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Introduction 
Cell growth and proliferation are tightly regulated by various 
interactions between molecules[1].  Several major checkpoints 
in the cell cycle are controlled by multiple protein kinases[2, 3].  
The cyclin-dependent kinases (CDKs) join with regulatory 
proteins called cyclins to drive the cell through the cell cycle[4].

Specific complexes regulate each step of the cycle.  Cyclin 
D1/CDK2 and CDK4 drive progression through G1, cyclin E/
CDK2 controls entry into S phase, and cyclin A/CDK2 con-
trols S-phase progression.  CDK inhibitors (CDKIs) such as p21 
and p27[5] block specific interactions.  In many cell types, aber-
rant expression of cell cycle regulatory proteins can induce cell 

cycle progression[6, 7].  
The mitogen-activated protein kinase (MAPK) family is 

activated in response to proliferative cues[8].  P38 MAPK is a 
major subfamily of mammalian MAPK.  It has been reported 
that p38 MAPK activation is involved in the induction of a 
G1/S checkpoint[9] that results in the accumulation of p21[10, 11].  
Moreover, p21 establishes a G1/S checkpoint by inactivating 
CDK2[10].  In addition, p38 MAPK can stabilize p21 in vivo[9] 
and can down-regulate the level of cyclin D1[12].  

The cell cycle controls cell proliferation and cancer is a dis-
ease of inappropriate cell proliferation.  The excess cells initi-
ate a vicious cycle where cells are insensitive to the signals 
that are involved in adhesion, differentiation and death in 
normal cells[13].  Modulation of the cell cycle also contributes 
to oncotherapy.  The majority of human breast cancers display 
deregulated overexpression of cyclin D1, whereas in normal 
cells its expression is tightly regulated by mitogenic signal-
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ing involving the p21 Ras pathway[14].  Research on cell cycle 
progression and cell cycle regulatory proteins in human breast 
cancer cell lines has been performed in recent years[15, 16].  

Curcumin (diferuloylmethane), a yellow colored polyphenol 
and a natural plant phenolic food additive, is an active compo-
nent of the perennial herb Curcuma longa (commonly known as 
turmeric)[17].  Curcumin exhibits anti-cancer activities both in 
vitro and in vivo through a variety of mechanisms.  It inhibits 
proliferation and induces apoptosis in a wide array of cancer 
cell types in vitro, including cells from cancers of the bladder, 
breast, lung and other tissues[18].  It also controls the cell cycle 
and causes cell cycle arrest in various cancers.  Curcumin 
inhibited cell cycle progression through the downregulation of 
cyclin D1 in vitro and its transcriptional and translational lev-
els in vivo and by blocking its association with CDK4[19].  It also 
induced cell cycle arrest through the upregulation of CDKIs 
such as p21 and p27[20, 21].  

Mitomycin C (MMC) is currently used as the third-line che-
motherapeutic agent for breast cancers[22].  Previous studies 
have shown that there are cell cycle alterations in response to 
MMC treatment[23, 24].  However, it is not clear whether cur-
cumin in combination with MMC impacts breast cancer cell 
proliferation and cell cycle progression.

The present study sought to examine the combination treat-
ment of curcumin and MMC-induced inhibition of cell growth 
and cell cycle arrest in vitro and in vivo.  The p38 MAPK path-
way was identified as a mechanism through which the com-
bination treatment induced cell growth inhibition that was 
mediated via p21 and p27-induced cell cycle arrest.  

Materials and methods 
Materials 
MMC was purchased from ICN Company (USA), dissolved in 
physiological saline as a 1 mmol/L stock solution and stored 
at 4 °C away from light.  Curcumin, with a purity of more 
than 98%, was obtained from the National Institute for the 
Control of Pharmaceutical and Biological Products in China.  
Curcumin was dissolved in dimethyl sulfoxide (DMSO) as 40 
mmol/L solution for use in the treatment of cells, and it was 
dissolved in a solution of physiological saline with 1% DMSO 
and 10% Tween-80 for use in animal research.  SB203580 was 
obtained from Biomol (Philadelphia, PA, USA).  The antibod-
ies against cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21 
and p27 were obtained from Cell Signaling Inc (Boston, MA, 
USA).  The antibody against phosphorylated p38 (p-p38) was 
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA).  Propidium iodide (PI) was purchased from Sigma (St 
Louis, MO, USA).  

