and resolution of inflammaiory reactions.
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Would reduce the toxic metabolites load released by the activity of neutrophils thereby
Preventing tissue injury and increasing the rate of healing.

F’rostaglandins have been shown to play an important role in producing and
Prolonging the Inflammatory reaction (Linz et al., 1994). These have been implicated as
Mediators of wound healing and scar formation. Studies evaluating the effect of non-
Steroidal anti-inflammatory agents (Cycloxygenase and lipoxygenase inhibitors) suggest
that in contrast to corticosteroids, these agents do not effect the rate of healing, but have
4 significant effect upon connective tissue remodeling (Blumenkrantz et al., 1972 :
Castor, 1975). Curcumin, a non-steroidal anti-inflammatory agent is a weak inhibitor of
Prostaglandin synthesis and lipoxygenase and cylcooxygenase synthesis (Srivastava
®lal, 1990; Huang et al., 1991). The cbserved increased rate of healing in curcumin
reated wounds could be aided by the increased rate of connective tissue formation.

The importance of cellular proliferation and angiogenesis at the wound site is well
known, Although we have reported the inhibition of endothelial cell proliferation as well
aS inhibition of the angiogenic differentiation of HUVEC under in vitro conditions, we
have g1sq observed that very low concentrations of curcumin do not inhibit the
Proliferation or the angiogenic differentiation of the cells. In fact very low concentrations
of curcumin appears to slightly enhance tube formation as compared to untreated cells
(data not shown). Curcumin when administered orally is very poorly absorbed (Ammon
and Wahi, 1991). Thus, the concentration of curcumin or its metabolites reaching the

' i i inhibit the
Wound site would be low and at this concentration curcumin might not inhibi

Proliferation or angiogenesis which occurs normaily during wound healing.

i i atients
Evaluation of cytokines from the dressings in the wound area of p
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demoﬂStrated the presence of growth factors like TGF-3, TGF-q, EGF, and interleukins
(Ono et al., 1994} The presence of these cytokines indicate their role in wound healing.
Sx0genous stimuli are of primary importance as inducers of the endogenous cytokines.
CVIO”-'”ES N turn regulate each other by competition, interaction and mutual induction
"8 series of lymph cascades and circuits with positive or negative feedback effects.
TGF‘B L. an inhibitor of keratinocyte and endothelial proliferation in vitro, when
“ministered 1o 5 wound tends to enhance wound healing by inducing the migration of
'””ammatory cells which in turn tend to secrete more growth factors including TGF-1.

O & -
Shah et al., (1994) have reported that aministration of TGF-$1,2 neutralising antibody

"®duceq Cutaneous scarring in adult rodents after administration of TGF-B1. Thus, an

“CCurate definition of the physiological role of a given cytokine is further complicated by

the fact that many effects may be indirect and dependent on the induction of other

ConkineS_
In our studies, we show an increase in the presence of TGF-p1, as demonstrated

Y 'MMunohistochemical localization, in-situ hybridization and RT-PCR amplification
Studies. in the wounded sections of animals treated with curcumin. An increase in the
Presence of this growth factor in treated wounds could be, due fo the release of the
Srowth factor at the wound site by the targe number of inflammatory cells which have

Tigrated into the wound bed in response to the chemotactic effect of curcumin, or due

' irect
©an increase in the transcription of this growth factor at the wound site by the direc
ACtion of curcumin. The greater localization of TGF-B1 in the epidermis and dermis on

i i the
day 4, after wounding, in curcumin treated sections could lead to an increase In
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Migration of Inflammatory cells as well as an increase in the granutation tissue formation.
TGF B1 administration at the wound site has been reported to increase the formation of
Sranulation tissue as well as increase the transcription of extracellular matrix proteins
ke coftagen type | and H, fibronectin and decreased stromelysin as evidenced by in-situ
hybridization (Quaglino et al, 1990). The increased levels of TGF-B1 may be due to its
"€lease at the wound site by migrating inflammatory cells as well as an increase in the
tFv’:lnscription of it at the wound site. TGF-B1 administration at the wound site has been
"®ported to increase the formation of granulation tissue as well as increase the
trElﬂscripticnr'l of extracellular proteins like collagen type | and lll, and fibronectin. The
€nhanced expression of TGF-f1 observed on day 7 after wounding in curcumin treated
animals could lead to an increase in the granulation tissue depaosition. The presence of
TGF-B! on day 7 in untreated control indicated the progression of wound healing at the
NOrmal rate of healing. Curcumin may be enhancing the rate of healing by either
ir1ducing the expression of TGF-B1 which might be responsible for the observed
NCreased rate of healing or curcumin or its metabolites could be chemotactic which
Might then stimulate the migration of the fibroblasts and other inflammatory cells which

