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Introduction

Ocimum gratissimum belongs to the mint family Lameaceae 
and since ancient times has been one of the most popular 
dietary herbs used for its numerous pharmacological properties. 
In recent years, resurging interest in its medicinal properties 
has led to several studies demonstrating its anti-carcinogenic, 
radiation-protecting and free-radical scavenging activities.1 
Aqueous extract of Ocimum gratissimum inhibits prolifera-
tion, migration, anchorage-independent growth, induction of 
COX-2 protein and three-dimensional growth and morpho-
genesis of breast cancer cells,2 while others have shown that it 
suppressed A549 lung adenocarcinoma cells’ viability by activa-
tion of apoptotic signals and reducing the expression levels of 
Bcl-2.3 Ethanolic extracts of Ocimum sanctum were reported to 
be cytotoxic to mouse Lewis lung carcinoma (LLC) cells and 
reduced number of tumor nodule formation in LLC-injected 
mice.4 Essential oils isolated from Ocimum viride showed cyto-
toxic and apoptotic activities toward the colonic carcinoma cells 
COLO 205.5 Previously, we compared three species of Ocimum, 
O.  gratissimum, O. sanctum (green) and O. sanctum (purple) 
and examined their effect on breast cancer and endothelial cell 
migration. The results showed that aqueous extracts from all 

Ocimum genus (a.k.a holy basil or tulsi) is a dietary herb used for its multiple beneficial pharmacologic properties including 
anticancer activity. Here we show that crude extract of Ocimum gratissimum (OG) and its hydrophobic and hydrophilic 
fractions (HB and HL) differentially inhibit breast cancer cell chemotaxis and chemoinvasion in vitro and retard tumor 
growth and temporal progression of MCF10ADCIS.com xenografts, a model of human breast comedo-ductal carcinoma 
in situ (comedo-DCIS). OG-induced inhibition of tumor growth was associated with decreases in basement membrane 
disintegration, angiogenesis and MMP-2 and MMP-9 activities as confirmed by in situ gelatin zymography and cleavage 
of galectin-3. There was also decrease in MMP-2 and MMP-9 activities in the conditioned media of OG-treated MCF10AT1 
and MCF10AT1-EIII8 premalignant human breast cancer cells as compared with control. The MMP-2 and MMP-9 inhibitory 
activities of OG were verified in vitro using gelatin, a synthetic fluorogenic peptide and recombinant galectin-3 as MMP 
substrates. Mice fed on OG-supplemented drinking water showed no adverse effects compared with control. These data 
suggest that OG is non-toxic and that the anti-cancer therapeutic activity of OG may in part be contributed by its MMP 
inhibitory activity.
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species exerted an inhibitory effect on tumor cell migration, 
but not significantly on endothelial cell migration. OG also 
reduced tumor size and neoangiogenesis in a MCF10ADCIS.
com xenograft, a preclinical model of human breast ductal car-
cinoma in situ,2 prompting the need for further evaluation of 
its breast cancer preventive and therapeutic properties. In this 
study, we have further analyzed the effect(s) of OG on tumor 
growth and progression with specific focus on its effects on 
MMP-2 and -9 activities.

MMPs are a family of at least 28 structurally and function-
ally related zinc dependent endoproteinases,6,7 which selectively 
degrade various components of extracellular matrix (ECM). Loss 
of ECM scaffold molecules leads to release of growth factors and 
cytokines to regulate cell function.8,9 MMPs also activate vari-
ous latent growth factors, cytokines and chemokines and cleave 
cell surface proteins (cytokine receptors, cell adhesion molecules, 
urokinase receptor, etc).6,7,10,11 Numerous reports have shown that 
MMPs are directly implicated in almost every biological process 
involving matrix remodeling throughout the mammalian life 
span, from embryo implantation12 to cell death or necrosis.13,14 
Roles of MMPs in tumor growth, apoptosis, vasculogenesis, lym-
phangiogenesis, neoplastic progression, invasion and metastasis 
have been reviewed extensively.6,15,16
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MCF10ADCIS.com (Fig. 1C). Data show an inhibition of che-
moinvasion by OG and HB by approximately 90 and 80% that 
of control and 50–60% by HL in both the cell lines (Fig. 1C).

