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Combination of metformin and
curcumin targets breast cancer in mice
by angiogenesis inhibition, immune
system modulation and induction of p53

independent apoptosis

Rabah Rashad Falah, Wamidh H. Talib and Seba Jamal Shbailat

Abstract

Background: The effects of metformin (MET) and curcumin (CUR] single treatments have been
tested against breast cancer; however, their combination has not been explored. Here, we
evaluated the antitumor activity of MET and CUR combination against breast cancer in mice.
Materials and methods: The antiproliferative activity of single and combined treatments
against breast cancer cell lines was determined. Vascular endothelial growth factor

(VEGF) and Trp53 expression was examined in EMT6/P cells. In vivo studies were carried

out by inoculating BALB/c mice with EMTé/P cells and examining tumor growth and

apoptosis induction in tumor sections. Furthermore, serum levels of different cytokines and
transaminases and creatinine were measured to detect the immune response and toxicity,

respectively.

Results: The combination treatment exhibited the highest effects against tumor proliferation
and growth. It significantly reduced VEGF expression, induced Trp53 independent apoptosis,
triggered Th2 immune response and showed no toxicity.

Conclusion: The combination can be a potential therapeutic option to treat breast cancer.
However, further testing is needed to measure the exact serum levels of MET and CUR and to

further explain the obtained results.
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Introduction

Breast cancer is one of the most common malig-
nant tumors worldwide.! It is the second most
common cause of cancer-related death among
women.? Although early diagnosis of the disease
has become possible due to advanced detection
techniques, the mortality among women suffering
from breast cancer increased.? Traditional disease
treatments which include surgery, chemotherapy,
radiotherapy and hormone therapies are not fully
effective in treating breast cancer, especially in
patients with an advanced stage of the disease.?*
Therefore, recent studies have focused on identi-
fying alternative agents that reduce the incidence

of the disease and cure it. Synthetic drugs or nat-
ural products that are highly selective and less
toxic and show anticancer activity can be poten-
tial agents in breast cancer treatment.?> Another
possibility that can be more effective is the combi-
nation therapy using synthetic, natural or both
types of compounds.

Metformin (N’,N’-dimethylbiguanide hydrochlo-
ride; MET) is an oral antidiabetic drug, commonly
used to treat type 2 diabetes mellitus.® It lowers the
high insulin level in hyperinsulinemia associated
with type 2 diabetes by inhibiting hepatic gluco-
neogenesis via AMP-activated protein kinase
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(AMPK) activation. Also, it increases the insulin
sensitivity and plasma glucose utilization by skele-
tal muscles and adipose tissues resulting in
decreased glucose and insulin blood levels.”:8
Recently, MET has emerged as a potential anti-
cancer drug. It shows an indirect effect as the
increase in the insulin sensitivity and decrease in
hyperinsulinemia reduces tumor proliferation.®
The drug also shows direct effects against a wide
range of cancers, especially breast cancer which
has high incidence of occurrence in diabetic
women.% In wvitro and i vivo studies found that
MET exhibits antiproliferative activity against dif-
ferent breast cancer subtypes by primarily inhibit-
ing target of rapamycin and as a consequence
reducing mRNA translation, ribosome biogenesis
and cell growth.1%11 MET also shows other antitu-
mor activities against breast cancer such as the
induction of apoptosis,!?-14 enhancement of cellu-
lar senescence!4 and inhibition of the inflammatory
response necessary for cell transformation and
cancer stem cell formation.!> Finally, MET
appears to have a paradox effect on angiogenesis
as it promotes or inhibits expression of the pro-
angiogenic vascular endothelial growth factor
(VEGF) depending on breast cancer subtype.16-18

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione; CUR) is a natural
product derived from the rhizome of the plant tur-
meric (Curcuma longa Linn).> It is a common
Indian spice used for centuries in food recipes and
folk remedies. CUR possesses a wide range
of biological activities such as antimicrobial,
anti-inflammatory, antioxidant, antiviral, anti-
angiogenic and antibiotic activities, in addition to
its role in the treatment of neurodegenerative dis-
eases such as Alzheimer’s.!° It also shows chemo-
preventive and chemotherapeutic effects against
different types of cancer.2 CUR’s effects against
breast cancer have been largely explored. It has
been found that CUR inhibits cell proliferation in
different breast cancer cell lines by inducing cell
arrest and inactivating growth signaling pathways.
Also, it induces apoptosis by repressing anti-
apoptotic genes and promoting pro-apoptotic
ones.21921  Furthermore, CUR exhibits anti-
invasive/antimetastatic effects by preventing
reattachment of circulatory tumor cells, down-
regulating the expression of pro-inflammatory
cytokines and matrix metalloproteases, suppress-
ing mesenchymal-epithelial transition and inhib-
iting cancer-associated fibroblast activation.!921
CUR prevents angiogenesis in certain breast can-
cer subtypes by abrogating VEGF expression.22:23

Although CUR and MET have been shown to
exhibit antitumor activity, the combination of
both may produce more effective treatment
against breast cancer. To the best of the authors’
knowledge, this combination has not been tested.
Therefore, in the present study, we took a step
toward exploring the effect of MET and CUR
combination in the treatment of breast cancer in
mice.

Materials and methods

Ethical statement

Animal care and use were conducted according to
standard ethical guidelines, and all of the experi-
mental protocols were approved by the Research
and Ethical Committee at the Faculty of
Pharmacy—Applied Science University, Amman,
Jordan.

