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Cancer accounts for nearly 25% of deaths in the United 
States. Unlike some cancers, the incidence and severity of 
breast cancer are constantly increasing. Currently, 1 of 8 
U.S. women are diagnosed with breast cancer. In 2011, 
nearly a quarter of a million new cases of invasive breast 
cancer occurred, and 40,000 breast cancer deaths were 
expected. These staggering statistics call for effective strat-
egies to reduce the incidence and development of breast 
cancer. Limited consumption of plant products and exces-
sive intake of meat may contribute to the high incidence of 
cancer.1-5 In this context, several studies document that con-
sumption of plant-based dietary products offers protection 
from cancer and that the intake of vegetables is often asso-
ciated with a reduced risk of cancer.3-5 Accordingly, it may 
be possible to reduce the incidence and development of 
cancer with dietary supplements, particularly those rich  
in antioxidants, immune-strengthening and anticancerous 
ingredients.6-9 Although extensive efforts have been made 
to understand the molecular mechanism of cancer reduc-
tion, a specific approach to reduce breast cancer has not yet 
been identified.

Among the dietary products studied, garlic and brightly  
colored fruits and vegetables are well known for their  
anticancerous potential.10,11 Garlic possesses many medicinal 
properties, and its constituents exhibit antidiabetic, immune 
boosting, antioxidant, cardioprotective, and anticancerous 
functions.6-9,11,12 For example, garlic reportedly inhibited the 
growth of tumors in mice,13 aged garlic extract (AGE) 
reduced the risk of cancer and prevented the decline of natu-
ral killer (NK) cells in patients with advanced cancer.14,15 

Garlic constituents have been studied extensively, and vari-
ous derivatives of garlic were reported to inhibit the growth 
of several cancer cell types.16-18 However, limited research 
has focused on the use of fresh garlic to prevent or treat breast 
cancer.19-21 The most desirable approach to treat cancer 
would be to identify the molecular signals that induce growth 
arrest and trigger terminal differentiation of cancerous cells. 
Existing evidence suggests that pomegranate pericarp, garlic, 
and onion oils promote differentiation of prostate cancer and 
leukemic cells, respectively.22,23 However, the specific mech-
anism of differentiation and the crucial molecular markers 
have not been identified. Therefore, we investigated the 
effect of various dietary products on morphological differen-
tiation of the breast cancer cell line MCF7 and found that 2-3 
hours of exposure to garlic extract (fresh but not boiled) was 
sufficient to arrest the growth and alter the morphology of 
MCF7 cells. We propose that reduced levels of cyclin D1 and 
decreased phosphorylation of ERK1 triggered the morpho-
logical differentiation followed by the altered expression of 
E-cadherin, β-catenin, and keratin 8/18. Altered expression 
of p21, retinoblastoma (Rb), heat shock protein 27 (hsp27), 
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Abstract
Consumption of diets rich in fruits and vegetables is often associated with a reduced risk of developing cancer, particularly breast cancer. Considering 
that 1 in 8 women in the United States will develop breast cancer in the course of her lifetime, dietary manipulation could have a major impact on the 
incidence of breast cancer. We report here that fresh extracts of garlic (not boiled) arrested the growth and altered the morphology of MCF7 breast 
cancer cells. Deregulated levels of E-cadherin, cytokeratin8/18, and β-catenin correlated with the altered phenotype. We propose that early down-
regulation of cyclin D1, reduced phosphorylation of ERK1, and increased phosphorylation of eIF2-α triggered the phenotypical changes. Reduced 
expression of hsp27 and sam68 and elevated levels of Rb and p21 further contributed to the sustained growth reduction. These findings provide a 
better understanding of the cellular responses to dietary supplements and provide potential options to treat breast cancer.
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and Src-associated in mitosis, 68 kDa (sam68) may have also 
contributed to the sustained growth reduction.