Since MMPs are implicated in chemoinvasion, next we studied 
the effect of OG and fractions on MMP-2 and -9 activities using 
three different substrates. Earlier we showed that active MMP-2 
and MMP-9 cleave 31 kDa galectin-3 between Ala62-Tyr63 with 
resultant formation of a 22 kDa band.29-31 Galectin-3 cleavage by 
MMP-2 was inhibited in a dose dependent fashion by OG and 
HB and to a lesser extent by HL. HB was most effective showing 
an inhibition of ~85% at a concentration of 450 μg/mL. Lower 
concentrations of OG, HB and HL produced ~10–20% inhi-
bition (Fig. 1B). Similarly, galectin-3 cleavage by MMP-9 was 
effectively inhibited by OG and HB, whereas HL was less effec-
tive (Fig. 1B). When the synthetic fluorogenic peptide (MMP-2 
and -9 substrate) was incubated with MMP-2 or MMP-9, an 
increase in the relative fluorescence units (RFU) was observed 
linearly for the first hour, after which the activity slowed down 
reaching a plateau for the next 30 min. A dose dependent inhibi-
tion of MMP-2 activity was observed in the presence of differ-
ent concentrations of extracts ranging from 12.5 to 300 μg/mL. 
Inhibition ranging from ~5 to 59% was observed with 12.5 to 
300 μg/mL concentrations of OG respectively. A similar inhibi-
tion pattern was observed when the peptide was incubated with 
MMP-9 (data not shown). A comparison with equivalent con-
centrations of HB and HL showed that HB inhibited substrate 
cleavage more potently (~23 and 70% with HB vs. ~14 and 54% 
with HL at 12.5 and 300 μg /mL concentrations respectively) 
(Fig. 2A–C). The dose response curve (Fig. 2D) showed a dose 
dependent inhibition by all preparations with HB showing the 
strongest inhibition. HL was least effective; however, it exhibited 
inhibitory activity comparable to OG at 300 μg/mL.

To analyze if the gelatinolytic activity of the MMPs was also 
susceptible to inhibition by OG, gelatin zymography was per-
formed with recombinant MMP-2/-9 as described. The gels were 
incubated with 300 μg/mL OG, HB or HL fractions (Fig. 2E). 
Densitometry scanning of the clear bands indicating collageno-
lytic activity showed that compared with control, OG and HB 
inhibited collagenolytic activities of both MMP-2 and MMP-9 
with HB being more effective. A similar analysis with HL showed 
a limited inhibition. These data indicate that the MMP-2 and 
MMP-9 inhibitory activity is in the HB fraction.

In vivo inhibition of MMP-2/-9 activity by OG. Previously 
we reported that galectin-3 cleavage is a surrogate marker for 
MMP activity in situ.30 Therefore, we used cleavage of secreted 
galectin-3 by endogenous MMP-2/-9 as an indicator to verify in 
vivo MMP inhibitory activity of OG. We analyzed two breast 
cancer cell lines MCF10AT1 and MCF10AT1-EIII8 that secrete 
active MMP-2/-9 and the cleavable variant of galectin-3 H64. 
Untreated cells show the presence of 31 kDa and ~22 kDa galec-
tin-3 in their conditioned media.32 Comparison of the ratio 
between the intact 31 kDa and cleaved 22 kDa protein indicates 
that in MCF10AT1 cells 66.9% galectin-3 existed in cleaved 
form. Incubation with 150 μg/mL OG, HB or HL resulted in 
31.7, 29.8 and 40.7% cleavage respectively, while treatment with 
300 μg/mL OG, HB and HL resulted in 1.8, 5.6 and 19.1% 

Of the various MMPs thought to be involved in cancer, MMP-2 
and MMP-9, also known as gelatinases are the key members as 
they are overexpressed in a variety of malignant tumors and their 
expression and activities are often associated with tumor aggres-
siveness and a poor prognosis. Elevated levels of MMP-2 and/or 
MMP-9 are found in breast, brain, ovarian, pancreas, colorectal, 
bladder, prostate, lung cancers and melanoma.7,9,17-19 The collagen 
IV component of basement membrane is thought to be degraded 
mostly by MMP-2 and MMP-9; therefore they play a critical role 
in the conversion of in situ breast cancer to invasive lesions. While 
MMP-2 and MMP-9 are expressed by stromal cells, the MMP-2 
protein is found both on stromal and cancer cell membranes.20 
MMP-9 has a distinct role in tumor angiogenesis: mainly regu-
lating the bioavailability of vascular endothelial growth factor.21 
Earlier reports have indicated that gelatinases bind to collagen and 
fibronectin through their collagen binding domain.22 They also 
bind to low density lipoprotein-related scavenger receptor (LRP), 
which is responsible for the internalization of various ligands 
including these enzymes.23-25 In addition, gelatinases also bind to 
other integral membrane proteins such as integrins (reviewed in 
ref. 26). Consequently cell growth, migration and angiogenesis 
appear to depend on cell surface associations between gelatin-
ases and these proteins. Numerous studies in preclinical cancer 
models demonstrated the ability of MMP inhibitors to delay pri-
mary tumor growth and block metastasis. However, in clinical 
trials these inhibitors failed due to significant toxicity and limited 
clinical efficacy. The paradigm shift for MMP functions, from 
destructive enzymes to cell signaling regulators27 and disease anti-
targets28 suggests that the roles of MMPs in disease development 
are far more complex than originally thought. Hence in cancer 
MMP activities are probably more relevant during early stages of 
tumor development with MMP dependent signaling more rel-
evant biologically than ECM degradation.