Chemicals and culture media

The following culture media were purchased
from Sigma-Aldrich (Missouri, USA): Dulbecco’s
Modified Eagle’s Medium (DMEM), Minimum
Essential Medium (MEM) and Roswell Park
Memorial Institute (RPMI)-1640 Medium. CUR
(99%) was purchased from ChromaDex
(California, USA) and MET (99%) was bought
from Wanbury Ltd (Navi Mumbai, India).

Selection of MET and CUR doses for in vitro and

in vivo studies

In the in vitro part of our study MET concentra-
tions of 10—-180 mm were selected based on previ-
ous results that reported antiproliferative activity
of MET at various concentrations from 8 mm?*
to 100 mm.?> We took four additional concen-
trations of MET above 100 mm to cover the dif-
ferent sensitivities of cell lines toward MET.
Previous studies showed antiproliferative activity
of CUR at concentrations below 100 um?¢ and
up to 160 um.?” However, these concentrations
were tested in our laboratory in a pilot study and
showed limited inhibitory effect. Accordingly,
we designed our own concentrations range (150—
400 um) to cover the various sensitivities of our
cell lines toward CUR. For in vivo study, the
dose of 50 mg/kg/day of CUR was selected based
on a previous study that proved the activity
of this dose against multidrug-resistant cancer
implanted in mice.?® A dose of 80 mg/kg/day of
MET was selected based on previous literatures
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and findings. This concentration was proved to
be effective against implanted tumors with appre-
ciated safety profile.?°

In vitro cell proliferation (MTT) assay

The antiproliferative activity of CUR, MET
and their combinations were tested using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. EMT6/p (mouse
breast) and MCF-7 and T47D (human breast)
carcinoma cell lines, as well as Vero (monkey kid-
ney) normal cell line were cultured in 96-well
microplates (100 ul; 1.5 X 10% cells per well) in a
medium containing 10% fetal bovine serum
(FBS), 1% L-glutamine, 1% penicillin—strepto-
mycin and 0.1% gentamycin. Cells were incu-
bated for 24 h at 37°C in a 5% CO, enriched
atmosphere. After that, the cells were treated with
different concentrations of MET (10-180 mm),
CUR (150-400 um) and combination of MET
and CUR (2-150 mm, 50-120 pm) for 48 h.
Then, MTT was added to the wells according to
the manufacturer’s instructions (Sigma-Aldrich,
Missouri, USA). The calculated IC,, represents
the treatment concentration that showed a lethal
effect on 50% of cells. Cells treated with vincris-
tine sulfate (an alkaloid from Madagascar periwin-
kle) were used as a positive control and those
incubated with culture medium alone were used
as a negative control. Vincristine sulfate was used
as a positive control because it is a plant derived
natural product and both agents (MET and CUR)
used in this study were originated from plants.

Calculation of CI

The combined activity of MET and CUR was
determined by calculating the combination index
(CI) for both compounds in the four used cell
lines (EMT6/P, MCF-7, T47D and Vero) using
the following equation3?: CI = (D1/DX1) +
(D2/DX2) + a [(D1*D2)/(DX1*DX2)], where
Dx1 = dose of drug 1 to produce 50% cell kill
alone, D1 = dose of drug 1 to produce 50% cell
kill in combination with D2, Dx2 = dose of drug
2 to produce 50% cell kill alone, D2 = dose of
drug 2 to produce 50% cell kill in combination
with D1, a = 0 for mutually exclusive or 1 for
mutually nonexclusive modes of drug action. The
results are interpreted as: CI > 1.3 antagonism;
CI = 1.1-1.3 moderate antagonism; CI = 0.9—
1.1 additive effect; CI = 0.8-0.9 slight synergism;
CI = 0.6-0.8 moderate synergism; CI = 0.4-0.6
synergism; CI = 0.2—-0.4 strong synergism.

Determination of VEGF expression in EMT6/P

cells

EMTG6/P cells were suspended at a concentration
of 1.5 X 10 cell/10 ml MEM and incubated for
24h in four different tissue culture flasks. Tissue
culture media were removed and cultured cells
were subjected to the following treatments: 8 mm
MET, 110 um CUR, combination of 8 mm MET
and 110 um CUR and a blank MEM medium as
a negative control. These concentrations repre-
sent two folds of IC;, values for MET and CUR
in the combination treatment. The treated cul-
tured cells were incubated for 48 h. After that, the
medium in each flask was removed, and the cells
were harvested using trypsin-EDTA solution,
washed with phosphate buffered saline (PBS),
and then centrifuged at 1500 RPM for 10 min.
VEGTF expression in cancer cells was measured
using mouse VEGF enzyme-linked immunosorb-
ent assay (ELISA) kit (catalogue # RABO0510;
Sigma-Aldrich, Missouri, USA) according to the
manufacturer’s instructions.

Experimental animals

A total of 40 female BALB/c mice were used in
this study (4-6 weeks old, 23-25 g body weight).
Separate cages with wooden shaving were used to
keep mice. The environmental parameters in the
animal room were: 50-60% humidity, 25°C tem-
perature and continuous ventilation.

Tumor inoculation

EMT6/P mouse breast carcinoma cells were pur-
chased from Public Health England (catalogue #
96042344; Salisbury, UK). Cells were main-
tained using MEM and left to grow for 48 h. After
that, cells were harvested using trypsin-EDTA
solution, centrifuged, washed and tested for via-
bility using trypan blue exclusion method. Viable
cells were re-suspended in PBS at density of
1 X 10° cells/ml. Mice were injected subcutane-
ously in the abdominal area with 1 X 103 cells
suspended in 100 ul PBS.