Cell culture 
Human breast cancer MCF-7 cells were obtained from the 
American Type Culture Collection (ATCC) (Manassas, VA, 
USA) and cultured in RPMI-1640 medium from Gibco (San 
Francisco, CA, USA) supplemented with 10% heat-inactivated 
(56 °C, 30 min) fetal calf serum (PAA, Pasching, KA, Aus-
tria), 0.01 mg/mL insulin from Sigma (St Louis, MO, USA), 

2 mmol/L glutamine from Gibco (San Francisco, CA, USA), 
penicillin (100 U/mL) and streptomycin (100 µg/mL).  The cell 
culture was maintained at 37 °C with 5% CO2 in a humidified 
atmosphere.  
 
Cell viability assays 
MCF-7 cells were seeded in 96-well culture plates (5×104 cells/
mL).  After overnight incubation, MCF-7 cells were treated 
with various concentrations of MMC, curcumin, or MMC plus 
curcumin (the ratio of two compounds was 1:1).  DMSO was 
adjusted to the same final concentration of 0.01%.  Following 
incubation, cell viability was measured at different time points 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay (MTT) as described previously[25].  The forma-
zan product was quantified by measuring the absorbance at 
490 nm.  The interaction between curcumin and MMC was 
analyzed by isobologram analysis described by Chou and 
Talalay[26].  The interaction of two compounds was quantified 
by determining the combination index (CI).  From this analy-
sis, the combined effects of the two drugs can be summarized 
as follows: the CI of less than, equal to or more than 1 indicate 
synergistic, additive or antagonistic effects, respectively.  

Cell cycle analysis 
MCF-7 cells were seeded into 10-cm dishes and treated with 
curcumin, MMC or a combination of the agents at the concen-
trations indicated.  Cells were harvested 48 h after treatment.  
Detached cells were collected by centrifugation (100×g, 5 min).  
The attached cells were harvested by trypsinization.  Cell 
pellets were washed with PBS and then fixed in ice-cold 70% 
ethanol.  For cell cycle analysis, cells were recentrifuged and 
stained with propidium iodide (PI).  Cell-cycle phase analysis 
was performed using a Becton Dickinson Facstar flow cytom-
eter (San Jose, CA, USA) equipped with ModFit LT 3.0 soft-
ware.  

Western blot analysis 
Whole cell lysate was loaded in each lane and separated by 
SDS-PAGE.  Protein expression was detected using a primary 
antibody (1:1000, except p-p38 1:200) and secondary antibody 
(1:800) conjugated with horseradish peroxidase.  Levels of 
cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, p38, 
p-p38, and GAPDH were analyzed in this manner.  Chemilu-
minescence was observed by ECL (Pharmacia, Buckingham-
shire, UK).  Quantitative analysis of Western blotting was 
performed using Alpha Ease FC (FluorChem FC2) software.  
Using the analysis tools, we calculated the density ratio of 
each protein to GAPDH, the loading control.  

Human tumor xenografts 
Female nu/nu athymic mice (7 weeks old) were obtained from 
Chinese Academy of Sciences.  The mice (five per cage) were 
housed in cages equipped with air filter lids and maintained 
under pathogen-limiting conditions.  MCF-7 cells (1×107/mL) 
were inoculated into the mammary fat pads of the mice.  
Before inoculation, 17β-estradiol (1.7 mg) was intraperitone-
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ally injected[27].  Once palpable tumors developed (approxi-
mately 2 weeks), mice were randomized to receive vehicle 
(physiological saline with 1% DMSO and 10% Tween-80 for 
curcumin, 100% physiological saline for MMC), curcumin 
(100 mg/kg), MMC (2 mg/kg), MMC (1.5 mg/kg), MMC (1  
mg/kg) and a combination of both curcumin and MMC.  All 
drugs were administered by intraperitoneal injection.  There 
were eight tumor-bearing animals in each group and all 
tumors were harvested 28 d after treatment.  The tumors were 
immediately removed, freed from connective and adipose tis-
sue, and weighed.  The animal protocols were preapproved by 
the ethical committee of our institution.  

Statistical analysis 
When appropriate, data were expressed as mean±SD.  Data 
were analyzed by Student’s t-test where appropriate.  Statisti-
cal significance was set at P<0.05.  