In the present study we report that Ocimum gtatissimum 
inhibits the progression of human breast cancer, which is partly 
due to its property as natural non-toxic inhibitor of MMP-2/-9 
activities.

Results

Effects of OG on chemotaxis, chemoinvasion and MMP-2/-9 
activities. Preliminary fractionation of the aqueous extract (OG) 
was accomplished by extracting the lyophilized powder with 
methanol to yield the relatively hydrophobic (HB) and hydro-
philic (HL) fractions. OG and its HB and HL fractions were 
analyzed for their ability to influence chemotaxis of human 
breast carcinoma cells MDA-MB-231 toward Matrigel. Figure 
1A indicates that adding 75, 150, 200 or 300 μg/mL OG to 
Matrigel induced ~15, 20, 38 and 47% inhibition in chemotaxis 
respectively compared with vehicle control. HB did not show 
any significant inhibition, whereas HL showed approximately 
8, 18, 21 and 52% inhibition at concentrations of 75, 150, 200 
or 300 μg/mL respectively. These data suggest that chemotactic 
inhibitory activity is associated with the HL fraction.

Next, we studied the effect of OG and its fractions on che-
moinvasion of two breast cancer cell lines: MDA-MB-231 and 
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comedo-DCIS. Among the several ductal carcinoma in situ 
(DCIS) subtypes of preinvasive breast cancer, comedo type 
DCIS or comedo-DCIS accounts for ~10% of all DCIS and 
confers the greatest risk for progression and post-operative recur-
rence.33,34 Comedo-DCIS tumors are easily distinguished from 
other DCIS by the characteristic central comedo-necrosis35 that 
results from extensive spontaneous apoptosis.35 MCF10ADCIS.
com human breast cancer cells produce tumors that resemble 
clinical comedo-DCIS and recapitulate the temporal sequence 
of progression from in situ to invasive cancer35-37 when injected 
into nude mice.

cleavage indicating that OG and HB were more effective inhibi-
tors of MMP activity in MCF10AT1 cells. HL fraction showed 
significant inhibition of cleavage only at higher concentration 
(Fig. 3Aa and b). When MCF10AT1-EIII8 cells were similarly 
treated, 55, 15 and 61% of galectin-3 cleavage was observed with 
150 μg/mL and 13, 8 and 50% galectin-3 cleavage was observed 
with 300 μg/ml OG, HB and HL respectively (Fig. 3Ac and d). 
These data show that HB is equally or more effective than OG in 
inhibiting the MMP enzymatic activity.

Inhibition of breast tumor growth and progression  by 
OG and  its fractions. MCF10ADCIS.com model  of  clinical 

Figure 1. (A) Effect of OG and its fractions on cell migration. *p < 0.001; *’p < 0.05 compared with control (vehicle alone). (B) Cleavage of galectin-3 by 
MMP-2 and -9 in the presence of OG, HB or HL. Band density was calculated using Odyssey Infrared Imaging System. Percent cleavage was calculated 
as a percent of cleaved galectin-3 to total protein (intact + cleaved). The experiments were repeated thrice and representative experiments are de-
picted. (C) Effect of OG, HB or HL on chemoinvasion: The migrated cells were counted using the Cellsens software (Olympus). Three fields per sample 
were counted and average numbers were plotted (graph). Equal volume of vehicle was added in the control wells. 
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Mice injected with MCF10ADCIS.com cells and fed with 
OG, HB and HL showed an inhibition of tumor growth. At 
day 12 after the injections, the average tumor volume in control 
mice was 75 ± 35 mm3, compared with 29.3 ± 14, 54.5 ± 50 
and 50.6 ± 16.4 mm3 respectively in OG, HB and HL fed mice 
(Fig. 3B, panel I). At day 21 the average tumor volumes were 161 
± 116, 90 ± 42, 110 ± 85 and 86 ± 26 mm3 in control, OG, HB 
and HL fed mice respectively (Fig. 3B, panel II). Tumor volumes 
were not recorded on day 35 in part due to necrosis.