Results and Discussion
Garlic treatment alters the morphology and inhibits the 

growth of MCF7 cells. MCF7 cells were treated with fresh 
extracts of various plant products (bitter melon fruit and 
seed, neem leaf and seed, mint leaf, spring onions, and gar-
lic) to assess their efficacy on breast cancer cell differentia-
tion. We observed that a majority of the extracts exhibited 
cytolytic properties, with the exception of garlic. When 
MCF7 cells were exposed to fresh garlic extract (GE), 
within 1 hour, the cells began to alter their morphology. 
After 2-4 hours, GE-treated MCF7 cells became morpho-
logically distinct, attained mesenchyme like phenotype, and 
lost cell-to-cell contact (Fig. 1a). In contrast, boiled garlic 
extract (BGE) failed to alter their morphology (Fig. 1a). 
These results were confirmed multiple times with garlic 
bulbs obtained from various sources, and the results were 
reproduced using 2 independent sources of MCF7 cells 
(ATCC and Dr. Kaladhar Reddy, Wayne State University, 
Detroit, MI).

Since altered phenotypes are often associated with 
reduced growth rates,24-27 we monitored the effect of GE on 
the proliferation of MCF7 cells. We observed that a 3-hour 
exposure to garlic extracts (corresponding to 4 mg/mL dry 
mass) resulted in complete growth arrest and reduced pro-
liferation (Fig. 1b). The estimated IC50 value of garlic 
extracts was 2.5 mg/mL plant dry mass (data not shown). In 
contrast, untreated and BGE-treated cells continued their 
multiplication (Fig. 1b). Our results suggest that boiling 
destroys the growth inhibitory properties of the garlic 
extract. In support of our observations, microwave/oven 
heating also was shown to inhibit the anticarcinogenic 
properties of garlic.28 Heating is known to destroy the enzy-
matic activities of allinase, which converts allin (an inactive 
form) into an active form, allicin.28 Importantly, the garlic 
extract used in the present investigation mostly comprised 
water-soluble constituents and negligible amounts of oil-
soluble constituents. Hirsch et al.16 reported that pure alli-
cin, a major water-soluble chemical constituent of garlic, as 
well as aqueous extracts of garlic (with a similar concentra-
tion of allicin content) exhibited similar growth inhibitory 
potency, suggesting that garlic’s growth inhibitory proper-
ties are attributed to the water-soluble constituent, allicin. 

Figure 1.  Effect of GE on the morphology and proliferation of MCF7 cells. (a) Morphology of control and GE- or BGE-treated cells. MCF7 cells were 
exposed to garlic extracts for 3 hours, and pictures were taken at 20× magnification under light microscope. (b) Cell proliferation. MCF7 cells were 
treated with fresh and boiled extracts of garlic for 3 hours, and cells were harvested at 24- and 48-hour intervals. Each bar represents the average ± 
SD of 3 independent experiments. (c) Effect of GE on proteins associated with morphology. GE- or BGE-treated MCF7 cell extracts were subjected to 
immunoblot analysis for the detection of E-cadherin, cytokeratin, and β-catenin as described in the Materials and Methods.
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Accordingly, it is possible that allicin, present in the fresh 
garlic extracts, contributed to the altered morphology and 
growth reduction. The specificity of garlic in fighting 
malignant cancer cells was further demonstrated by Ghaza-
nfari et al.,21 who reported that garlic extract specifically 
inhibits the growth of MCF7, colon, and gastric cancer cells 
and did not affect the growth of a nonmalignant cell line, 
L929.

Twenty-four hours of posttreatment with GE also 
resulted in cell death (15%-20%), as evidenced by trypan 
blue exclusion (data not shown); whereas untreated or 
BGE-treated cells were (100%) viable. The specificity of 
GE in inducing morphological differentiation of MCF7 
cells was further validated by the fact that GE failed to alter 
the phenotype of MDA-MB-231 (metastatic breast cancer 
cell), glioblastoma (U-87MG), or monocytic leukemia 
(U-937) cells (data not shown). Previously, water extracts 
as well as oil-soluble constituents of garlic were reported to 
inhibit the growth of several types of cancer cells,16-21 and 
in no case did these derivatives alter their morphology. Sev-
eral differentiation-inducing agents were reported to require 
prolonged exposures to attain the altered phenotype/growth 
inhibition. In some cases, the inducers had to remain in con-
tact with the cells during the entire process of differentia-
tion.24,25 In other cases, morphological differentiation of 
breast cancer cells induced by suberoylanilide hydroxamic 
acid (SAHA) was shown to be reversible.24 Specifically, 
soon after its removal, cells restored their original pheno-
type. Conversely, our data suggest that the garlic-mediated 
phenotypical alteration is irreversible. Moreover, 2-4 hours 
of exposure to GE resulted in an irreversible phenotype and 
permanent growth arrest. Altered morphology and growth 
reduction of the garlic-treated MCF-7 cells were persistent 
and were observed over 2-3 weeks even after the removal 
of GE (data not shown).