Antitumor activity

After 14 days of inoculation, mice were distrib-
uted into four groups (z = 10 for each group).
Group 1 received intraperitoneally 100 pul of
MET (80 mg/kg) once a day.3! Group 2 received
orally by gavage 100 ul of CUR (50 mg/kg) dis-
solved in olive oil once a day.32 Group 3 received
a combination of MET and CUR with doses and
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administration methods similar to those intro-
duced in single treatments. Group 4 served as a
negative control and received a vehicle once a
day by intraperitoneal injection of 100 ul PBS
and oral gavage of 100 ul olive oil. All groups
received their treatment for 14 days. The tumor
size was measured according to the following
equation: length X width2 X 0.5.33 At the end of
the treatment period (day 14), mice were sacri-
ficed (by cervical dislocation) and their tumors
were isolated and kept in 10% buffered formalin.
The percentage of tumor size was measured
according to the following equation: [(final
tumor size — initial tumor size)/(initial tumor
size)]*100%.34

Histological examination of tumor sections
Formalin-fixed sample were gradually dehydrated
in a series of ethanol concentrations, and then
cleared in xylene. Following that, samples were
infiltrated in wax and cut into 5 um paraffin
sections using a rotary microtome (Reichert,
Nussloch, Germany). Standard hematoxylin and
eosin (H&E) procedure was used to stain differ-
ent sections, and images of the slides were visual-
ized using light microscope equipped with
computer-controlled digital camera.

Apoptosis detection in tumor sections and
cultured EMTé/P cells

Apoptosis was detected in tumor sections using a
terminal deoxynucleotidyl transferase (TdT)-
mediated 16-deoxyuridine triphosphate (dUTDP)
Nick-End Labeling (TUNEL) kit (Promega,
Wisconsin, USA). Xylene was used to de-paraffin
tumor sections. Sections were rehydrated with
gradual series of ethanol concentrations, and then
washed several times with PBS. Following that,
they were fixed with (4%) paraformaldehyde,
washed with PBS and permeabilized with 20 pg/ml
proteinase K solution. Fragmented DNA was
labeled by incubating the sections with bioti-
nylated dUTP in rTdT reaction mixture at 37°C
for 1 h. Endogenous peroxidases were blocked
using 0.3% hydrogen peroxide. After that, sec-
tions were incubated with streptavidin conjugated
horse radish peroxide (HRP) at room tempera-
ture for 30 min, and fragmented DNA was visual-
ized using hydrogen peroxide followed by the
chromagen diaminobenzidine. The same proce-
dure was followed to detect apoptosis in cultured
EMTO6/P cells after treatment with MET, CUR,
and combination.

RNA extraction, cDNA synthesis and gene
expression analysis

EMT6/P cells at a concentration of 1.5 X 10°
cell/10 ml MEM were cultured in four different tis-
sue culture flasks for 24 h. After that, the media
were removed and cultured cells were subjected to
the following treatment for 48 h at 37°C: 8 mm
MET, 110 um CUR, combination of 8 mm MET
and 110 ym CUR and a blank medium as a
control. The media were removed and cells were
harvested using trypsin-EDTA solution. The har-
vested cells were washed with PBS and centrifuged
at 1500 RPM for 10 min at 4°C. Following that,
total RNA was extracted from treated and
untreated control cells using 0.75 ml of TRIzol
reagent (Invitrogen, California, USA) per 0.25 ml
(5-10 X 10°% of EMT6/P cells according to the
manufacturer’s protocol. The RNA extracts were
reverse-transcribed to cDNA using power cDNA
synthesis kit (INtRON Biotechnology, Inc.,
Gyeonggi-do, South Korea). Briefly, in each treat-
ment, 1 pg of total RNA extract was used and the
sample volume was completed to 9.5 ul using
RNase free water. Then, 1 pl of Oligo (dT) was
added to each RNA sample and the samples were
heated at 75°C for 5 min. After that, they were
placed on ice for at least 1 min. While on ice, 1 pl
of RNase inhibitor, 4 ul of 5x RT buffer, 2 ul of
dANTP, 2 ul of DTT and 0.5 ul of AMV RT enzyme
were added to each tube and mixed gently. The
samples were incubated at 42°C for 60 min, and
then heated at 70°C for 5 min to terminate the
reaction. The synthesized ¢cDNA was used to
determine the expression level of 7rp53 gene in
treated and control cells using semiquantitative
reverse transcriptase polymerase chain reaction
(RT-PCR). The expression of B-actin gene was
used as an internal control to normalize for initial
variations in sample concentration. The PCR was
carried out using KapaTaq Ready Mix DNA poly-
merase (Kapabiosystems, Massachusetts, USA)
and gene specific primers. The following primers
were designed according to a previous work3> and
were used at a final concentration of 0.4 um: p53
forward, 5'- CTGAGGTTGGCTCTGACTG
TACCACCATCC-3'; p53 reverse, 5'-CTCATT
CAGCTCTCGGAACATCTCGAAGCG-3%
B-actin forward, 5'-ACGGGGTCACCCA CACT
GTGC-3'; and P-actin reverse, 5-CTAGAA
GCATTTGCGGTGGACGATG-3'. The PCR
conditions used were: 94°C for 3 min, 35 cycles of
94°C for 45 s, 55°C (Trp53) or 57°C (B-actun) for
45 s and 72°C for 1 min, and a final extension step
at 72°C for 5 min. The PCR products were visual-
ized using 1.5% agarose gel stained with ethidium
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Figure 1. Effect of increasing concentrations of metformin (MET) on the viability of different cells lines (EMT6,

MCF7, T47D and Vero).

bromide. Gene expression analysis was performed
using AlphaView Software in Alphalmager Mini
Gel Documentation System (Proteinsimple,
California, USA). In the negative control, the tem-
plate cDNA was replaced by RNase-free water.