To analyze if OG affected only tumor size but also progres-
sion of MCF10ADCIS.com xenografts, tumors were harvested 
at day 12, 21 or 35 and analyzed for progression by morphology, 
p63 expression, blood vessel density, cell proliferation, basement 
membrane integrity and galectin-3 cleavage. Histological exami-
nation of day 12 control xenograft tumor showed cells organized 
as spheroids surrounded by a layer of myoepithelial cells (smooth 
muscle actin and p63 positive) (Fig. 4A and B); the myoepithelial 
cells were not well defined in OG treatment (Fig. 4A′ and B′). 
While 50–55% cells stained for p63 in control indicating an 
expansion of cells with basal lineage, only 3–7% cells were p63 
positive in OG treated lesions at day 12. At day 35, the percentage 
of p63 positive cells was approximately 47% in control (Fig. 4C) 
compared with about 10% in OG treated lesions (Fig. 4C′). In 
control 21 d lesions, the in situ lesions were surrounded by an 
intact basement membrane (Fig. 4D), whereas lesions from OG 
treated mice displayed weakly developed basement membrane 
(Fig. 4D′). At day 35, the basement membrane was disintegrated 
(Fig. 4E) and accompanied with high MMP-2/-9 activities in 
control lesions (Fig. 4F), but was still intact in OG treated lesions 
(Fig. 4E′), where MMP-2/-9 activity was not detected (Fig. 4F′). 
The number of blood vessels (Fig. 4G) and proliferating tumor 
cells (Fig. 4H) was higher in control lesions compared with OG 
treated lesions (Fig. 4G′ and H′ respectively). Approximately 
12% cells showed positive PCNA staining in control compared 
with ~2% positive cells in OG treated lesions. Consistant with 
the MMP-2 and -9 data (Fig. 4F and F′), lower levels of intact 
galectin-3 were observed in control lesions (Fig. 4I) as compared 
with OG treated lesions (Fig. 4I′). HB and HL treated mice also 
showed inhibition of cancer progression compared with con-
trol, but these differences were not as pronounced as in the OG 
treated animals (Fig. 5A–D′). Moreover, fewer in situ lesions pro-
gressed to comedo DCIS (Fig. 1C) in OG treated mice (15–17%) 
compared with the control xenografts (60–69%). The number 
of comedo lesions with cores was counted independently by two 
investigators in 3 fields from 3 sections each from 21 d blocks.

In situ analysis of galectin-3 cleavage by dual immunofluo-
rescence staining32 showed that galectin-3 cleavage was seen in 
the control tumors but not in the OG treated tumors (arrow) 
(Fig. 5E and F) as well as in HB and HL treated mice, whereby a 
reduced cleavage was seen (Fig. 5G and H).

Fractionation of HB by HPLC. In order to examine the 
effective constituents, we have fractionated HB by HPLC. HB 
fraction is a complex mixture of several compounds (Fig. 6). 
Absorbance at 220 nm showed the maximum number of peaks. 
However, since not all compounds are expected to have absor-
bance in the UV/Visible range, fractions were collected both 

Figure 2. Inhibition of MMP-2 activity by OG extract: (A–C) time depen-
dent increase in RFU with different concentrations of OG, HB and HL; 
(D) percent decrease in RFU at 40 min relative to control values in the 
presence of various concentrations of extracts. (E) Gelatin zymography 
of APMA activated MMP-2 and -9 in the presence of OG, HB or HL. C 
indicates vehicle control. Band intensities were measured by ImageJ 
software.
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intact for longer periods of time. Thus it appears that OG helps 
to retard progression to invasive carcinoma. Although HB and 
HL treated mice showed decreased tumor growth, the inhibition 
of progression as measured by histology was not as pronounced 
and sustained as in OG treated mice.

We have previously shown strong expression of MMP-2, 
MMP-3, MMP-9 and MMP-11 in MCF10ADCIS.com lesions.35 
In situ gelatin zymography and galectin-3 cleavage of the 
MCF10ADCIS.com lesions confirmed that OG induced inhibi-
tion of tumor growth and progression is indeed partly due to 
inhibition of MMP-2 and -9 activities. However, at this stage it is 
not known whether it inhibits only MMP-2 and MMP-9 or other 
MMPs also. Various MMPs including MMP-2 and MMP-9 
promote angiogenesis, cell growth, inflammation, cell invasion 
and cell survival (reviewed in ref. 6). Many of these activities 
are inhibited by OG.2,38 As OG has been consumed by humans 
for centuries, and our in vivo data showed no toxic side effects 
in nude mice upto a dose equivalent of 800 mg/kg body weight, 
we propose that it has the potential to be developed into a suit-
able MMP inhibitor. We presume that these doses are effective 
as inhibition of tumor growth and progression to comedo along 

when major peaks were observed as 
well as on a time basis when clusters 
of small peaks eluted. As shown in 
Figure 6, further fractionation of HB 
resulted in five fractions. HB fractions 
3 and 5 (HB-F3 and HB-F5) showed 
significant MMP-2 inhibitory activ-
ity by ~70 and 95% respectively, as 
measured by cleavage of galectin-3. 
Further resolution by LC-MS using a 
higher resolving power HPLC column 
produced M+H peaks 217, 244, 326, 
328, 383 and 444 in HB-F3 (Fig. 6C, 
left panel) and 179, 326, 383, 415 and 
444 in HB-F5 (Fig. 6C, right panel). 
Interestingly common molecular ions 
(383, 326 and 444) were identified in 
HB-F3 and HB-F5, however the iden-
tities of these compounds remain to 
be determined as we have not yet been 
able to identify the chemical structure 
and isolate enough material to exam-
ine the inhibitory activities of these 
components.

