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Abstract: Breast cancer is a serious disease and the second leading cause of cancer-related death
among women in the U.S. New treatments for this aggressive disease are urgently needed.
Repurposing FDA-approved drugs for cancer treatment is an alternative that saves time and lowers
the costs needed for drug development. In this study, we investigated the effects of proguanil, an
anti-malarial drug, in breast cancer cells. Proguanil exhibited a significant cytotoxic effect on breast
cancer cell lines including patient derived cell lines. Proguanil caused apoptosis through increased
production of ROS and consequent decrease of mitochondrial membrane potential, mitochondrial
respiration, and ATP production rates. ROS generation by proguanil was up to 3-fold higher when
compared to the control. Proguanil treatment increased the expression of Bax, p-H2AX, cleaved-
caspase 9, cleaved PARP, and down-regulated bcl-2 and survivin in breast cancer cell lines. The
enlargement of 4T1 breast tumors in female Balb/c mice was suppressed by 55% through daily oral
administration of 20mg/kg of proguanil. Western blot analyses of proguanil- treated tumors showed
increased levels of p-H2AX, Bax, c-PARP, and c-caspase3 compared to control. Proguanil proved to
be an efficient in vitro and in-vivo inhibitor of breast cancer cells, hence should be considered further
for clinical investigation against breast cancer.
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1. Introduction

Breast cancer is one of the most frequent malignancies among women and the second leading
cause of cancer-related death [1,2]. It is a serious disease associated with substantial economic and
medical burdens. A study from 2016 showed that the average costs per patient permitted by the
insurance company in the first year after diagnosis were $60,637, $82,121, $129,387, and $134,682 for
disease stages 0, I/II, III, and IV, respectively [2]. Although, the 5-year survival rate after a breast
cancer diagnosis has improved over time, there is still a need to develop new strategies to control
breast cancer and reduce the cost of treatment. Repurposing well-known and well-characterized non-
cancer drugs for new uses in oncology is vital as it can save time and costs needed for drug
development, and hence reach to patients quicker [3].

Reactive oxygen species (ROS) is a collective term for reactive,unstable, partially reduced
oxygen derivatives. They include hydrogen peroxide (H202), superoxide anion (O2-), singlet oxygen
(*0z2), hydroxyl radical (-OH), and hypochlorous acid (HOCI) [4]. Cellular ROS can be created
endogenously, as in the process of oxidative phosphorylation. They may also originate from contact
with external sources, such as xenobiotic compounds [5,6].

Oxidative stress, which is a disbalance caused by excess of ROS, is implicated in various disease states
such as diabetes, atherosclerosis, cancer, neurodegeneration, and aging [7-9]. The association of ROS with
cancer has been always controversial. Paradoxically, numerous studies reported that ROS plays an
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important role in the initiation and progression of cancer [10-12]. On the other hand, many
chemotherapeutic and radiotherapeutic agents eliminate cancer cells by augmenting ROS stress [13-15].
This implies that cancer cells can be killed by the same mechanism which promotes their survival.

The role of ROS on breast cancer etiology and progression is described by various studies [16,17].
Accumulating evidence suggests that the induction of ROS and oxidative stress are involved in the
progression of breast cancer through several mechanisms [18]. Few such mechanisms are increased
mutation rate, activation of growth-promoting signaling pathways, and increased resistance to
therapy in response to oxidative stress [19-21]. It has been also reported that ROS generation by
estrogens leads to the activation of several proliferative and anti-apoptotic signaling pathways, such
as AKT, Cyclin D1, and Bcl-2 resulting in breast cancer development [22].