Detection of IFN-y, IL-2, IL-4 and IL-10 serum
levels

Serum samples were collected from fresh blood.
Levels of interferon-y (IFN-y), interleukin-2
(IL-2), IL-4 and IL-10 were measured using
Th1/Th2 ELISA kit (catalogue # 88-7711-44;
affymetrix eBioscience, California, USA) follow-
ing the procedure in the catalogue.

Assessment of liver functions in mice
Serum levels of both alanine transaminase
(ALT) and aspartate transaminase (AST) were
quantitatively measured according to a previously
described method,3% using commercially available
kits (BioSystems, Barcelona, Spain).

Assessment of kidney functions in mice

Serum level of creatinine was measured to assess
any relative nephrotoxicity using creatinine detec-
tion kit (catalogue # C130613; Acromex, Amman,
Jordan) following the manufacturer’s procedure.

Statistical analysis
Data were analyzed using IBM SPSS statistics
version 21 (SPSS Inc., Chicago, Illinois, USA).

They were presented as mean = SEM (standard
error of mean). One-way analysis of variance
(ANOVA) followed by post hoc test was used to
measure variations between different groups in
VEGF and Trp53 expression analysis as well as
cytokines, AST, ALT and creatinine determina-
tion. Paired-samples ¢ test was used to examine
the effects of different treatments on the tumor
size and boy weight. Nonlinear regression analy-
sis was applied to calculate the IC,, values of
different treatments in different cell lines. The
level of significance was set at p < 0.05.

Results

The antiproliferative activity of MET, CUR and
their combination against EMT6/P, MCF7,
T47D and Vero cell lines were tested i vitro using
the MTT assay. A dose-dependent inhibition was
observed in all cell lines after treatment with MET
or CUR (Figures 1 and 2). The mouse cell line
(EMT6) showed the highest sensitivity to MET
treatment with >80% inhibition at MET concen-
tration of 80 mm. Other cell lines exhibited vari-
ous degrees of inhibition with increasing MET
concentration with the highest degree of resist-
ance observed in Vero cell lines followed by
MCF7 and T47D, respectively (Figure 1).
Different results were obtained after treatment of
cell lines with increasing concentrations of CUR.
The highest sensitivity was observed for MCF7
followed by EMT6, T47D and Vero cell lines,
respectively (Figure 2). The IC,, for each treat-
ment was calculated and compared with vincris-
tine sulfate treatment. MET showed the highest
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Figure 2. Effect of increasing concentrations of curcumin (CUR) on the viability of different cells lines

(EMT6/P, MCF7, T47D and Vero).

antiproliferative effect against EMT6/P cells with
1C;, value of 9 mm, while CUR was more effec-
tive against MCF7 with IC,, value of 155 pm.
Moreover, the combination of MET and CUR
caused a drastic reduction in IC;, values of MET
and CUR in all cell types compared with the sin-
gle treatments. The highest reduction was
observed against EMT6/P cells with IC,, values
of 4 mm and 55 pm for MET and CUR, respec-
tively (Table 1). The calculated CI of different
treatments revealed slight and moderate synergis-
tic effect against EMT6/P and T47D cell lines,
respectively.

To test whether or not the inhibition of angiogen-
esis has a role in the observed antitumor activity,
the expression of VEGF was measured i vitro for
each treatment (Figure 3). Significant decrease of
VEGTF expression was observed in the cells treated
with 8 mm MET (560 pg/ml) and those treated
with a combination of 110 pm CUR and 8 mm
MET (600 pg/ml) in comparison with untreated
control cells (1000 pg/ml). Although the level of
VEGF expression was reduced in cells treated
with 110 um CUR (960 pg/ml), this reduction
was insignificant.

To examine the effect of each treatment iz vivo,
EMT6/P cells were inoculated in mice to induce
tumor formation. Then, mice were treated with
80 mg/kg MET, 50 mg/kg CUR, combination of

80 mg/kg MET and 50 mg/kg CUR or treated
with a vehicle as a control (Table 2). Although
treatment with MET caused 15.83% increase in
the tumor size, this percentage was statistically
insignificant and far below that of the control
group (201.82%). Treatment with CUR caused
a —69.36% reduction in tumor size and it was
statistically significant. However, treatment
with MET and CUR combination showed the
highest significant reduction in the tumor size
(—98.59%). Moreover, the percentage change
in body weight of mice at different treatments
was measured (Table 2). The body weight
reduced significantly in CUR (-6.49%) or com-
bination of MET and CUR (—=6.02%) treated
groups. However, it was insignificantly reduced
in MET treated group (—3.12%) and in the con-
trol (—=3.77%).