Discussion

In this study we have demonstrated 
that OG inhibits chemotaxis and che-
moinvasion in vitro and breast cancer 
progression in vivo. Our data suggest 
that this is due in part to inhibition of 
MMP-2 and MMP-9 activities. Using 
solvent fractionation to obtain the rel-
atively hydrophobic and hydrophilic 
fractions, we observed that HB and HL fractions contribute pre-
dominantly to the inhibition of MMP-2/-9 enzymatic activity 
and chemotaxis respectively. The OG crude extract, as expected, 
affects both processes. Natural product extracts are often com-
plex mixtures that require extensive purification to identify the 
active compounds for the observed biological activities. While 
our preliminary efforts to purify the hydrophobic mixture by 
HPLC resulted in significant enrichment, the active fractions 
HB-F3 and HB-F5 still contain complex mixtures of phyto-
chemicals that will require further purification for identication 
of the active component and its structural elucidation by mass 
spectrometry.

To compare the effect of OG and its fractions on breast cancer 
progression, we selected MCF10ADCIS.com cells, which pro-
duce DCIS-like lesions in nude mice and show a temporal pro-
gression from solid DCIS to comedo DCIS to undifferentiated 
carcinoma.36 The data indicate that treatment with OG delays 
progression of MCF10ADCIS.com xenografts. Formation of 
basement membrane is the hallmark of in situ lesions. Progression 
from day 21 to day 35 showed that in OG treated lesions, forma-
tion of an intact basement membrane took longer and remained 

Figure 3. (A) Effect of OG, HB or HL on the cleavage of secreted galectin-3: MCF10AT1 (a and b) and 
MCF10AT1-EIII8 (c and d) cells were incubated with 150 and 300 μg/mL OG (lanes 2 and 3), HB (lanes 
4 and 5) or HL (lanes 6 and 7) respectively as indicated. Lane 1 is vehicle control. After 24 h pretreat-
ment, the medium was replaced with fresh serum free medium with the extract and fractions. The 
conditioned media were collected after 24 h, separated on SDS-PAGE, stained with anti-galectin-3 
pAb (a and c). Band intensities were measured using ImageJ software and percent cleaved galectin-3 
was calculated as the percent age of cleaved protein in relation to the total (intact+cleaved) secreted 
protein (b and d). (B) Effect of OG, HB or HL on tumor growth in nude mice: Tumor volumes were 
calculated on day 12 (I) and 21 (II) using the formula: length × width × width/2. Bars represent mean 
tumor volume. p values were calculated using Student’s two-tailed t-test. *p < 0.0005; *’p < 0.05.
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presence of MMP inhibitory activity mainly in the HB fraction. 
The data were also supported by zymogram and western blots 
of conditioned media from treated MCF10AT1 and MCF10T1-
EIII8 cells suggesting that OG and HB can inhibit the enzymatic 
actvity of MMP-2 and MMP-9 regardless of the substrate used. 
When recombinant MMP-2 or MMP-9 were pre-incubated with 
OG and its fractions before loading on the zymogram, no differ-
ence in the activity was seen (not shown) indicating that the con-
tinuous presence of enzyme, inhibitor and the substrate is needed 
for inhibition of enzymatic activity.

Recently, some studies have reported MMP inhibition by 
natural compounds: e.g., turmeric curcuminoids were shown 
to inhibit secretion of MMP-3 in MDA-MB-231 cells;41 anti-
invasive effects of two active compounds from ginger namely 
6-shogaol and 6-gingerol on human hepatoma cells were reported 
to be mediated by transcriptional inhibition of MMP-9.42 EGCG, 
the major phytochemical in green tea was reported to inhibit 
bladder cancer cell invasion via suppression of MMP-9 expres-
sion43 and CL1 lung cancer cells through suppression of MMP-2 
expression.44 Hyperflorin induced a reduction of MMP-2 and 
-9 secretion in some human and murine cell lines.45 OG aque-
ous extract was shown to reduce MMP-9 activity in male Wistar 
rats injected with carbon tetrachloride to induce liver injury.46 
Ethanol extracts of O. sanctum significantly inhibited cell adhe-
sion and invasion as well as activities of MMP-9, but not MMP-2, 
in mouse Lewis lung carcinoma (LLC) cells.4 However, in none 
of these studies an analysis of enzymatic activities of MMP-2 and 
MMP-9 was performed.

We show an inhibition of enzymatic activity using various 
substrates, however we did not see any difference in MMP-2 and 
MMP-9 at protein levels in the conditioned media or cell lysates 
of MCF10AT1 or MCF10T1-EIII8 cells (data not shown) indi-
cating that the secretion and expression of MMP-2 and MMP-9 
was not affected by OG and its fractions. Slight variations in the 
total amount of secreted galectin-3 were observed, which may be 
due to differences in loading or reduced secretion of galectin-3. 
However, the ratios of cleaved and intact protein showed patterns 
similar to those exhibited by recombinant protein i.e., an inhibi-
tion of cleavage was observed in OG and HB compared with 
control or HL.