N turn would lead to the release of growth factors which have been impiicated in

®nhanced healing.
Dose responsive effects of PDGF-BB, PDGF-AA, EGF and bFGF on granulation

issue in a guinea pig partial thickness skin excison model shows increase in the

thickness of the granulation tissue by all the growth factors. Application of EGF has
nor sites in humans

been demonstrated to hasten epidermal regeneration in skin graft do
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increasing the rate of granulation tissue matrix deposition. Therefore, curcumin a
relatively non-toxic and inexpensive compound might be the drug of choice for wound
repair as it induces the expression of growth factos like TGF-$1 and EGF in the wounds

as well as increase the biosynthesis of extracellutar matrix which are important in

remodeling.
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HYPOTHESIS

As demonstrated by several authors, curcumin appears to have a wide range of
brologrcal Properties. While the entire range of the biological activities of curcumin nor
S exact mechanism of action is known, in this report, we have shown curcumin to inhibit
the differentiation of endotheiial cells into tube-like structures on Matrigel, as well as
®Mhance the rate of wound healing in animal models. To explain this paradoxical
phenomena, we postulate that the biological action of curcumin depends upon the
Sfiective concentration of curcumin reaching the site of action.

Several reports have indicated curcumin to be a potent anti-tumor agent. From
3l these reports it has been inferred that the route of curcumin administration varies
M the tumor site. Thus, while orally administered curcumin is observed to be very
®fective in inhibiting carcinogen-induced tumors in forestomach, duodenum, colon and
ongue (Huang et al. 1994: Tanaka et al., 1994), curcumin was highly effective when
Pplieg topically in skin tumors (Huang et al 1992; Azuine and Bhide, 1992). Tumors
“an be inhibited by inhibiting angiogenesis. Using an in vitro model of angiogenesis, we
have observed inhibition of tube formation on Matrigel by curcumin in a dose-
dependent manner. Thus, while at very low concentrations of curcumin {0.05-1ulM), the
Ube formation appeared to be slightly greater than untreated control, higher
®Oncentrations were found to be inhibitory. Simitarly, curcumin at very low
COncentrations did not inhibit cell proliferation, whereas higher concentrations inhibited
Proliferation. The anti-tumor activity of curcumin when applied orally for dugdersal,

: ; in cancers can be
forestomach or colon cancers or when applied topically for skin
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gxplained on the basis, that due to higher concentrations of curcumin available at the
tumor site it can inhibit tumors, by inhibiting angiogenesis due to cell proliferation
'Nhibition or due to protease inhibition.

Application of curcumin topically on cutaneous wounds did not result in significant
heanng_ The visual observation of enhanced healing is only due to the superficial drying
of wounds. This effect could be due to the strong anti-bacterial activitiy of curcumin
(Lutomski et al., 1974), which tend to prevent infection as compared to untreated
Wounds which have a greater risk of infection. We have observed curcumin-treated
Wounds to highly express TGF-B1. Several authors have shown TGF-B1 to be a very
gcod wound healing agent by several authors. Besides its wound healing properties, it
has also been reported to inhibit tube formation, inhibit proteases, and inhibit endothelial
Cell proliferation in vitro (Frater-Schroder et al., 1986). However, it has been shown to
®nhance angiogenesis in vivo. Thus, TGF-B appears to behave differently under in vitro
and in vivo conditions (Yang and Moses, 1990). RayChoudhury and D'Amore (1991)
have speculated that the in vivo angiogenic action of TGF-f is not to directly stimulate
©ndothelial cells but to act indirectly by stimulating the migration of monocytes. Upon
differentiation into macrophages, these monocytes secrete kKnown angiogenic agents,
ke bFGF which may be the stimulators of angiogenesis. As reported by Ammon and
Wah| (1991), administration of curcumin orally in our experiments probably results in
Very low absorption of curcumin from the gastro-intestinal tract and this results in very
'ow concentration of curcumin reaching the wound site. At this low concentration,

Curcumin may be functioning pleuripotently by serving as a chemoattractant thereby
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d migration of platelets, monocytes and fibroblasts which

inducing the activation an

e of a number of growth factors iike TGF-pB, EGF, PDGF etc. These

athways stimulate the fibroblasts

results in the releas

growth factors through the autocring and paracrine p

and ingrowing capillaries, stimulate ECM proteins and help in remodeling.
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