For better understanding of the effects of differ-
ent treatments on tumor histology, tumors of
similar sizes from all different animal groups were
subjected to hematoxylin and eosin staining
(Figure 4). Necrotic areas were observed in 80
mg/kg MET (Figure 4A) and 50 mg/kg CUR
(Figure 4B) treated groups, while no necrosis was
observed in the vehicle treated group (Figure
4D). However, combination of MET and CUR
resulted in larger necrotic areas (Figure 4C) com-
pared with those observed in tumor sections from
single treatments (Figure 4A and B).
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Table 1. The calculated ICg, and Cl of MET, CUR, a combination of both and vincristine sulfate in EMT6/P, MCF7, T47D and Vero cell

lines.
Cell line MET (mm) CUR MET in CURIin Vincristine Cl Interpretation
(um) combination combination sulfate
(mm) (um) (um)
EMTé4/P 9 = 5.533 180 = 0.568 4+ 1.198 55 + 1.198 56 0.884 Slight synergism
MCF7 130 = 0.736 155 = 10.061 225+ 1595 108 + 1.595 15 1.069 Additive effect
T47D 90 = 1.010 210 £2.132 1322967 115 * 2967 14.11 0.7661 Moderate synergism
Vero 124 = 1.448 416 +1.629 1175+ 0.543 66 + 0.543 45.08 1.255 Moderate antagonism

Data are expressed as the mean * SEM of three independent experiments, each performed in duplicate.
Cl, combination index; CUR, curcumin; MET, metformin; SEM, standard error of the mean.

1200

1000

VEGF Concentration (pg/ml)

(=1
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400
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0

Combination Control

Figure 3. The effect of different treatments on the expression of vascular endothelial growth factor (VEGF).
Concentration of VEGF (pg/ml) in cells treated with 8 mm metformin (MET), 110 um curcumin (CUR) and a
combination of both, as well as in untreated control cells. Each treatment was performed in duplicate. Results
are expressed as means (bars) = SEM (lines). The asterisks represent significant values.

In order to evaluate the ability of different treat-
ments to induce apoptosis, TUNEL colorimetric
assay was used to stain tumor sections and cul-
tured cells from different treatments (Figures 5
and 6). This assay detects fragmented DNA in
cells undergoing apoptosis. The level of apopto-
sis increased in the cells from 80 mg/kg MET
treated animals (Figure 5A) compared with those
in vehicle treated group (Figure 5D). The level
became even higher in the cells from 50 mg/kg
CUR treated animals (Figure 5B). The highest
level of apoptosis was shown in the cells from
animals treated with a combination of MET and
CUR (Figure 5C). Similar results were observed
in vitro where the highest apoptosis rate were
detected in cells treated with the combination
therapy (Figure 6).

To uncover whether or not the apoptosis observed
using TUNEL assay was due to upregulation in

expression of the tumor suppressor gene 77p53
RT-PCR was carried out. Figure 7 shows the
expression patterns of 7rp53 and the internal con-
trol B-actin in EMT6/P cells treated with 8 mm
MET, 110 um CUR, combination of both and in
the untreated control cells. In each treatment, the
expression of Trp53 relative to that in control cells
was normalized to corresponding expression of
B-actin relative to that in the control (Figure 7).
The expression of Trp53 in MET and combina-
tion of MET and CUR treated cells was signifi-
cantly reduced compared to that in the control
(Figure 8). Trp53 expression was also reduced in
CUR treated cells, however, this reduction was
statistically insignificant (Figure 8).

To explore the effect of different treatments on
the immune response of animals, the serum lev-
els of IFN-y, IL-2, IL.-4 and IL-10 were detected
(Figure 9). Although the level of IFN-y
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Table 2. Effect of 80 mg/kg MET, 50 mg/kg CUR and a combination of both on tumor size and body weight.

Treatment Initial tumor size Final tumor size % change in pvalue % change in p value % of cured
(mm3) (mm?3) tumor size body weight mice

MET 364.97 = 123.63 422.74 = 250.11 15.83 0.728 -3.119 0.121 60

CUR 227.67 + 48.38 69.76 = 49.81 -69.36 0.037 -6.493 0.001 60

MET + CUR 168.29 + 55.52 2.37 £2.38 -98.59 0.023 -6.020 0.002 80

Control 460.693 = 83.65 1390.466 = 1103.74  201.821 - -3.772 - 0

Ten mice were used in each group (n = 10).
CUR, curcumin; MET, metformin.

Figure 4. Hematoxylin and eosin staining of tumors from different treatments. Tumors from animals treated
once a day with 80 mg/kg metformin (MET] (A), 50 mg/kg curcumin (CUR] (B), combination of both (C) and a
vehicle (D). N, necrotic area. Extensive necrosis was evident in tumors treated with a combination of MET and

CUR (C). Four mice were used in each treatment.

increased in 80 mg/kg MET (124.50 pg/ml),
50 mg/kg CUR (74.0 pg/ml) and combination
of MET and CUR (82.0 pg/ml) treated animals
compared to that in the control (46.50 pg/ml),
this increase was only significant in MET
treated group. The level of IL-2 was almost sta-
ble and did not change significantly across the
different treatments compared with the control.

In contrast, the level of IL-4 increased signifi-
cantly in the MET (288.50 pg/ml) and combi-
nation of MET and CUR (255.5 pg/ml) treated
animals compared to the control (113 pg/ml),
and it was insignificantly reduced in the CUR
treated group (94 pg/ml). IL-10 level did not
significantly change among different treatments
relative to the control.
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Figure 5. Colorimetric TUNEL assay to detect the induction of apoptosis in tumor sections from different
treatments. Tumors from animals treated once a day with 80 mg/kg metformin (MET) (A], 50 mg/kg curcumin
(CURY) (B), combination of both (C) and a vehicle (D). Apoptotic nuclei are stained dark brown. Four mice were
examined in each treatment.