GE-mediated morphological differentiation and growth  
reduction are associated with an altered expression of epithelial 
cadherin (E-cadherin), cytokeratin 8/18, and β-catenin. To 
understand the role of the cell adhesion molecule (E- 
cadherin), cytoskeletal proteins (cytokeratins), and morphol-
ogy-associated signaling molecule (β-catenin) on GE-medi-
ated morphological alterations, garlic-treated MCF7 cellular 
extracts were subjected to immunoblotting with their respec-
tive antibodies. Immunoblot analysis revealed that E-cad-
herin levels initially declined during the morphological 
differentiation (1-6 hours), and by 16 hours the protein signal 
was completely lost (Fig. 1c), suggesting that reduced expres-
sion of E-cadherin correlates with the loss of epithelial mor-
phology and cell-to-cell contact. In support of our 
observations, oncostatin-M-mediated phenotypical alteration 
of breast cancer cells was also shown to be associated with 
the down-modulation of E-cadherin.29 GE treatment also 
altered the levels of cytokeratins. A marginal reduction of 

keratin 8 (K8) and keratin 18 (K18) expression was observed 
between 15- and 30-min exposures to GE. However, a mod-
erate up-regulation of K8/18 was observed after 6-16 hours 
post exposures (Fig. 1c). A possible explanation is that the 
initial down-regulation of epithelial keratins (K8/18) may be 
attributable to the induction of altered morphology (loss of 
epithelial phenotype), whereas K8/18 up-regulation at the 
later time intervals (6-16 hours) correlates with growth 
reduction. Similarly, doxorubicin-mediated growth reduction 
and morphological differentiation of MCF7 cells were shown 
to be associated with the up-regulation of K8/18.26 GE treat-
ment also down-modulated the levels of β-catenin; its reduc-
tion was observed soon after the cells attained their altered 
phenotype (3 hours post exposure), and it vanished by 16 
hours (Fig. 1c). These results suggest that the initial down-
regulation of β-catenin did not contribute to the induction of 
altered morphology; rather, its initial reduction correlates 
with the altered phenotype. A complete loss/degradation of 
β-catenin also contributed to the GE-mediated sustained 
growth reduction. In agreement with our results, decursin, an 
anticancer agent, was reported to inhibit the proliferation of 
androgen-independent prostate cancer cells by targeting 
β-catenin to proteasome degradation.30 Moreover, BGE, 
which failed to alter the morphology and inhibit the growth 
of MCF cells, did not affect the expression of E-cadherin, 
k8/18, and β-catenin (Fig. 1c). Collectively, these data sug-
gest that deregulation of E-cadherin, keratin 8/18, and 
β-catenin contributes to the GE-mediated altered phenotype 
and growth reduction.