Proguanil, previously known as Paludrine, is an antimalarial agent which was developed in England
during the World War II. Curd, Davey, and Rose, extensively investigated the antimalarial activity of
pyrimidine derivatives. During the investigation they synthesized the drug, Ni-p-chlorophenyl-Ns-
isopropylbiguanide and demonstrated that it exhibits a high degree of activity in avian malaria [23].
Proguanil is used as a preventive and therapeutic agent for malaria in both adults and children. It is a
prodrug and its active metabolite is cycloguanil. Although both proguanil and cycloguanil inhibit malaria
parasites they have different targets [24]. Cycloguanil is an inhibitor of dihydrofolate reductase (DHFR),
which is essential for DNA and amino acid synthesis for malaria parasites. Thus, inhibition of DHFR
results in parasitic death [25]. Inhibition of DHFR by cycloguanil seems to be specific for the parasitic
DHER, as parasites transformed with human DHFR showed high resistance to this drug [26]. At the same
time, the sensitivity of transformed and non-transformed parasites to proguanil was unchanged,
indicating that proguanil has a different target than its metabolite [26]. Literature evidence suggests that
proguanil has limited intrinsic activity and the activity is associated with mitochondrial function [27],
however its mechanism of action is not fully understood.

The combination of proguanil with atovaquone, known under the brand name ‘Malarone’ [28],
has shown to be successful for chloroquine-resistant cases of malaria [29,30]. A study indicated that
the addition of proguanil increases the ability of atovaquone to reduce membrane potential without
having any effect on electron transport inhibition in parasites [31]. Proguanil by itself had minimal
effects on the electron transport and membrane potential (AWm) of the parasite. On the other hand,
as indicated in another study, proguanil’s synergy with atovaquone, whose specific target is the bcl
complex, indicates mitochondria as the location of proguanil’s activity [32].

Previously we have established the anti-cancer efficacy of atovaquone in primary, paclitaxel-
resistant and metastatic breast cancer [33]. Since the two compounds work in synergism, we further
wanted to test the effects of proguanil in breast cancer model.

Proguanil seems unable to enter the mitochondrial matrix of mammalian cells unlike its related
biguanide phenformin [32,34,35]. However, it demonstrated a better antiproliferative effect in cancer
cells compared to other biguanides [36]. Several other studies confirmed the cytotoxic effects of
proguanil in ovarian, bladder, and glioblastoma cancer cells, but its exact mechanism of action was
not clear [37-39]. In the present study, we demonstrate that proguanil significantly inhibits the
proliferation of human breast cancer cell lines (HCC1806, MCF-7and MDA-MB-231) along with
several patient-derived breast cancer cell lines. We show that the apoptosis-inducing effect of
proguanil in these cells is related to the generation of ROS in the mitochondria, mitochondrial
depolarization, and inhibition of mitochondrial respiration resulting in the activation of the caspase-
3 cascade. In vitro findings were further corroborated by demonstrating tumor size reduction in 4T1in
vivo orthotopic breast tumor model.

2. Materials and Methods

Chemicals

The Proguanil used in the study was 98.2% pure and obtained from Sigma Aldrich. It was
dissolved in DMSO where it was stable for extended period of time. The bioavailability of Proguanil
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when taken orally is typically 100% according to the literature [40], however some studies have
reported lower values [41] .

Cell culture

Human breast carcinoma cell lines MDA-MB-231, MCF-7, HCC1806, and murine breast cancer
cell line 4T1 were obtained from ATCC. These cell lines were maintained in DMEM supplemented
with 10% FBS and 1%PSN. Patient-derived cells (TX-BR-109, TX-BR-237, TX-BR-247, TX-BR-313, and
TX-BR-290) were obtained from the Children’s Oncology Group (Texas Tech University Science
Center, Lubbock, TX). These cells were maintained in DMEM supplemented with 20% FBS, 1% PSN
and Ix ITS (5pg/ml insulin, 5ug/ml transferrin, 5ug/ml selenous acid). All the above-mentioned cell
lines were regularly authenticated by short tandem repeats (STR) analysis.

Sulphorhodamine B Assay (SRB)

Cytotoxicity assay was performed using SRB dye as described by us previously (26). Briefly,
4000-5000 cells/well were plated in 96 well plates. The following day, a wide range of proguanil (0-
100 uM) was added to the cells. After 24, 48, and 72 hours, cells were fixed with 10% trichloroacetic
acid, stained with SRB dye, and the optical density was measured in a 10mM Tris base solution.