Results 
The combined treatment of curcumin and MMC inhibits prolifera­
tion of MCF-7 cells in a synergistic manner
To investigate the inhibitory effect of the combined treatment 
of curcumin and MMC, MCF-7 cells were treated with or 
without various concentrations of curcumin or MMC for 48 h.  
The results of the MTT assay showed that curcumin significantly 
inhibited cell viability in a concentration-dependent manner; the 
50% inhibiting concentration (IC50) for curcumin was 40 µmol/L 
(Figure 1A).  Therefore, the effect of MMC in combination with 
curcumin was investigated, and the dose of curcumin was fixed 
at the IC50 40 µmol/L dose.  Similarly, MMC inhibited the cell 
viability with an IC50 value of 5 μmol/L. Increasingdoses of MMC 
inhibited growth in MCF-7 cells, and the IC50 was shown to be 5 
µmol/L (Figure 1B).  Isobologram analysis revealed a CI<1 for 

curcumin at 40 µmol/L in combination with MMC at 2.5, 5, and 
7.5 µmol/L, respectively, indicating a synergistic relationship 
between the treatments.  Moreover, the combination treat-
ment of 2.5 µmol/L MMC and 40 µmol/L curcumin reduced 
the cell viability by 20% as compared to 5 µmol/L MMC alone 
(P<0.05) (Figure 1B).  Therefore, 40 µmol/L curcumin in com-
bination with 2.5 µmol/L MMC was selected for additional 
experiments.

The combined treatment with curcumin and MMC induces a 
G0/G1 arrest in MCF-7 cells 
Flow cytometry was performed to determine whether the 
cell growth inhibition mediated by the combined treatment 
of curcumin and MMC was due to a cell cycle arrest at a spe-
cific point in the cell cycle.  Analysis of the untreated control 
cells showed 32.66% of cells in S phase and 48.36% of cells 
in G1.  Treatment with curcumin at 40 µmol/L inhibited the 
cells from entering S phase (32.66% to 23.79%) and caused a 
small increase in the number of cells in G1 (48.36% to 51.51%).  
MMC at 2.5 µmol/L had a similar effect to untreated control 
with 33.03% of cells in S phase and 47.47% of cells in G1.  The 
combined treatment, however, resulted in a more robust G1 

arrest; only 18.62% of cells were in S phase and 71.17% of 
cells were in G1.  This cell cycle profile is indicative of a G1 cell 
cycle arrest (Figure 2).  The combined treatment of curcumin 
and MMC had a more complete G0/G1 arrest than curcumin 
(P<0.05) or MMC (P<0.05) alone in MCF-7 cells.

The cell cycle arrest is associated with the downregulation 
of cyclin D1, cyclin E, cyclin A, CDK2, and CDK4 and with the 
upregulation of p21 and p27 in MCF-7 cells 
To determine whether the combination-induced growth 
inhibition of MCF-7 cells was due to the downregulation of 
cyclins and CDKs and the upregulation of CDKIs, the levels 
of cell cycle regulatory molecules were examined.  The com-

Figure 1.  Survival of MCF-7 cells by combined treatment with curcumin 
and MMC.  (A) MCF-7 cells were incubated with curcumin at doses of 5, 
10, 20, 40, or 80 µmol/L for 48 h.  (B) MCF-7 cells were treated with the 
combination of curcumin at 40 µmol/L and MMC at 0.1, 0.5, 2.5, 5, or 7.5 
µmol/L for 48 h.  bP<0.05 vs 5 µmol/L MMC alone.  Values are mean±SD 
from 3 independent experiments.

Figure 2.  Curcumin in combination with MMC suppressed cell prolifera
tion via a G1 cell cycle arrest in MCF-7 cells.  MCF-7 cells were treated 
with the combination of 40 µmol/L curcumin and 2.5 µmol/L MMC for 
48 h.  Cells were subjected to flow cytometric analysis to determine the 
effect of the combined treatment on cell cycle distribution.  bP<0.05 vs 
the combination of curcumin and MMC.  Values are mean±SD from 3 
independent experiments.



1405

www.chinaphar.com
Zhou QM et al

Acta Pharmacologica Sinica

npg

bined treatment of curcumin and MMC in MCF-7 cells for 48 h 
resulted in 52%–68% reduction in the levels of cyclin D1, cyclin 
E and cyclin A, as well as CDK2 and CDK4 (Figure 3).  The 
effect of the combined treatment on the induction of p21 and 
p27, which regulate progression of the cell cycle at the G1-S 
phase transition checkpoint and are the inhibitors of CDKs, 
was also examined.  The data showed that the combined 
drug treatment resulted in an approximately 2-fold increase 
of p21 and p27 as compared to the untreated control (Figure 
3).  However, the expression of p21 and p27 was increased 
approximately 1.4-fold by either curcumin or MMC alone.  