GE exposure alters the levels of cell cycle regulatory proteins. 
GE-mediated growth reduction prompted us to further 
investigate the involvement of the key cell cycle regulators, 
that is, cyclin D1, proliferating cell nuclear antigen (PCNA), 
and cell cycle inhibitors (p21 and p27). Immunoblot analy-
sis of GE-treated MCF7 cell extracts with cell cycle– 
associated proteins revealed that the expression levels of 
cyclin D1 were initially down-modulated between 15 min-
utes and 2 hours of exposure and gradually returned to orig-
inal levels (Fig. 2a). A dramatic down-regulation of cyclin 
D1 prior to morphological differentiation suggests that its 
deregulation would induce the phenotypical differentiation. 
Previously, down-regulation of cyclin D1 was shown to be 
required for the initiation of keratinocyte differentiation.31 
In contrast, diallyl trisulfide (oil-soluble constituent of gar-
lic) was reported to inhibit the growth of MCF7 cells 
through the up-regulation of cyclin D1 (mRNA levels) and 
down-regulation of cyclin B1 levels,18 suggesting that 
aqueous extracts and oil-soluble components of garlic exert 
distinct effects on cell cycle regulation. Failure of the  
BGE to inhibit the expression of cyclin D1 (Fig. 2a) further 
suggests that down-regulation of cyclin D1 is critical for  
the induction of morphological differentiat and growth sup-
pression. We also observed that the levels of PCNA were 
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Figure 2.  Effect of GE on the expression of various proteins associated with growth and differentiation. (a) Cell cycle regulatory proteins (cyclin D1, 
PCNA, p21, and p27) and (b) phosphorylation of Rb and ERK1. Cell extracts from GE-treated or control cells were subjected to Western analysis. (c) Cell 
cycle analysis. Exponentially growing control (untreated) and GE-treated cells were stained with propidium iodide, and cell cycle progression was analyzed 
as described in the Materials and Methods. (d) Expression levels of eIF2-α, hsp27, sam68, and ER-α and phosphorylation of eIF2-α. Control and GE-treated 
MCF7 cell extracts were subjected to Western blot analysis for the detection of various proteins using the respective antibodies as indicated in the figure.
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marginally reduced after 15-30 minutes of exposure to GE, 
while p27 expression was moderately up-regulated after 1-3 
hours of exposure (Fig. 2a). The levels of p21 were barely 
detectable in the untreated cells, while in the GE-treated cells 
p21 levels were readily detectable by 30 minutes, peaked 
after 1 hour of exposure, and remained high during the entire 
treatment period (Fig. 2a). However, BGE treatment did not 
alter the expression of PCNA, p21, and p27 (data not shown). 
Taken together, our data demonstrate that GE inhibits cell 
cycle progression and contributes to growth reduction by 
modulating the levels of cyclin D1, PCNA, p21, and p27.

GE treatment causes down-modulation of Rb and ERK1 
phosphorylation. Since cyclin-dependent kinase1 (CDK1) 
and cyclin D1–mediated Rb phosphorylation events inacti-
vate Rb and contribute to cell cycle arrest and subsequent 
growth inhibition, we hypothesized that diminished levels 
of cyclin D1 in GE-treated cells would reduce the phos-
phorylation of Rb. In support of our hypothesis, garlic treat-
ment inhibited the phosphorylation of Rb. A gradual decline 
of Rb phosphorylation was observed during 2-6 hours of 
exposure to GE, and by 16 hours, Rb was completely 
dephosphorylated. However, the levels of Rb protein were 
gradually increased between 4 and 16 hours post treatment 
(Fig. 2b). These data suggest that GE-mediated growth sup-
pression can be attributed to the inactivation and stabiliza-
tion of Rb protein. Besides the role of Rb in growth 
reduction, hypophosphorylation of Rb was implicated in 
differentiation.32-34 Consistent with our observations, Yen  
et al.35 reported that reduced phosphorylation of Rb and 
increased expression of Rb proteins results in differentia-
tion of megakaryocytic leukemic cells.35 Finally our data 
suggest that garlic’s growth-inhibitory properties are 
ascribed to its capacity to preserve and protect the function 
of Rb, presumably by the processes of dephosphorylation 
and stabilization.