AnnexinV-FITC apoptosis assay

Apoptosis assay was performed using annexin-V/FITC and propidium iodide as described by
us previously[42]. Briefly, about 0.2x10¢ cells were plated in each well of a six-well plate and treated
with varying concentrations of proguanil for 72 hours. Apoptosis assay was performed using
Annexin/PI kit and analyzed by BD flow cytometer.

Generation of reactive oxygen species

Intracellular ROS generation was determined by measuring the levels of superoxide and hydrogen
peroxide ions produced in the cells using the dyes, dihydroethidium (DHE) and 6-carboxy-2, 7-
dichlorodihydrofluorescein diacetate (DCFDA) by flow cytometry. In brief, 0.2x10¢ cells were plated and
allowed to attach overnight in each well of six-well plates. The cells were then exposed to either DMSO or
40 and 60 uM proguanil for varying time periods. Cells were further incubated with10 uM DCFDA and
5 uM hydroethidine at 37°C for 25 min. Finally, cells were removed, washed, and resuspended in PBS and
analyzed for ROS generation using a BD flow cytometer. Approximately 10,000 cells were evaluated for
each sample. In all calculations, cell debris and clumps were excluded from the analysis.

Fluorescence microscopy

Around 0.2x106 cells were plated in each well of 6-well plates, containing poly-L-Lysine coated
coverslips. Cells were allowed to attach overnight. The next day, the coverslips were rinsed twice
with PBS and co-stained with MitoTracker Green (100nM in HBSS) and MitoSOX Red (5puM in HBSS)
as specified by the manufacturer (ThermoFisher #M36008 and #M7514). Following the staining, cells
were treated with media containing DMSO or Proguanil for 15 min, rinsed with PBS, and fixed using
4% paraformaldehyde (PFA). Fluorescence images from a total of 100 cells per coverslip were
obtained using Nikon Eclipse TE2000-E confocal microscope and analyzed using NIS-elements AR
analysis 4.60.00 64-bit and GraphPad Prism 9 software.

Mitochondrial membrane potential

Alterations in the mitochondrial membrane potential were analyzed by flow cytometry using
the membrane potential sensitive dye tetramethyl rhodamine (TMRM), which is taken up by active
mitochondria with intact membrane potentials. Briefly, control and proguanil-treated cells after the
desired duration of treatment were incubated with 10 uM TMRM at 37°C for 15 min, harvested,
washed, and resuspended in cold PBS. Cells were further analyzed using a flow cytometer.
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Seahorse XFe-24 metabolic flux analysis

Real-time oxygen consumption rates (OCR) for HCC1806 and MDA-MB-231 cells were determined
using the Seahorse Extracellular Flux (XFe-24) analyzer (Seahorse Bioscience, MA, USA) according to the
protocol provided by Seahorse Bioscience. Around 30,000-40,000 cells were seeded into each well of XFe-
24-well cell culture plates and incubated overnight to allow attachment. Cells were then treated with
proguanil (20uM and 40 uM) for 48 hours. Vehicle alone (DMSO) control cells were processed in parallel.
After the desired duration of treatment, cells were washed in XF assay media supplemented with ImM
Pyruvate, 10mM glucose, and 2mM L-glutamine and adjusted at 7.4 pH. Cells were then maintained for
1 hour in 500 pL/well of XF assay media at 37°C, in a non-CO2 incubator, and then immediately analyzed
by a Flux analyzer. The data set was analyzed by XFe-24 software.

Western Blot Analysis

Breast cancer cells were treated with different concentrations of proguanil for 72 hours. Whole-
cell lysates were prepared using 4% (w/v) CHAPS buffer. RIPA lysis buffer was used for lysing tumor
samples after homogenizing the tumors in 1X PBS. Protein estimation was done using a Bradford
reagent. About 40-60 ug of protein were subjected to SDS-PAGE and the segregated protein was
transferred to the PVDF membrane. The membranes were probed for primary antibodies against p-
H2AX#7631, Bax #2774S, Bcl-2 #3498S, survivin #2808, C-caspase-9 #7237S, C-caspase-3 # 9661S, C-
PARP #5625, and B-actin #SAB5600204.Except 3-actin, which was purchased from Sigma Aldrich, (St
Louis, MO), all other primary antibodies were obtained from Cell Signaling Technologies (Danvers,
MA). The membrane was developed as described by us previously[43].