To determine whether the effects of the combined treat-
ment include activation of p38 MAPK, cells were exposed to 
the combination for 48 h, and an antibody specific for p-p38 
was utilized.  The results indicated that the level of p-p38 was 
reduced by 50% in response to the combined treatment.  Both 
curcumin and MMC alone resulted in a nearly 20% decrease 
in the level of p-p38.  These data show that the combined drug 
treatment affects p-p38.  

The combination of curcumin and MMC regulates the expression 
of cell cycle-related proteins via the p38 MAPK pathway in MCF-7 
cells 
To assess the role of p38 MAPK in the combined treatment, 
cells were treated with the p38 MAPK-specific inhibitor, 
SB203580, alone or with additional drugs.  The data showed 
that the combination treatment-decreased p-p38 was reversed 
by SB203580 (Figure 4A).  Because p38 MAPK activity was 
decreased by the combined drug treatment, the role of cell 
cycle-related proteins in mediating p38 MAPK activity was 
investigated.  

MCF-7 cells were pretreated for 2 h with or without 15 
µmol/L SB203580, followed by exposure to 40 µmol/L cur-
cumin in combination with 2.5 µmol/L MMC.  As shown 
in Figure 4A, the combination-induced decrease in cyclin 

D1, cyclin E, CDK2 and CDK4 and the increase in p21 were 
reversed to the level of the SB203580 treatment alone.  How-
ever, under similar experimental conditions, expression of 
cyclin A was unaffected, suggesting that cyclin A is not likely 
to be involved in the p38 MAPK-mediated cell cycle arrest that 
is induced by the combination treatment.  Moreover, SB203580 
demonstrated a slightly reversed effect on the combination-
mediated p27 expression.  These results strongly suggest that 
the p38 MAPK-signaling pathway is required for the G1 phase 
cell cycle arrest in response to the combination treatment.  

To investigate the effect of p38 MAPK activation on the com-
bination-induced cell growth inhibition, MCF-7 cells were pre-
treated for 2 h with or without 15 µmol/L SB203580, followed 
by treatment with both curcumin and MMC alone or together.  
Cell viability was determined by the MTT assay (Figure 4B).  
After treatment with the combination of curcumin and MMC 
or curcumin and MMC alone, cell growth inhibition was 
approximately 70%, 51%, or 32%, respectively.  However, this 
inhibitory effect was reversed by pretreatment with SB203580.  
These results suggest that the cell growth inhibition caused 
by the individual or combined treatments is dependent on the 
p38 MAPK pathway.  

The combination of curcumin and MMC produces greater inhibi­
tion of tumor growth than either treatment alone in MCF-7 xeno­
grafts 
Our in vitro data suggested a synergistic interaction between 
curcumin and MMC, we studied the antitumor activity of 
curcumin and MMC in mice bearing MCF-7 breast cancer 
xenografts.  Animals were treated with MMC at a dose of 1, 
1.5, or 2 mg/kg ip, with a curcumin dose of 100 mg/kg ip or 
with curcumin in combination with an MMC dose of 1, 1.5, or 
2 mg/kg for 4 weeks.  As shown in Figure 5A, the 2 mg/kg 
dose of MMC treatment alone produced a significant inhibi-
tion of tumor growth.  The 2 mg/kg dose of MMC in com-

Figure 3.  The combination treatment-induced cell cycle profile is associated with the downregulation of cyclin D1, cyclin E, cyclin A, CDK2, and 
CDK4 and upregulation of p21 and p27 in MCF-7 cells.  MCF-7 cells were treated with both curcumin and MMC alone or together at the indicated 
concentrations for 48 h and Western blot analysis was performed with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, and 
p-p38.  The density ratio of proteins to GAPDH was shown as a relative expression.  bP<0.05 vs the combination of curcumin and MMC.  Values are 
mean±SD from 3 independent experiments.
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bination with curcumin treatment also revealed a significant 
reduction in tumor growth.  The combined treatment of a 1.5 
mg/kg dose of MMC plus curcumin resulted in 60.4% and 
68.6% reduction in tumor weight as compared to monother-
apy with 1.5 mg/kg MMC and with curcumin , respectively.  
Treatment with a 1 mg/kg dose of MMC plus curcumin did 
not show more significant tumor suppression than curcumin 