Since ERK1 phosphorylation plays a crucial role in gov-
erning cellular proliferation and morphological differentia-
tion, we also tested the levels of phosphorylated ERK1  
in GE-treated MCF7 cellular extracts. We observed that  
15 minutes to 2 hours of exposure to GE markedly inhibited 
the phosphorylation of ERK1 and that prolonged exposures 
(6-16 hours) resulted in a complete loss of its phosphoryla-
tion (Fig. 2b). However, β-actin and total ERK1 protein 
levels remained unaltered (Fig. 2b), suggesting that down-
regulation of ERK1 phosphorylation is a result of its 
reduced phosphorylation rather than the reduction of pro-
tein levels. A modest decline in the phosphorylation of 
ERK1 was also observed in the BGE-treated MCF7 cells. 
This reduction was detected initially after 15 minutes of 
exposure to BGE and later after 6-16 hours post exposure 
(Fig. 2b). However, during the commitment of morphologi-
cal alteration (1-3 hours), ERK1 phosphorylation was not 
inhibited. BGE also failed to alter the expression levels of 

total ERK1 and β-actin (Fig. 2b). Therefore, our results 
suggest that sustained reduction of ERK1 phosphorylation 
is crucial for GE-mediated commitment of morphological 
differentiation and subsequent growth reduction. Depend-
ing on the cell type, ERK1 phosphorylation either posi-
tively or negatively regulates the growth and differentiation 
of cancer cells.18,19,24,36 Consistent with our results, diallyl 
disulfide (oil soluble constituent of garlic)–induced differ-
entiation of a gastric cancer cell line, MGC803, was shown 
to be associated with the initial down-regulation of ERK1 
phosphorylation.36 In contrast, ERK1 phosphorylation was 
reportedly up-regulated in GE-treated MDA-MB-435 
cells.19 It is possible that the effect of garlic extracts on 
ERK1 phosphorylation is cell type specific. Our data sug-
gest that early down-regulation of ERK1 phosphorylation is 
critical for the induction of GE-mediated morphological 
differentiation and that its complete dephosphorylation cor-
relates with growth reduction.

GE-treated MCF7 cells were arrested at the G0-G1 phase. 
Garlic-induced growth inhibition and altered expression of 
cell cycle–associated proteins prompted us to investigate its 
effect on the regulation of the cell cycle progression. FACS 
(fluorescence activated cell sorting) analysis of GE-treated 
cells revealed that a major proportion of the GE-treated cells 
were arrested at various phases of the cell cycle (Fig. 2c). We 
observed that 71% of the GE-treated MCF7 cells were 
arrested at the G0-G1 phase, while only 43% of the untreated 
cells remained in the G0/G1 phase (Fig. 2c). Furthermore, 
18% of the GE-treated cells progressed to the S phase, and 
few cells (11%) remained in the G2/M phase. In contrast, a 
higher percentage (37%) of the untreated cells progressed to 
the S phase, and 19% of the cells were maintained in the 
G2/M phase (Fig. 2c, lower panel), indicating their active 
participation in cell division. Taken together, FACS analysis 
of the GE-treated cells suggests that a majority of the garlic-
treated MCF7 cells were arrested in the G1 phase and failed 
to progress toward the S and G2-M phases, thus resulting in 
G0/G1 arrest. A possible explanation is that a cascade of 
events, such as an early down-regulation of cyclin D1 (Fig. 
2c), decreased phosphorylation of Rb and a subsequent up-
regulation of CDK inhibitors (p21 and p27) contributed to 
the G0/G1 arrest reduced their entry to the S and G2-M 
phases, eventually leading to the cell cycle exit. Consistent 
with our results, fangichinoline-mediated G1/S arrest in 
prostate cancer cells was accompanied by an altered expres-
sion of cyclin D1, PCNA, and p27.37 Furthermore, by modu-
lating the levels of cyclin D1, p21, and Rb phosphorylation, 
quinidine treatment resulted in G1 arrest and contributed to 
the induction of differentiation.38