In vivo tumor model

Female Balb/c mice (4-6 weeks old) were purchased from Envigo. All animal experiments were
conducted in agreement with ethical standards and protocol approved by Institutional Animal Care
and Use Committee (IACUC). Briefly, 0.07 x 106 4T1 tumor cells in 0.1 ml PBS were injected
orthotopically in the left and right 3rd mammary fat pad. Mice were divided randomly into two
groups with 5 mice in each group once the tumor size was about 80-100 mm?3. Since each mouse was
bearing two tumors, every group consisted of 10 tumors. Treatment started with 20mg/kg proguanil
daily on day 5 and continued for 27 days

Statistical Analysis

Data analysis and graphical representations were created in GraphPad Prism (Version 7.0).
Results represent means + SD or SEM of at least three independent experiments, unless otherwise
specified. The student’s t-test or Mann-Whitney test were used for parametric and non-parametric
data to test statistical significance of the difference between the control and treated groups. P-values
less than 0.05 were considered statistically significant.

3. Results

3.1. Proguanil has anti-proliferative effects on breast cancer cells

To evaluate the anti-proliferative activity of proguanil, we first investigated the effects of
proguanil on the growth of breast cancer cells. We used a panel of breast cancer cells including
human, murine, and several patient-derived cell lines. Proguanil significantly reduced the
proliferation of all the cell lines in a dose and time-dependent manner with ICso in the range of 40-70
puM (Figure 1 A-D). It is worth noting that proguanil was more effective in suppressing the growth
of patient-derived breast cancer cell lines (Figure 1). The ICso of proguanil after 72h treatment ranged
30-60 uM in all five patient-derived cell lines (Figure 1E-I-I). These data suggest the potential
cytotoxic effect of proguanil in breast tumor cells.
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Figure 1. Anti-proliferative effects of proguanil in breast cancer cell lines and patient derived breast
cancer cells. A) MCF-7, B) MDA-MB-231, C) HCC1806, D) 4T1, E) TX-BR-313h, F)TX-BR-247, G) TX-
BR-290, H) TX-BR-109, and I) TX-BR-237. The cells were treated with increasing concentrations of
proguanil for 24, 48 and 72h. Cell proliferation was measured by Sulphorhodamine B assay. The
experiments were repeated at least three times with 8 replicates in each experiment.

3.2. Proguanil triggers apoptosis in breast cancer cells

To understand better the mechanism of proguanil’s inhibitory effect on the cell growth we tested
different breast cancer cell lines. HCC1806, MDA-MB-231, MCF-7, and 4T1 cells were treated with
various concentrations of proguanil for 72h and analyzed for apoptosis using Annexin V/PI assay.
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We observed a time and concentration-dependent increase in the apoptotic cells after proguanil
treatment in all cell lines (Figure 2 A-D). Treatment with 60 uM proguanil for 72h resulted in more
than 80% apoptotic cell death of HCC1806 and MDA-MB-231 cells. On the other hand, MCF-7 and
4T1 were less sensitive to proguanil treatment. Potential reason could be the difference in the origin
of the cells (human vs. murine) as well as the difference in the cell types (basal vs. luminal).
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Figure 2. Apoptosis-inducing effects of proguanil in breast cancer cell lines. A) HCC1806, B) MDA-
MB-231, C) MCF-7, D) 4T1 cells were treated with 20-60 uM proguanil for 72 h. Apoptotic cells were
determined by Annexin V/PI assay using a flow cytometer. Each experiment was performed in

triplicate (n=3).