alone.  Thus, the combination of a 1.5 mg/kg dose of MMC 
plus a 100 mg/kg dose of curcumin produced a more robust 
and statistically significant tumor regression when compared 
with either 1.5 mg/kg MMC (P<0.05) or 100 mg/kg curcumin 
alone (P<0.05).  Moreover, there was no difference between 
the untreated control and the combined treatment on the body 
weight of the animals (P>0.05) (Figure 5B).  However, the 2 

Figure 4.  SB203580 reversed G1 phase cell cycle-associated protein expression and decreased cell growth inhibition that was induced by the 
combination of curcumin and MMC.  (A) MCF-7 cells were plated into plates and were preincubated for 2 h in the presence of SB203580 (15 µmol/L).  
Cells were then treated with both 40 µmol/L curcumin and 2.5 µmol/L MMC alone or together for 48 h, followed by Western blot analysis performed 
with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, and p-p38.  The density ratio of proteins to GAPDH was shown as a 
relative expression.  (B) MCF-7 cells were pretreated for 2 h with or without 15 µmol/L SB203580 before cells were treated with both 40 µmol/L 
curcumin and 2.5 µmol/L MMC alone or together for 48 h.  The MTT assay was performed as described under materials and methods.  Values are 
mean±SD from 3 independent experiments.  bP<0.05 vs untreated control.  eP<0.05 vs the combination of curcumin and MMC treatment. 

Figure 5.  MMC treatment at 1, 1.5 or 2 mg/kg in combination with curcumin at 100 mg/kg produced effects on reducing tumor quality and body weight 
compared with either treatment alone.  (A) The growth-inhibitory effect of MMC at 1 mg/kg (M1), 1.5 mg/kg (M1.5), and 2 mg/kg (M2), curcumin 100 
mg/kg (Cur) and their combination on MCF-7 xenografts is shown.  bP<0.05 vs 1.5 mg/kg MMC in combination 100 mg/kg curcumin-treated group.  (B) 
Body weights of MCF-7 xenografts were measured after animals were treated with or without MMC, curcumin or a combination for 4 weeks.  aP>0.05 vs 
normal group.  Experiments were repeated with similar results.
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mg/kg MMC treatment resulted in significant weight loss.  
This weight loss suggests that curcumin probably improves 
MMC toxicity.  

The combination of curcumin and MMC at a dose of 1.5 and 2 
mg/kg, respectively, decreases the levels of cyclin D1, cyclin A, 
cyclin E, CDK2 and CDK4 and increases the expression of p21 
and p27 in MCF-7 xenografts
To determine whether the inhibition of tumor growth of 
MCF-7 xenografts that was mediated by the combined treat-
ment involved the regulation of cell cycle regulatory proteins, 
the tumors were harvested from each group and then ana-
lyzed using Western blot.  As shown in Figure 6, the levels of 
cyclin D1, cyclin E, and cyclin A as well as CDK2 and CDK4 
were all reduced by the combined treatment of curcumin 
and the various concentrations of MMC relative to either cur-
cumin or various concentrations of MMC alone.  Moreover, as 
compared to 100 mg/kg curcumin or 1.5 mg/kg MMC alone, 
the combined treatment of 100 mg/kg curcumin plus 1.5  
mg/kg MMC resulted in a 19.7% or 48.4% decrease in the 
level of cyclin D1, 36.7% or 60.8% in cyclin E, 44.3% or 60% 
in cyclin A, 45.3% or 67.4% in CDK2 and 34.5% or 58.2% in 
CDK4, respectively.  Similarly, the combination of 100 mg/kg 
curcumin plus 2 mg/kg MMC also decreased the levels of 
cyclin D1, cyclin E, cyclin A, CDK2, and CDK4 significantly.  
However, the combination of 100 mg/kg curcumin plus 1 
mg/kg MMC did not affect the expression of these proteins 
significantly.  Therefore, curcumin at 100 mg/kg in combina-
tion with MMC at 1.5 or 2 mg/kg alone both decreased the 
expression of cell cycle regulatory proteins more significantly 
than the other combination or single drug therapy.  