Up-regulation of eIF2-α phosphorylation initiates morphologi-
cal alterations and growth inhibition. Cellular differentiation is a 
complex process that involves differential regulation of gene 
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transcription and translation. We assessed the effect of GE on 
the phosphorylation of eukaryotic initiation factor (eIF2-α), 
since it is implicated in the translational regulation of various 
genes involved in cell proliferation and differentiation.39-42 
Garlic treatment specifically up-regulated eIF2-α phosphor-
ylation, while the levels of total eIF2-α protein were unal-
tered (Fig. 2d). GE-treated MCF7 cells exhibited an increased 
phosphorylation of eIF2-α between 15 and 60 minutes of 
exposure (Fig. 2d). However, soon after the cells attained 
their altered phenotype (3 hours post exposure), eIF2-α 
phosphorylation returned to control levels (Fig. 2d), suggest-
ing that increased phosphorylation of eIF2-α is required for 
the induction of altered morphology. Furthermore, BGE, 
which did not contribute to the altered morphology, failed to 
alter the phosphorylation of eIF2-α (Fig. 2d, right panel). 
Since increased phosphorylation of eIF2-α will result in its 
inactivation and contribute to the inhibition of protein trans-
lation, we reasoned that the initial down-regulation of eIF2-α 
is sufficient to inhibit the expression of crucial cell cycle/
proliferation–associated proteins, thus resulting in cell cycle 
exit and growth arrest. Increased phosphorylation of eIF2-α 
was also reported to be associated with the differentiation of 
erythroleukemic cells (K562) and osteoblasts39,42, thus 
directly connecting its phosphorylation status to the induc-
tion of differentiation. Overall, our results suggest that early 
down-regulation of eIF2-α activity is a necessary step 
required to induce the GE-mediated morphological differen-
tiation and growth reduction.

Reduced expressions of hsp27 and sam68 correlate with 
GE-mediated growth suppression. Our objective here was to 
investigate whether GE-mediated growth inhibition alters 

the levels of crucial signaling associ-
ated proteins, sam68 and hsp27, 
which play a significant role in the 
proliferation of cancer cells.43-46 We 
observed that 4-6 hours of GE treat-
ment down-modulated the levels of 
sam68 and hsp27, and subsequently 
their expression levels were com-
pletely lost by 16 hours (Fig. 2d, left 
panel). Moreover, BGE, which failed 
to inhibit the growth of MCF7 cells, 
did not alter their expression (Fig. 
2d, right panel). Our data further sug-
gest that down-regulation of sam68 
and hsp27 is coupled to GE-mediated 
growth reduction rather than cyto-
skeletal reorganization (altered mor-
phology). However, GE did not alter 
the expression levels of estrogen 
receptor α (ER-α), which is impli-
cated in the proliferation of ER posi-
tive breast cancer cells, suggesting 

that ER-α has no role on the GE-mediated responses  
(Fig. 2d).

Garlic treatment alters lipid metabolism and results in a dif-
ferential lipid accumulation. Cellular proliferation and mor-
phological differentiation often result in the accumulation of 
lipid droplets.24,25,27,47,48 Lipid droplets, which consist of 
neutral lipids, triacyl glycerols (energy reserves), or choles-
teryl esters, serve as storage deposits. The fluorescent dye, 
Nile red, selectively stains lipid droplets49; neutral lipids dis-
play golden yellow staining when visualized under green 
fluorescent light (excitation at 450-500 nm and emission at 
528 nm), and polar lipids (present in the membranes) stain 
red under a red fluorescent light (excitation 515-560 nm and 
emission at 590 nm). Since highly proliferating cancer cells 
require excess amount of lipids to sustain their constant mul-
tiplication, we investigated the effect of GE on lipid accu-
mulation and observed that GE treatment resulted in a 
differential lipid staining (Fig. 3). When visualized under 
green fluorescent light, GE-treated MCF7 cells exhibited 
less intensive lipid staining and accumulated few lipid drop-
lets (Fig. 3b), suggesting their reduced proliferation. In con-
trast, untreated (control) and BGE-treated cells displayed 
highly intensive yellow gold fluorescence, and these cells 
accumulated numerous yellow gold lipid droplets in the 
cytoplasm, suggesting their higher proliferation rate (Fig. 3a 
and 3c). Consistent with our results, proliferating 3T3 cells 
(but not quiescent cells) displayed numerous golden yellow 
cytoplasmic lipoid droplets.48 Furthermore, inhibition of 
fatty acid synthase reportedly inhibited the growth and 
reduced the accumulation of lipid droplets,47 suggesting that 
growth reduction is associated with the inhibition of lipid 