3.3. Proguanil causes the generation of mitochondrial ROS in breast cancer cells

To further dissect the mechanism of proguanil induced apoptosis, we determined if proguanil
has any effect on ROS generation in breast cancer cell lines. Intracellular ROS generation by proguanil
was evaluated by flow cytometry using 2'7'-dichlorofluorescin diacetate (DCFDA) and
hydroethidine (DHE). DHE is a fluorogenic dye which can freely permeate cell membrane and be
oxidized by cellular O2°-. Following oxidation, it produces two red fluorescent products (a) ethidium
(E+), and (b) 2-hydroxyethidium (2-OH-E+). Among these two, 2-hydroxyethidium is a specific
adduct of cellular O2°. DCFDA, another fluorogenic dye, measures peroxyl, hydroxyl and other ROS
activity within the cell. DCFDA diffuses into the cell and is subsequently deacetylated by cellular
esterases to a non-fluorescent compound. The non-fluorescent compound is then oxidized by ROS
into 2’, 7 —dichlorofluorescein (DCF). DCF being highly fluorescent can be detected by fluorescence
spectroscopy.

A time-dependent study of ROS generation was conducted in MCF-7 cells, with maximum ROS
observed at 48 hours Figure 3A. Therefore, 48 and 72 hour time points were used for further studies.
N-acetylcysteine (NAC) was used as a ROS scavenger in HCC1806 and MDA-MB-231 cells, where
cells were pre-treated with NAC and then exposed to 60uM Proguanil. A slight decrease in ROS
generation was observed with NAC pretreatment.

As shown in Figure 3B-C, proguanil treatment for 48h and 72h resulted in a dose-dependent
increase in DCF and HE fluorescence (total ROS generation).Compared to DMSO-treated control,
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ROS generation in response to proguanil treatment was enhanced by 1.9 and 2.1-fold, at 72 h in MDA-
MB-231 and HCC1806 cells respectively. This indicates that proguanil induces generation of ROS in
breast cancer cells.
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Figure 3. Effect of proguanil on the generation of reactive oxygen species (ROS). A) A time dependent
study of ROS in MCF-7 cell line, B) Effects of proguanil on the generation of ROS in MDA-MB-231,
and C)) HCC1806. The cells were treated with proguanil for 48 or 72 hours and analyzed for DCF and
HE fluorescence (ROS generation) by flow cytometer upon staining the cells with DCFDA and DHE.
Results are shown as the mean + SD (n = 3).

The biggest source of ROS generation in cells are mitochondria. To determine with certainty if
ROS production was originating in the mitochondria, we analyzed the fluorescence of proguanil-
treated HCC1806 cells using a fluorescence microscope. The cells were co-stained with MitoSOX Red
and MitoTracker Green fluorogenic dyes and fixed with 4% PFA. MitoTracker Green is a green-
fluorescent mitochondrial stain that localizes in mitochondria of living cells irrespective of the
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mitochondrial membrane potential. Mito SOX™ Red reagent permeates live cells and then selectively
targets mitochondria. Inside mitochondria, MitoSOX™ Red is rapidly oxidized by superoxide.

Our results showed a significant increase of MitoSOX Red fluorescence as early as 15 minutes
post-treatment with proguanil (Figure 4). The overlap of the two dyes confirms that proguanil
induces generation of superoxide radical specifically in mitochondria of breast cancer cells.
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Figure 4. Proguanil induces increased superoxide production in mitochondria Fluorescence
microscopy on HCC1806 cells performed using MitoTracker Green and MitoSOX Red stains.
Fluorescence images from about 100 cells per coverslip were obtained using Nikon Eclipse TE2000-E
confocal microscope and analyzed using NIS-elements AR analysis 4.60.00 64-bit and GraphPad
Prism 9 software.