Figure 6. Colorimetric TUNEL assay to detect the induction of apoptosis in cultured EMT6/P cells after
different treatments. Cancer cells treated for 48 h with 10 mm metformin (MET] (A), 180 pm curcumin (CUR]
(B), combination of both (C) and a vehicle (D). Apoptotic nuclei are stained dark brown. Four mice were
examined in each treatment.
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The potential of developing toxicity associated
with different treatments was investigated by
measuring the serum levels of AST and ALT
liver enzymes as well as the creatinine kidney
enzyme. No significant change in the AST level
was observed across vehicle treated animals
(58.33 IU/1), healthy normal animals (62.77 ITU/1)
and animals treated with a combination of
80 mg/kg MET and 50 mg/kg CUR (65.55 IU/I)
(Figure 10). Although the AST level in MET
(41.66 IU/I) and CUR (42.22 TU/) treated groups
was lower than that in the normal group, the
reduction in the reading was statistically insig-
nificant (Figure 10). The ALT level in the combi-
nation treated group (30 IU/l) was higher than in
the normal group (17.36 IU/1), however, this level
rise was not statistically significant (Figure 10).

Met

Cur Comb Cont -Cont M
—500

P53

_ —250
—750

B- actin
—500

Figure 7. The expression of Trp53 and -actin genes
from cells under different treatments. Electrophoretic
bands represent the expression of Trp53 (371 bp; upper
row) and B-actin (659 bp; lower row] in cells treated
with 8 mm metformin (MET), 110 pm curcumin (CUR),
a combination of both (Comb], untreated control cells
(Cont) and RT-PCR negative control (-Cont] which
includes RNase free water instead of cDNA.

M represents DNA markers with molecular weights in
base pairs (bp) shown at the right.

Moreover, in all other treated groups no sig-
nificant changes in ALT levels were detected
(Figure 10). Finally, in all different treatments,
the creatinine levels did not significantly
change compared with those in the normal group
(Figure 11). Therefore, AST, ALT and creati-
nine levels were considered to be normal
compared to their levels in the normal group.

Discussion

In the present study, the antitumor activity of
MET and CUR combination was evaluated
against mice breast cancer cells. In vitro and n
vivo studies showed high ability of the combina-
tion to reduce tumor proliferation and growth,
inhibit angiogenesis, induce apoptosis and trigger
Th2 immune response.

We found that CUR and MET single treatments
exhibited antiproliferative effect against cultured
mouse (EMT6/P) and human (MCF-7 and T47D)
breast cancer cell lines in a dose-dependent
manner. These results are consistent with those
from previous studies which demonstrated the
inhibitory effect of MET?937-39 and CUR%*-42 on
the proliferation of several breast cancer cell
lines. MET exhibited its highest antiproliferative
activity against EMTG6/P cells while CUR was
more active against MCF7 cells. Such difference
may indicate that these two agents have different
targets that are expressed at different levels on
various cell lines. The combination of MET and

Relative Expression of p53
o
(=]
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o i :

Metformin Curcumin
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Figure 8. Relative expression of Trp53 from cells under different treatments. The mean of Trp53 relative
expression normalized to the corresponding B-actin relative expression in cells treated with 8 mm metformin
(MET], 110 ym curcumin (CUR) and a combination of both, as well as in untreated control cells. In each
treatment, five independent experiments were performed and each experiment was done in duplicate. Results
are expressed as means (bars) = SEM (lines). The asterisks represent significant values.
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Figure 9. The effect of different treatments on the immune response of animals. The measured serum levels
(pg/ml) of interferon-y (IFN-y), interleukin-2 (IL-2), IL-4 and IL-10 from animals treated once a day with

80 mg/kg metformin (MET], 50 mg/kg curcumin (CUR], combination of both and a vehicle (control). Each
treatment was performed in duplicate. Results are expressed as means (bars) = SEM (lines). The asterisks

represent significant values.
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Figure 10. The effect of different treatments on serum levels of aspartate transaminase (AST) and alanine
transaminase (ALT). The measured levels (IU/l) of AST and ALT in animals treated once a day with 80 mg/kg
metformin (MET), 50 mg/kg curcumin (CUR), combination of both and a vehicle, as well as in normal control
animals. Each experiment was performed in duplicate. Results are expressed as means (bars) = SEM (lines).

CUR reduced dramatically cell proliferation in all
cell types compared with the single treatments.
The highest antiproliferative activity was against
EMT6/P cells. However, we noticed that syner-
gism was observed in only two cell lines: this dif-
ference could be due to tissue-specific response
where different cell lines exhibit different sensitiv-
ity toward MET and CUR combination.

Inhibition of angiogenesis prevents tumor prolif-
eration and expansion. In our study we used
VEGTF expression as a marker to test whether or
not the different treatments exerted anti-angio-
genic activity against EMT6/P cells. Although
MET and CUR single treatments caused reduc-
tion in the VEGF expression compared with the
control, the reduction was only significant in
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Figure 11. The effect of different treatments on serum levels of creatinine. The measured level (mg/dl)
of creatinine in animals treated once a day with 80 mg/kg metformin (MET), 50 mg/kg curcumin (CUR),
combination of both and a vehicle, as well as in normal control animals. Each experiment was performed
duplicate. Results were expressed as means (bars) = SEM (lines).