Figure 3.  Effect of GE on lipid accumulation. Untreated and GE- and BGE-treated MCF7 cells were 
subjected to lipid staining using Nile red as described in Materials and Methods. Upper panel (a-
c) represents the lipid accumulation of MCF7 cells visualized under a green fluorescent filter. (a) 
Untreated, (b) GE-treated, and (c) BGE-treated. Lower panel (d-f) represents the lipid staining of 
MCF7 cells under a red fluorescent filter. (d) Untreated, (e) GE-treated, and (f) BGE-treated.
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synthesis. When visualized under red 
fluorescent light, control cells and 
BGE-treated cells exhibited diffused 
and less intensive lipid staining in  
the cytoplasm (Fig. 3d and 3f). How-
ever, GE-treated cells displayed very 
intense reddish orange/yellow stain-
ing, and the entire cell was stained 
positive for lipid accumulation  
(Fig. 3e). Consistent with our obser-
vations, a differential regulation of 
the membrane lipids was also 
observed during the growth arrest and 
differentiation of leukemic cells,50 
and spot14-induced differentiation of 
breast cancer cells was also associ-
ated with the accumulation of neutral 
lipids.27 Taken together, our results 
suggest that garlic treatment alters 
lipid metabolism and composition.  
It contributes to the differential  
distribution/deposition of lipids, 
resulting in reduced cell proliferation 
and presumably facilitating the cell 
differentiation.

Proposed mechanism of GE-mediated growth inhibition/mor-
phological alteration. Our data provide evidence that fresh 
extract of garlic specifically inhibits the growth and alters 
the phenotype of MCF7 cells. As depicted in Fig. 4, we pro-
pose that the following sequence of molecular events con-
tributes to the garlic mediated responses: (1) Early 
down-regulation of ERK1 phosphorylation, up-regulation 
of eIF2-α phosphorylation, and initial reduction of cyclin 
D1 expression contributed to the induction of the altered 
phenotype. (2) Decreased levels of E-cadherin and β-catenin 
and up-regulation of epithelial keratins (K8/18) correlated 
with the loss of epithelial phenotype with a simultaneous 
gain of mesenchyme like morphology. (3) Down-regulation 
of cyclin D1, up-regulation of CDK inhibitors (p21 and 
p27), and reduced phosphorylation of Rb resulted in G0/G1 
arrest by preventing the subsequent cell cycle progression 
followed by the cell cycle exit. (4) Loss of ERK1 and Rb 
phosphorylation; reduced levels of β-catenin, hsp27, and 
sam68; and up-regulation of retinoblastoma and K8/18 pro-
teins at late time points (6-16 hours exposures) are further 
required to maintain the sustained growth reduction.

Conclusions
Our results demonstrate that a short exposure to fresh but 
not boiled garlic extract is sufficient to permanently alter 
the morphology and trigger the growth arrest of MCF7 

cells. These processes are tightly linked to the altered regu-
lation of several proteins as indicated in Fig. 4. Although 
many constituents of garlic reportedly inhibited the growth 
and induced apoptosis of several types of cancer cells, none 
of these compounds altered the morphology of MCF7 cells. 
Moreover, garlic derivatives require longer exposures to 
obtain growth inhibition. Collectively, our data offer molec-
ular insight on garlic-mediated gene regulation in relation 
to growth arrest (MCF-7 cells) and shed light on the inter-
vention of dietary products in combating breast cancer. Our 
future studies will be directed towards investigating the 
effect of GE on the modulation of several signaling cas-
cades involving the STAT, JNK, and SAPK pathways.

Materials and Methods
Chemicals, reagents, and antibodies. Sam68, β-actin, cyclin 

D1, β-catenin, and ER-α antibodies were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). E-cadherin 
antibodies were obtained from BD Biosciences (San Jose, 
CA). PCNA, P21, P27, hsp27, and pan keratin antibodies and 
secondary antibodies (anti-rabbit and anti-mouse) were pro-
cured from Cell Signaling (Danvers, MA). EIF2-α antibod-
ies (total and phosphorylated) were from Abcam (Cambridge, 
MA). ERK1 and phospho ERK1 antibodies were obtained 
from Invitrogen (San Diego, CA). Propidium iodide,  
Nile red, and Hoechst 33258 were purchased from Sigma  

Figure 4.  Proposed mechanism of GE-mediated morphological differentiation and growth inhibition. 
Figure represents the differential regulation of various proteins by GE and their implication on the 
growth suppression and morphological differentiation of MCF7 cells.
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(St. Louis, MO), and enhanced chemiluminescence reagent 
(Femtoglow) was from Michigan Diagnostics (Royal Oak, 
MI).