3.4. Proguanil disrupts mitochondrial membrane potential in MDA-MB-231 and HCC1806 cells

Increased intracellular ROS leads to apoptotic cell death by disrupting mitochondrial membrane
potential. Tetramethyl rhodamine, methyl ester (IMRM) permeates the cell membrane and then
accumulates in active mitochondria with intact membrane potentials. As the mitochondrial
membrane potential is lost, TMRM accumulation decreases. The disruptions in AWm by proguanil
was measured by staining the cells with TMRM, a mitochondrial membrane-sensitive dye, and then
analyzed by flow cytometry. As shown in Figure 5A-B, proguanil treatment significantly reduces the
accumulation of TMRM dye in MDA-MB-231 and HCC1806 cells, in a concentration dependent
manner, when compared with control. This indicates the reduction in mitochondrial membrane
potential by proguanil in breast cancer cells.
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Figure 5. Effect of proguanil on mitochondrial membrane potential. Fold change with TMRM
fluorescence in A) MDA-MB-231 and B) HCC1806 cell cultures treated with 40 or 60 pM proguanil
for the indicated time periods. Data are mean + S.E. (n = 3).

3.5. Proguanil treatment activates the caspase-3 cascade in breast cancer cells

To evaluate the modulation of key signaling molecules of the mitochondrial death pathway after
proguanil treatment, we performed western blot analyses from lysates treated with different
concentrations of proguanil in HCC1806, MDA-MB-231, and MCF-7 cells. Our results revealed that
proguanil treatment for 72 hours in HCC1806 cells resulted in increased expression of p-H2AX, which
is a DNA damage marker(Figure 6A). In addition, we also observed increased expression of Bax, an
apoptosis marker, and decreased expression of Bcl-2 and survivin,which are involved in apoptosis
inhibition, in response to proguanil treatment (Figure 6A). Moreover, proguanil treatment caused
significant activation of caspase-3, caspase-9, and PARP as evident by their cleavage (Figure 6A).
Similar results were obtained in MCF-7 and MDA-MB-231 cells following exposure to proguanil for
72 hours (Figure 6B-C). As the concentration of proguanil increases, the ratio of Bax to Bcl-2 also
increased, indicating an increase in apoptosis Figure 6D. Collectively these results suggest that
proguanil activates the intrinsic mitochondrial death pathway in breast cancer cells.


https://doi.org/10.20944/preprints202311.1981.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2023

A
HCC1806
1 2 B .
1 s
Bcl-2
.14 X g
1 1. 3.07 3
1 3.88 8.68 49.81
1 1.19 3.17 8.37
0 20 40 60
Proguanil, pM
C
Cell line Bax/Bcl-2
Concentration | ratio
HCC1806 0 1
20 | 4.982073
40 | 6.262058
60 | 37.05407
MDA- 0 1.
MB-231 20 | 4.700546
40 | 60.87398
60 97.0442

10

MDA-VB-231

7. 00

p-H2AX

-
o
=]
ot
-
ad

3 80.63

-
5.
tl

Bax

1.02 0.83

Bcl-2

0.89

Survivin

(=
b

2.4

c-PARP

8.07 8.59

c-Caspase 3

4.20

c-Caspase 9

B-actin

0 20 40 60

Proguanil, tM

p-H2AX
Bcl-2
Survivin

c-PARP

3
o
©
~

87

c-Caspase 3

,.
2
"

55

c-Caspase 9

B-actin

0 20 40 60

Proguanil, uM

Figure 6. Proguanil activates the intrinsic cell death pathway. Western blot results for A) HCC1806,
B) MDA-MB-231, C) Bax/Bcl-2 ratio for cell lines MDA-MB-231 and HCC1806, D) MCE-7. The cells
were treated with 20-60 uM proguanil for 72 hours. Western blot analyses showing the immunoblots
for p-H2AX, bax, bcl-2, survivin, cleaved fragments of caspase-9 and caspase-3, and PARP using
appropriate antibodies. Blots were stripped and re-probed for actin to ensure equal protein loading.