Whereas OG and HB inhibited chemoinvasion more effec-
tively than HL, HL more potently inhibited chemotaxis. While 
chemotaxis assay by Boyden chamber measures the migratory 
properties of cells toward a chemoattractant, chemoinvasion 
assay analyzes the invasion of cells through a Matrigel coated 
membrane. Thus, chemoinvasion can be related to the MMP 
activities of cells. In order for cells to invade through Matrigel 
as in chemoinvasion assays, the cells may need to express and 
activate MMP locally, which is inhibited by OG and HB. It is 
well-known that the activities of plant materials may vary with 
the weather and soil conditions, which may be different from 
one place to another, it is therefore, important to extract active 
components from the crude extract to overcome these variations 
on one hand and to understand the molecular mechanisms of 
their action on the other hand. We used solvent extraction in 
an effort to enrich the inhibitory activities in OG sub-fractions. 

with reduced MMP-2 and MMP-9 activities, basement mem-
brane disintegration, cell proliferation and angiogenesis in the 
xenografts are observed. Furthermore, since the activities are 
preserved in aqueous fractions, this would make it compatible 
for oral administration unlike the synthetic inhibitors. However, 
whether it can be used as a broad spectrum MMP inhibitor or a 
specific MMP inhibitor remains to be determined.

By using 3 different MMP substrates, a fluorogenic peptide, 
gelatin and galectin-3, we report here that the aqueous extract of 
Ocimum gratissimum inhibits the enzymatic activities of MMP-2 
and MMP-9. Cleavage of a synthetic fluorescence quenched 
substrate showed that HB is most effective, followed by OG 
in inhibiting MMP-2/-9 activity. Galectin-3 is reported to be 
involved with tumor progression and metastasis.39 The presence 
of cleaved protein is associated with a more progressive tumor 
phenotype.29,40 Incubation of galectin-3 with MMP-2 or MMP-9 
in the presence of OG or its fractions resulted in reduced cleav-
age of galectin-3 by OG and HB, but not by HL suggesting the 

Figure 4. Immunohistochemical analysis of the MCF10ADCIS.com 
xenografts from water and OG fed mice. (A–I) Water fed; (A′–I′), OG fed. 
(A and B) 12 d; (D), 21 d; (C and E–I), 35 d. (A and A′) Smooth muscle 
actin; (B and B′), p63; (C and C′), p63; (D and D′), collagen IV. (E and E′) 
Collagen IV; (F and F′), in situ zymography for MMP activity; (G and G′), 
CD31; (H and H′) PCNA; (I and I′), intact Galectin-3. (A, B, G, H and I) 
200×; (C–E) 400×. Arrows indicate positive staining.
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Collection) was maintained in Dulbecco’s minimal essen-
tial medium (Invitrogen Corporation) containing 10% heat-
inactivated fetal calf serum (FCS), essential and nonessential 
amino acids (Invitrogen), vitamins and antibiotics (Mediatech 
Cellgro) as described.2 MCF10AT1 (Karmanos Cancer Institute 
Cell Core) and MCF10AT1-EIII8 cells47 were maintained in 
DMEM-F12 medium (Invitrogen) supplemented with 0.1 μg/ml 
cholera toxin (Sigma Chemical), 10 μg/ml insulin (Sigma), 
0.5 μg/ml hydrocortisone (Sigma), 0.02 μg/ml epidermal 
growth factor (BD Biosciences), 100 IU/ml penicillin and 10% 
horse serum (Invitrogen). MCF10ADCIS.com cells (obtained 
from Cell Core, Karmanos Cancer Institute) were cultured in 
DMEM-F12 medium supplemented with 5% horse serum.36,37 
All cells were maintained in a humidified chamber with 95% air 
and 5% CO

2
 at 37°C.

Chemotaxis. Chemotaxis was performed using a Boyden 
chamber (Neuroprobe) as described earlier.2 In the lower cham-
ber, 100 μg/mL Matrigel (BD Biosciences) alone or mixed with 
various concentrations of crude OG, HB or HL extracts or the 
appropriate vehicles were added. MDA-MB-231 (5 × 104) cells 
were loaded in the upper chamber. The migrated cell density was 
calculated using NIH Image Version 1.62. Each assay was per-
formed in triplicates.

Chemoinvasion. Chemoinvasion was studied using a BD 
BioCoat Matrigel invasion chamber (BD Biosciences) according 
to manufacturer’s instructions in the presence of 150 μg/mL OG, 
HB or HL as described.29 The migrated cells were photographed 
using the Zeiss Axiovert 35 microscope supporting Olympus 
DP72 imaging system and counted using the Cellsens software 

MMP-2 and MMP-9 inhibitory activities were found to be 
enriched in methanol extractable HB fraction, while the chemo-
taxis inhibitory acivity was seen in the methanol non-extractable 
HL fraction.