Cell lines and media. MCF7, MDA-MB-231, U937, and 
U-87 MG cells were purchased from ATCC (Manassas, 
VA). Dulbecco’s modified eagle medium (DMEM-F12), 
penicillin, streptomycin, glutamine, and trypsin EDTA were 
purchased from Mediatech (Manassas, VA). Fetal bovine 
serum (FBS) was purchased from Atlanta Biologicals 
(Lawrenceville, GA). All cell lines were maintained  
in DMEM-F12 medium supplemented with 10% heat- 
inactivated FBS, penicillin, streptomycin, and glutamine.

Garlic treatment and immunoblotting. Garlic cloves were 
purchased from a local grocery store. Ten grams of freshly 
peeled cloves were finely chopped with a sterilized razor 
and ground in a mortar with a pestle in the presence of 5 ml 
of cold DMEM-F12 medium and filtered through sterile 
cheesecloth. The extracts were spun at 1,000 rpm for 5 min-
utes at 4°C, and the supernatants corresponding to 4 mg/mL 
(plant dry mass) were used. The garlic extracts were used 
within 1-2 hours of preparation. During this time the extracts 
were kept at 4°C. For long-term storage, the garlic extract 
aliquots were stored at −70°C until further use. To test 
whether boiling destroys the anticancerous properties of 
garlic, boiled extracts were prepared by boiling the garlic 
extract in a water bath for 30 minutes and cooling on ice. 
MCF7 cells were plated in DMEM-F12 with 10% FBS in 
6-well tissue culture dishes. After 24 hours, cells were 
replaced with plain DMEM-F12 medium. Cells were 
exposed to fresh and boiled extracts of the garlic (4 mg/mL 
plant dry mass) for various time periods (15 and 30 minutes, 
1, 2, 3, 4, 6, and 16 hours). For the preparation of cellular 
extracts, cells were washed with ice-cold PBS and lysed by 
directly adding boiling SDS sample buffer. Samples were 
boiled for 3 minutes and stored at −70°C until use. Control 
and garlic treated cellular extracts (5-25 µg of protein) were 
loaded on 10% SDS poly acrylamide gels. A minimal 
amount of protein (5 µg) was sufficient for the detection of 
cyclin D1, PCNA, keratin 8/18, E-cadherin, β-catenin, 
ER-α, hsp27, and sam68, whereas a higher amount of pro-
tein (25 µg) was required to detect the levels of ERK1, Rb, 
p21, p27, and elF2-α (protein and phosphorylation). West-
ern blotting was performed as previously described.46

Cell proliferation. MCF7 cells were seeded in 6-well cell 
cuture dishes and replaced with DME F12. After 16 hours, 
cells were treated with fresh or boiled extracts of garlic (4 
mg/mL dry mass) for 3 hours. Cells were harvested at 24- 
and 48-hour intervals and stained with trypan blue. Cells 
that stained negative for blue staining (intact, live cells) 
were counted, and cell density was represented as the num-
ber of living cells present in a single well of a 6-well cell 
culture dish.

Cell cycle analysis. To monitor the distribution of MCF7 
cells at various phases of the cell cycle, cells were exposed 
to garlic extract for 1 hour; then cells were harvested, and 1 
× 106 cells from the control or GE-treated wells were pro-
cessed and subjected to FACS analysis as described.46

Nile red staining for the lipid accumulation. MCF7 cells 
were treated with fresh or boiled garlic extracts for 4 hours; 
then the cells were washed and replaced with fresh DMEM-
F12 with 10% FBS. After 4 days, cells were washed with 
PBS, stained with Nile red, and visualized under green and 
red fluorescent lights to detect cytoplasmic lipid droplets as 
described.49
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