These experiments were performed 2-3 times independently, with similar results obtained in each

experiment.
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3.6. Proguanil inhibits oxidative phosphorylation of breast cancer cells

Since proguanil activates the mitochondrial death pathway after ROS generation and disruption
of the mitochondrial membrane, we wanted to evaluate the effect of proguanil on the mitochondrial
respiration of cancer cells. The metabolic profile of HCC1806 and MDA-MB-231 cells treated with
increasing concentrations of proguanil was assessed using the Seahorse XF-e24 analyzer at 48 hours.
Our results showed that proguanil treatment markedly inhibited the OCR of both MDA-MB-231 and
HCC1806 cell lines in a concentration-dependent manner (Figure 7). These results suggest that
proguanil inhibits oxidative phosphorylation of breast cancer cells.
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Figure 7. Proguanil treatment inhibits the mitochondrial respiration of MDA-MB-231(A,B) and
HCC1806 (C,D) breast cancer cells. The metabolic profile of breast cancer cells monolayers treated
with proguanil (20uM and 40uM) was assessed using the Seahorse XF-e24 analyzer. The oxygen
consumption rate of control and proguanil treated cells was significantly different as per student t-

test (P<0.05).

3.7. Proguanil inhibits the growth of orthotopically implanted 4T1 breast tumors

Thus far, we observed that proguanil was able to suppress the cell viability of various breast
cancer cells by inducing apoptosis and ROS generation. However, the results achieved in cultured
cells, should be verified in a preclinical model. Therefore, to evaluate the efficacy of proguanil in vivo,
a highly aggressive 4T1 cell line was used. 4T1 cells were implanted in the 314 mammary fat pad of
female Balb/c mice and once the tumor was established, mice were administered with 20mg/kg
proguanil daily by oral gavage. Our results showed that the growth rate of 4T1 tumors was
significantly inhibited after proguanil treatment as compared to the vehicle treated mice (Figure 9A).
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At the day of termination, tumors from the control and proguanil-treated mice were excised and
weighed. The average net weight of the tumors from proguanil-treated mice was significantly less
when compared with the control group (Figure 8B). The average body weight of control and
proguanil-treated mice did not change throughout the study, suggesting no obvious toxicity at this
dose (Figure 8C). Western blot analyses from the control and treated tumors showed that proguanil-
treated tumors increased levels of p-H2AX, Bax, c-PARP, and c-caspase3 (Figure 8D).
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Figure 8. In vivo antitumor activity of proguanil in an orthotopic breast cancer model. A) Tumor
growth curve of 4T1 tumors from control and proguanil treated mice. Values were plotted as mean +
SEM. B) Average tumor weight obtained from control and proguanil-treated mice. C) Weight of the
mice during the study. D) 4T1 tumors were minced, lysed, and analyzed for p-H2AX, Bax, c-caspase-
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3 and c-PARP. Each band represents a tumor from an individual mouse. Statistically significantly
different compared with control as analyzed by student’s t-test (p<0.05).

4. Discussion

Proguanil and other biguanide molecules are positively charged molecules which accumulate in
the mitochondrial matrix at concentrations that are 1,000-fold higher than extracellular
concentrations. The concentration depends on the presence of transporters and also the cell and
mitochondrial membrane potential [32,34]. There is little information about the transport of proguanil
into the mitochondria, but in yeast and malaria parasites proguanil most likely accesses the
mitochondria. Its synergy with atovaquone, which specifically targets the bci complex, indicates
mitochondria to be the location of the proguanil’s activity [32].

There is now considerable evidence supporting the antineoplastic role of anti-parasitic drugs
[33,44-48] but only a few studies have recognized the cytotoxic effect of proguanil and tried to unveil
its mechanism of action [36-39]. Some studies found that the drug seems unable to access the
mitochondrial matrix of mammalian cells, although it’s an effective inhibitor of isolated Complex I
[31,34,35]. In contrast, the other study suggests that proguanil may exert anticancer effects through
reduction of tumor hypoxia, induction of oxidative stress and mitochondrial dysfunction, and
causing DNA damage [48].

Our results showed that proguanil exerts strong cytotoxic effects not only in immortalized breast
cancer cells but also in several patient derived cell lines. Our results further indicate that the
antineoplastic effects of proguanil were associated with the increased production of ROS in the
mitochondria, disruption of oxidative phosphorylation, and consequentially DNA damage and
apoptosis.