As we have not yet identified the active component with MMP 
inhibitory activity, it is reasonable to assume at this stage, that the 
inhibitory effects of OG on DCIS progression could be due to 
effects on multiple processes including chemotaxis, chemoinva-
sion, cell growth, angiogenesis. However, inhibition of MMP-2 
and MMP-9 activities appears to be a major effect of OG. To 
summarize, we report on the identification of a natural, non-toxic 
inhibitor of human breast carcinoma progression through inhibi-
tion of MMP-2 and MMP-9 activities. Efforts are underway for 
identification and characterization of compound(s) with MMP 
inhibitory activity.

Materials and Methods

Preparation of the aqueous extract and its fractions. Aqueous 
extract of Ocimum gratissimum was prepared and its activity 
was determined by chemotaxis inhibition assay as previously 
described.2 Preliminary fractionation of the aqueous extract was 
accomplished by extracting the lyophilized powder with metha-
nol to yield the HB and HL fractions. The lyophilized powders 
prepared from crude, HB and HL fractions were suspended in 
double distilled water at concentrations of 2 mg/mL for all assays 
to evaluate their anti-cancer activities.

Cell lines and culture. Human breast cancer cell line 
MDA-MB-231 (purchased from American Type Culture 

Figure 5. Immunohistochemical analysis of 35 d MCF10ADCIS.com xenografts from HB and HL fed mice. (A–D), HB fed; (A′–D′) HL fed. (A and A′) CD31; 
(B and B′) p63; (C and C′) collagen IV; (D and D′), PCNA. Brown color represents positive staining. (B and D) 200×; (A and C), 100×. (E–H) Cleavage of 
galectin-3 in a 35 d xenograft. (E) Water fed; (F), OG fed; (G), HB fed; (H), HL fed. Red and yellow color indicates intact galectin-3 using mAb (arrow-
head); green color indicates cleaved galectin-3 using pAb (arrows). DAPI was used for nuclear staining. Magnification, 200×.
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The purified galectin-3 (2 μg) was incubated with APMA acti-
vated recombinant MMP-2 or MMP-9 (2.5 ng) for 10 min, sepa-
rated on a 12.5% polyacrylamide gel, stained with Coomassie 
brilliant blue. Full-length and cleaved galectin-3 was located as 
31 and 22 kDa bands respectively.30 To evaluate the inhibitory 
effects of OG and its HB and HL fractions, MMP-2 or MMP-9 
were pre-incubated with the OG, fractions or vehicle control for 
15 min on ice before incubation with galectin-3.

(Olympus). Three fields per sample were counted and average 
numbers were calculated.

Protein purification and cleavage of Galectin-3 by MMP-2 
and MMP-9. Recombinant galectin-3 was expressed in E. coli, 
isolated as GST fusion proteins and cleaved by Precision plus pro-
tease using the manufacturer’s instructions (GE Healthcare).30 
Recombinant MMP-2 and MMP-9 were isolated and activated 
with 4-aminophenyl mercuric acetate (APMA) as described.30 

Figure 6. (A) HPLC fractionation of the HB fraction. The trace shown is at 220 nm, where most number of peaks were observed in the chromatogram. 
The horizontal bars below the chromatogram indicate time range of fractions collected. (B) Inhibition of galectin-3 cleavage with HB fractions 1–5 
at final concentration of 200 μg/mL. (C) Active fractions of HB (F3 and F5) were further analyzed by LC-MS on a QTRAP5500 (ABSciex) mass analyzer 
coupled with Shimadzu XR HPLC system.
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and documentation were accomplished with an OLYMPUS 
BX40 microscope supporting a Olympus DP72 3CCD video 
camera and quantified with the Olympus Cellsens Imaging 
software.

Dual immunofluorescent labeling was applied to paraffin 
sections according to the protocol described for the M.O.M. 
Basic kit from Vector Laboratories. Briefly, the sections were first 
stained with anti-galectin-3 monoclonal antibody (recognizing 
intact protein) and then with the polyclonal antibody (recog-
nizing cleaved and intact protein). Each primary antibody was 
tagged by red (Texas red) or green (fluorescein) conjugated sec-
ondary antibody. The slides were mounted and coverslipped with 
Vectashield mounting medium (Vector Laboratories) containing 
4',6-diamidino-2-phenylindole (DAPI).