MET treatment. However, the inhibitory effect of
CUR was augmented when combined with MET.
The combination significantly reduced the
expression of VEGF. Previous study showed that
CUR had different effects on two human breast
cancer cell lines. It markedly reduced VEGF
transcript level in triple-negative MDA-MB-231
cells but had little effect on MCF-7 cells.??
Another study demonstrated the inhibitory effect
of CUR on VEGF expression in 4T1 mouse
mammary tumor cell line.23 These results suggest
that the effect of CUR can vary depending on
breast cancer subtype. This may explain the slight
effect of CUR single treatment on VEGF expres-
sion in EMT6/P cells used in our experiments.
The reduction in VEGF expression under MET
single treatment is in agreement with previous
findings which elucidated its inhibitory action
against VEGF expression in triple-negative
MDA-MB-453 cells.18 In MCF-7 cells, one study
reported an increase in VEGF expression after
MET treatment.!® By contrast; another study
showed a decrease in VEGF expression even
though MET had a paradox effect on angiogene-
sis. It caused general decrease of both anti-
angiogenic and pro-angiogenic proteins.!?

We used mice bearing EMT6/P tumor cells to
examine the effect of each treatment in wvivo.
Variable tumor sizes within each group were
observed at the end of the study in all groups as
indicated by high standard deviation values. Such
difference is mainly due to the difference in
response toward each treatment. Although all mice
were inoculated using the same concentration of

EMT6/P cells, not all inoculated cells were able to
attach and start tumor colonies. A few millimeters
increase in tumor size means millions of dividing
cancer cells that makes therapy less effective. We
found that MET treatment did not reduce tumor
size; in contrast, the treatment caused a slight non-
significant increase in the size. Several studies
showed that the effect of MET against implanted
breast tumors can vary according to the adminis-
trative route, duration of treatment or dosage con-
centration. For example, in a previous study, MET
at a concentration of 2 mg/ml was provided in the
animals’ drinking water either on day 8 following
triple-negative MDA-MB-231 tumor inoculation
or 1 week before inoculation.4?> The mice in both
groups were sacrificed when the tumor size reached
2 cm or at 90 days (first group) and 103 days (sec-
ond group) post implantation. In both groups
MET significantly reduced tumor growth. In
another study, mice were inoculated with triple-
negative MDA-MB-231 cells.#* Then, MET was
orally administered by diluting it in drinking water
at a concentration of 3 mg/ml. The drug remarka-
bly reduced tumor size in the group under pro-
longed treatment (1 month); however, it showed
no inhibitory effect against the group under pulse
treatment (48 h). In a different study, MET (20
mg/kg) was injected locally for 15 consecutive days
into mice bearing MCF-7 cells.*> No inhibition of
tumor progression was observed as tumor volume
did not change between the control and MET
treated groups. Our results are consistent with the
last study. We also administered the drug by injec-
tion and the treatment similarly lasted for 2 weeks.
One difference, however, between our experiment
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and their experiment was the dose concentration
which was higher (80 mg/kg) in our case; nonethe-
less, no inhibition of tumor growth was detected.
In addition, the concentration of MET (80 mg/kg)
used in our study is extremely lower than concen-
trations given orally to control blood glucose (350
mg/kg). This difference is due to the difference in
administration route where intraperitoneal injec-
tion proved to be more effective compared with the
oral route¢ and a recent study showed that a con-
centration of
50 mg/kg was effective in lowering blood glucose if
injected intraperitoneally.4” We also examined the
effect of CUR against tumor growth i vivo, and
we found that it significantly reduced the tumor
size. Our findings are in agreement with previous
studies which reported the ability of CUR to
reduce tumor size in human*!>4® or mice?34° breast
cancer cells. Although <1% of oral CUR actually
enter the plasma,>® most studies depend on oral
administration of CUR to treat different diseases.>!
In our study we selected oral route to deliver CUR
based on the promising results obtained in previ-
ous studies and the fact that CUR is a major com-
ponent of widely consumed spices used to prepare
different foods. Compared with single treatments,
the combination treatment showed the strongest
effect against tumor growth. We observed drastic
decrease in tumors size which almost disappeared
in the treated animals. The significant reduction in
tumor size was correlated to significant reduction
in body weight. This might be a consequence of
losing large mass of tumor growth and was not due
to side effects resulted from the administration of
combination treatment. Indeed, 80% of the ani-
mals were cured at the end of the experiment.

We performed subsequent histological analysis to
further explore the effect of each treatment against
implanted tumors. We found that MET and CUR
single treatments were able to promote the forma-
tion of large necrotic areas and to induce apopto-
sis. Our findings are consistent with previous
findings that reported the effect of MET and CUR
against breast cancer and other cancers. MET was
shown to enhance necrosis in tumor sections from
mice bearing breast tumors treated with the drug
for long#> or short period of time.** Also, it was
able to induce apoptosis in pancreatic cancer
cells2 and adrenocortical carcinoma cells
implanted in mice.53 Similarly, CUR was reported
to enhance the formation of large necrotic areas in
nasopharyngeal carcinoma sections®* and to
induce apoptosis in LNCaP prostate cancer cells>>
and uterine leiomyosarcoma cells¢ inoculated in

mice. In our study, although MET and CUR sin-
gle treatments showed obvious effect against
breast tumors, the effect of their combination was
even larger. The necrotic areas extended and more
cells underwent apoptosis following the combina-
tion treatment.