Under similar experimental conditions, treatment with the 
combination of 100 mg/kg curcumin plus 1.5 mg/kg MMC 
resulted in a 15.5% or 48.6% increase in the level of p21 and 

31.1% or 46.9% in p27 as compared to 100 mg/kg curcumin 
or 1.5 mg/kg MMC alone, respectively.  The level of p21 
was increased approximately 42.6% or 74.4%, and p27 was 
increased approximately 34.9% or 53.9% by the combination 
of 100 mg/kg curcumin plus 2 mg/kg MMC as compared to 
100 mg/kg curcumin or 2 mg/kg MMC alone, respectively.  
In contrast, the combination of 100 mg/kg curcumin plus 1 
mg/kg MMC did not affect the expression of p21 and p27 
significantly.  These results suggest that the combination of 
curcumin at 100 mg/kg plus MMC at 1.5 or 2 mg/kg enhances 
tumor growth inhibition by regulating these cell cycle-associ-
ated proteins.  

To investigate whether the tumor growth inhibitory effects 
of the combination treatment include the activation of p38 
MAPK, we analyzed the level of p-p38.  Results indicated that 
the expression of p-p38 was significantly suppressed by the 
combined therapy (Figure 6), suggesting that the combination 
treatment also affects p-p38.  

Discussion
MMC has been already used in the clinic, but it is currently 
used as the third-line chemotherapeutic agent in breast can-
cer[22].  Currently, much research has addressed the chemother-
apeutic potential of curcumin (diferuloylmethane), which is a 
relatively nontoxic plant-derived polyphenol[28].  It has been 
reported that curcumin sensitizes cancer cells to cisplatin[29].  
Moreover, our study showed that the combined treatment of 
curcumin and MMC reduced MMC side effects by inhibiting 
GRP58-mediated DNA cross-linking through the ERK/p38 
MAPK pathway[30].  The exact mechanisms mediating the cell 
cycle changes that result from the combined treatment of cur-
cumin and MMC have yet to be fully explained.  

Treatment of MCF-7 cells with either curcumin (5–80 
µmol/L) or MMC (0.1–7.5 µmol/L) alone resulted in cell 

Figure 6.  MMC treatment at 1, 1.5, or 2 mg/kg in combination with curcumin at 100 mg/kg downregulated the levels of cyclin D, cyclin E, cyclin A, 
CDK2, and CDK4 and upregulated p21 and p27 levels.  The MCF-7 xenografts were treated with either curcumin at 100 mg/kg or MMC at 1, 1.5, and 2 
mg/kg alone or in combination, and Western blot analysis was performed with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, 
and p-p38.  The density ratio of proteins to GAPDH was shown as a relative expression.  bP<0.05 vs 1.5 mg/kg MMC in combination with 100 mg/kg 
curcumin-treated group.  eP<0.05 vs 2 mg/kg MMC in combination with 100 mg/kg curcumin-treated group.  Values are mean±SD from 3 independent 
experiments.



1408

www.nature.com/aps
Zhou QM et al

Acta Pharmacologica Sinica

npg

growth inhibition in a dose-dependent manner (Figure 1), 
which was consistent with previously published data[31].  The 
combination of 40 µmol/L curcumin (IC50) and 2.5 µmol/L 
MMC (IC50) reduced cell viability approximately 20% as 
compared to 5 µmol/L MMC (IC50) alone.  Furthermore, 
isobologram analysis showed a strong synergistic interaction 
between 40 µmol/L curcumin and 2.5 µmol/L MMC.  These 
results suggest that curcumin in combination with MMC (at a 
reduced dosage) enhances cell growth inhibition more signifi-
cantly than MMC alone.  

Cyclins are a family of proteins that control the progression 
of cells through the cell cycle by activating CDK enzymes[32].  
Cyclin D1/CDK4 and cyclin E/CDK2 regulate transition in 
the G1 phase.  Cyclin A/CDK2 is activated from the G1 phase 
to the S phase and from the S phase to the G2 phase[33].  The 
results of this study indicate that the combination of curcumin 
and MMC induced a G1 phase cell cycle arrest (Figure 2) and 
also led to a decrease in cyclin D1, cyclin E, cyclin A, CDK2, 
and CDK4, which are involved in cell cycle progression from 
the G1 phase to the S phase.  Moreover, p21 and p27, which 
regulate progression of the cell cycle at the G1-S transition 
checkpoint, were significantly upregulated during the G1 

phase arrest in MCF-7 cells that were treated with the com-
bination therapy.  Notably, the combination therapy signifi-
cantly inhibited the activation of p38 MAPK, suggesting that 
the combination treatment-induced suppression of p-p38 may 
also be responsible for G1 phase arrest in MCF-7 cells.  