In situ gelatin zymography was performed on the fresh frozen 
MCF10ADCIS.com xenografts as described by Mook et al.50

High performance liquid chromatography. High perfor-
mance liquid chromatography (HPLC) was performed on a 
Waters Alliance 2695 system equipped with a diode-array detec-
tor (2998). HB fraction was injected on to a Sunfire C18 column 
(5 μ, 3 × 250 mm, Waters) and eluted with a linear gradient 
of methanol and water at a flow rate of 0.4 ml/min (methanol 
gradient: 0–5 min: isocratic at 20%; 5–25 min, 20–90% linear 
gradient and 25–35 min; isocratic at 90%). HPLC eluent from 
repeated injection of the HB fraction was collected into 5 frac-
tions: fraction 1, 2–8 min; fraction 2, peak at 9.383 min; fraction 
3, 13–22 min; fraction 4, 22–26 min and fraction 5, 28–34 min 
retention time. These HPLC fractions were dried under vacuum 
and resuspended in water at concentrations of 2 mg/mL. MMP-2 
inhibitory activity in fractions 1–5 was determined at final con-
centrations of 200 μg/mL as described earlier. Active fractions 
(HB-F3 and HB-F5) were further analyzed by liquid chromatog-
raphy-mass spectrometry (LC-MS) on a QTRAP5500 (ABSciex) 
mass analyzer coupled with Shimadzu XR HPLC system. HPLC 
was performed on a Luna C18 column (5 μ, 2 × 150 mm) using 
a linear gradient of water:acetonitrile with 0.1% formic acid 
(acetonitrile gradient: 0–20 min 30–100% followed by isocratic 
at 100% until 25 min). The eluent was directly introduced to 
QTRAP5500 and scanned for m/z 150 to 1,000 in the positive 
ion mode and information dependent enhanced product ion 
spectra were recorded.
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Proteolytic activity of MMP-2 and -9. The fluorescence-
quenched substrate MOCAcPLGLA

2
pr(Dnp)AR-NH

2
 (7-meth​

oxycoumarin-4-yl) acetyl-l-prolyl-l-glycyl-l-leucyl-[N
3
-​(2,4-​

dinnitrophenol)-l-2,3-diaminopropionyl]-l-alanyl-l-arginine 
amide (Peptides International) (20 mM) was incubated for 
90 min at 37°C with 8 ng APMA activated recombinant MMP-2 
or MMP-9 in a buffer consisting of 50 mM HEPES (pH 7.5), 
150 mM NaCl, 5 mM CaCl

2
, 0.01% Brij-35, 1% Me

2
SO in the 

presence of different concentrations of OG and its fractions. 
The increase in the fluorescence intensity with substrate cleavage 
was analyzed at excitation and emission wavelengths of 328 and 
393 nm respectively using Spectramax Gemini microplate spec-
trofluorometer as described.48,49

Gelatin zymography. APMA activated recombinant MMP-2 
and MMP-9 (5 ng each) were electrophoresed on an 8% SDS-
polyacrylamide gel containing 1 mg/ml gelatin. The gel was 
washed 3 times with 2.5% Triton X-100 for 10 min and 10 mM 
TRIS-HCl (pH 8.0) for 10 min each. Then, the gel was incu-
bated in 50 mM TRIS-HCl (pH 8.0) with 5 mM CaCl

2
 for 16 h 

at 37°C in the presence of various extracts as described. The con-
trol was treated with the solvent (water). The gel was stained with 
1% Coomassie brilliant blue solution. After destaining, sharp 
transparent bands indicating gelatinolytic activity were visual-
ized in blue background. Density of each band was quantified 
using ImageJ software.

Western blot analysis. MCF10AT1 and MCF10AT1-EIII8 
cells (2 × 106) were seeded in 100 mm tissue culture dishes. The 
conditioned media were collected as described in figure legends 
and equal amounts of total proteins were subjected to SDS-
PAGE and western blot analysis with a 1:2,000 dilution of anti-
galectin-3 polyclonal antibody (Zymed Laboratories).

Tumor growth in nude mice. 1 × 106 MCF10ADCIS.com 
cells suspended in 0.1 ml of Matrigel were injected s.c. at 2 sites 
near each of no. 5 mammary gland nipple of NCR nu/nu female 
mice (Taconic) as previously described.2,36

One week before the injections, mice were randomly divided 
into four groups of 6 mice each and fed ad libitum with drink-
ing water supplemented with 4 mg/mL lyophilized OG, HB or 
HL. The control group received regular drinking water. Tumor 
volumes were measured twice a week. The xenografts were har-
vested at 12, 21 and 35 d. The tumors were weighed, fixed in 10% 
buffered formalin and processed for immunohistochemical stain-
ing using anti galectin-3 mono and polyclonal antibodies, anti-
collagen IV (Dako), p63 (AbCam), CD31 (AbCam) and pCNA 
(Sigma) antibodies as described. The animal experiments were 
performed according to the guidelines provided by Institutional 
Animal Care and Usage Committee, Wayne State University.

Immunohistochemical analysis and in situ gelatin zymogra-
phy. Four-micrometer tissue sections were de-parafinized, rehy-
drated and microwaved on high for 5 min twice in 1 mM sodium 
citrate buffer, pH 6.0 and stained as described.30 Visualization 
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