There are two well-characterized pathways for
apoptosis activation: the extrinsic pathway initi-
ates by cell surface death receptors, and the
intrinsic pathway operates through changes in
mitochondrial integrity.>” The pro-apoptotic pro-
tein p53 acts as a transcription factor that
enhances or represses transcription of several
genes involved in the two apoptotic pathways.>8
In our study, we examined the expression of
Trp53 to determine whether apoptosis induced in
the three different treatments is due to upregula-
tion in 77p53 expression relative to that in the
control. We found that none of the different treat-
ments triggered Trp53 upregulation. Therefore,
apoptosis appears to be induced by a Trp53-
independent mechanism. Our results are incon-
sistent with those which showed the ability of
MET to induce Trp53-dependent apoptosis in
MDA-MB-231 and MCF-7 breast cancer cells?®
and those reported the ability of CUR to activate
Trp53-dependent apoptosis in MDA-MB-231
cells.59 One possible explanation is the use of dif-
ferent breast cancer cell line (EMT6/P) in our
study. On the other hand, our results are in agree-
ment with previous findings that showed the abil-
ity of CUR to induce apoptosis in the ovarian
carcinoma,®® melanoma®! and colon cancer cells®?
in a Trp53-independent manner. CUR was also
reported to cause the degradation of p53 protein
and to inhibit p53-induced apoptosis in normal
thymocytes and myeloid leukemia cells.%3
Moreover, MET was found to enhance efficacy of
the anthracycline derivative WP 631 in promot-
ing apoptosis in hepatocarcinoma cells without
increasing Trp53 expression level.4

The immune system did not exhibit significant
response in the CUR treated animals. In contrast,
in MET-treated animals, the serum levels of both
IFN-y and IL-4 cytokines were significantly
increased compared with those in vehicle-treated
animals. Originally, Th1/Th2 model postulated
that IFN-y is selectively produced by T helperl
(Thl) cells which express the master regulator
T-bet, whereas IL-4 is selectively made by T
helper2 (Th2) cells which express Gata-3.65-67
T helper (Thl or Th2) cells were also viewed as
having the ability to reinforce the production of
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their own signature cytokines but repress the
expression of other cell cytokines.®® However,
several studies showed that Thl, Th2 and other
cell lineages (T helperl7, Th17; T regulatory,
Treg; T follicular helper, Tfh) originate from
CD4+ T cells are plastic and can change their
phenotypes.® One example is the reprogramming
of Th2 cells that caused coproduction of IL.-4 and
IFN-y upon viral infection.®® The phenotypic
plasticity of T helper cells may explain the rise in
both IFN-y and IL-4 levels following MET
administration in our study. IFN-y was found to
play an important regulatory role in the antitumor
response against pancreatic cancer cells.”’® It was
also reported to interact synergistically with IL-4
to induce an immune action. For example, both
IFN-y and IL-4 cooperate to activate murine
macrophages against Leishmania major amastig-
otes.”! They also synergize to enhance MHC class
II expression on the surface of melanoma and
breast cancer cells.’? Furthermore, IL-4 was
shown not to inhibit IFN-y-induced activation of
human colostral macrophages.”® Similarly, IFN-y
alone or in combination with IL.-4 might elicit an
antitumor immune response against breast cancer
cells after MET treatment in our experiments.
Furthermore, previous study showed that treat-
ment of mice bearing RLmalel leukemia cells
with MET increased the number of CD8+
tumor-infiltrating lymphocytes (TILs).7* These
TILs were capable of producing IFN-y, IFN-a
and IL-2 which were responsible for tumor rejec-
tion. Although we found almost stable level of
IL-2, the rise in IFN-y level is in agreement with
the previous study’4 that also reported a simulta-
neous increase in the number of CD4+ cells.
Likewise, CD8+ TILs might have been activated
in our study. Finally, the combination of MET
and CUR resulted in a significant increase in IL-4
level without any significant change in IFN-y,
IL-2 and IL-10 levels. This suggests the trigger
of Th2 immune response under combination
treatment. Previous work demonstrated the abil-
ity of IL-4 to inhibit growth?275-77 and induce
apoptosis’’ in human breast cancer cells. IL-4
also showed antiproliferative effect against other
tumor cells including renal carcinoma’® lung
carcinoma’® and gastric carcinoma.8°

To evaluate the safety of using MET, CUR and
their combination, we measured the serum levels
of AST, ALT and creatinine. We found that
none of the different treatments significantly
changed the levels of these enzymes compared
with their levels in normal controls. Therefore,

our results suggest that neither single treatments
nor combined one had toxicity side effects on
liver and kidney functions. Previous work also
showed the safe use of MET and CUR in cancer
treatment. In one study, MET was used to treat
therapy-induced hyperglycemia in children with
acute lymphoblastic leukemia, and it did not
cause significant increase in AST and creatinine
levels.8! In another work, CUR was adminis-
tered to rats bearing diethylnitrosamine-induced
liver tumor and it caused significant reduction in
the high levels of ALT and AST enzymes®? or
partially normalized them.83 Furthermore, CUR
was used to treat glioblastoma and it did not sig-
nificantly change the levels of transaminases and
creatinine.84

In conclusion, compared with single treatments,
the combination of MET and CUR showed the
highest effect against cell proliferation i vitro and
tumor growth iz vivo. The action of CUR against
angiogenesis was augmented by its combination
with MET. Moreover, the combination showed
the highest effect on necrosis enhancement and
apoptosis induction. It is also safe and did not
exhibit toxicity side effects against liver and kid-
ney functions. However, further studies are
required to explore the underlying mechanisms of
apoptosis induction and immune response trig-
ger. Also the accurate measurement of MET and
CUR serum levels is essential to clearly under-
stand the observed response. Taken together, our
results suggest that the combination of MET and
CUR can be a possible candidate for additional
clinical investigations related to breast cancer
therapeutics.
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