Previous studies have demonstrated that p38 MAPK is 
involved in cell growth inhibition and the regulation of the 
cell cycle[34, 35].  The p38 MAPK pathway induced a G1 and 
G2/M cell cycle arrest, which was associated with increased 
p21 levels and reduced amounts of cyclin A[36, 37].  In this study, 
curcumin in combination with MMC resulted in the down-
regulation of phosphorylated p38 MAPK.  Moreover, the com-
bined treatment regulated the expression of cyclin D1, cyclin 
E, CDK2, CDK4, and p21, and this regulation was reversed by 
the p38 MAPK-specific inhibitor SB203580.  Robust p38 MAPK 
stimulation has been reported to suppress cell cycle progres-
sion via induction of the cell cycle inhibitor protein p21[38, 39].  
The results of the present study suggest that p38 MAPK sig-
naling is involved in the cell growth inhibition that is induced 
by combined therapy through the regulation of cyclin D1, 
cyclin E, CDK2, CDK4, and p21 in MCF-7 cells.  

It has been reported that both curcumin[40, 41] and MMC[42, 43] 
alone inhibit tumor growth in different cancers.  This study 
has presented the first example of the effects of the combined 
curcumin and MMC therapy in MCF-7 xenografts.  In the pres-
ent study, we confirmed the antitumor effect of MMC when 
given for a longer period of time and additionally showed that 
curcumin also led to tumor stasis.  These results were consis-
tent with results of previous studies[38–41].  Notably, the data 
also showed that the combination of 100 mg/kg curcumin and 
1.5 mg/kg MMC was more effective than either drug alone at 
inhibiting MCF-7 tumor growth (Figure 5).  

However, 100 mg/kg curcumin in combination with 2  
mg/kg MMC did not show more significant tumor growth 

inhibition than 2 mg/kg MMC alone.  The most likely cause 
of this condition was that the effects of 100 mg/kg curcumin 
were masked by the 2 mg/kg MMC.  For the same reason, 
the combination of 100 mg/kg curcumin and 1 mg/kg MMC 
was not more effective than 100 mg/kg curcumin alone.  The 
effects of 1 mg/kg MMC might be masked by 100 mg/kg 
curcumin.  Moreover, the body weight of the animals was 
reverted to the level of the untreated control with the addi-
tion of curcumin with a range of concentrations of MMC.  In 
contrast, treatment of MMC alone reduced body weight sig-
nificantly.  These results suggest that the administration of 
100 mg/kg curcumin together with 1.5 mg/kg MMC was an 
equally effective combination.

To explain the effects and the mechanism of action of the 
combined treatment of curcumin and MMC in vivo, the levels 
of cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, and p27 
were examined in MCF-7 xenografts.  The data indicated that 
the levels of cyclin D1, cyclin E and cyclin A as well as CDK2 
and CDK4 were decreased and that the levels of p21 and p27 
were increased by the combined treatment with 100 mg/kg 
curcumin and 1.5 mg/kg MMC (Figure 6).  Moreover, the 
activation of p38 MAPK was significantly suppressed by the 
combined treatment.  Therefore, it further demonstrated that 
100 mg/kg curcumin plus 1.5 mg/kg MMC inhibited tumor 
growth through regulating the levels of cyclin D1, cyclin E, 
cyclin A, CDK2, CDK4, p21, and p27.  This regulatory effect 
was involved in the p38 MAPK pathway.  

We characterized the effects and the mechanism of action of 
the combined treatment of curcumin and MMC in breast can-
cer models in vitro and in vivo.  The results in this study sug-
gest the following of the combined treatment: (1) it increases 
the anti-proliferative ability while reducing the dosage needed 
of MMC alone; (2) it enhances G1 arrest through the modula-
tion of cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, and 
p27; and (3) it inhibits MCF-7 cell proliferation and cell cycle 
progression in vitro and in vivo via the p38 MAPK pathway.  
Therefore, this combined therapy may be beneficial in the 
treatment of breast cancer.  
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