Mitochondria have been recognized as the main intracellular source of ROS. Under normal
physiological conditions, for mitochondria that are actively making ATP, the rate of ROS generation
is lower. This is also due to the adequate levels of antioxidants that avert ROS accumulation and
oxidative damage[49]. Numerous studies reported that ROS plays an important role in the initiation
and progression of cancer [10,16-21], as well as its suppression [11,13-15,22,50-52].This implies that
cancer cells evolved by fine-tuning levels of ROS and their redox environments. Thus, by disrupting
this fine balance, cancer cells can be destroyed by the same mechanism which aids their survival.

The dual effect of ROS is also evident in breast cancer. The role of ROS on breast cancer etiology
and progression is described by various studies [16,17,].At the same time, many chemotherapeutic
and radiotherapeutic agents used for breast cancer treatment work by augmenting ROS stress in the
cells. Therefore, targeting ROS homeostasis in breast cancer has been proven as an effective strategy.

Our results indicated that proguanil caused increased ROS generation that was about 2-3-fold
higher compared to control in HCC1806 and MDA-MB-231 cells when measured by flow cytometry.
In contrast to other studies which show proguanil does not inhibit mitochondrial respiration, our
results showed a significant reduction in OCR and ATP production rate after proguanil treatment. In
addition, the fluorescence microscopy confirmed the mitochondrial origin of ROS (overlap of
MitoTracker Green and MitoSOX Red fluorescence) while quantification of MitoSOX Red
fluorescence showed a significant increase of Oz*early after treatment. The divergence in findings
between our and other studies could be due to the differences in the proguanil concentrations and
the duration of the treatment [35].

Our study shows that proguanil exerts potent anticancer activity in vivo as well. Size reductions
of animal breast tumors and increase in apoptotic markers were observed by oral administration of
20 mg proguanil/kg everyday. 4T1 tumors are highly aggressive, metastatic and represent stage IV
of breast cancer [53]. We observed that proguanil suppressed 4T1 breast tumor growth by 55% in
female Balb/c mice. Western blot analysis of the tumors taken from proguanil-treated mice showed
increased apoptosis, which was related to the increased expression of Bax and p-H2AX.

Proguanil is given at a dose of 100-400 mg for the treatment of malaria. The dose of proguanil
used in this study is 20mg/kg, which, when converted to a human equivalent dose, is 1.6 mg/kg.
Thus, a human equivalent dose of proguanil would be approximately 96 mg for person with body
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weight of 60 kg. Therefore, the dose of proguanil used in our studies for its anti-cancer effects is much
lower than its anti-malarial dose used in a clinical setting.

5. Conclusions

The current study provides evidence that proguanil induces apoptosis in breast cancer cells
through a mechanism that activates the mitochondrial death pathway. While the specific mechanism
by which proguanil achieves this effect remains to be fully understood, the results suggest that it may
be related to the generation of reactive oxygen species (ROS). Nevertheless, oral administration of
proguanil remarkably suppresses the growth of breast tumors by inducing apoptosis in the tumor
cells.

In conclusion, the present study provides compelling evidence to testify that proguanil is an
effective in vitro and in vivo inhibitor of breast cancer cell growth, hence should be further considered
for clinical investigation against breast cancer.
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*  4T1: murine breast cancer cell line

+ ATCC: American Type Culture Collection

* Bax: Bcl-2-associated X protein

e bcl-2: B-cell lymphoma 2 protein

« Balb/c: Balb/c mice

*  DCFDA: 6-carboxy-2, 7-dichlorodihydrofluorescein diacetate
+ DHE: dihydroethidium

+  DMEM: Dulbecco's Modified Eagle Medium

» FBS: Fetal Bovine Serum

+  HCC1806: human breast carcinoma cell line

« ITS: Insulin-Transferrin-Selenous acid

*  MCF-7: human breast carcinoma cell line

+  MDA-MB-231: human breast carcinoma cell line

»  PSN: Penicillin-Streptomycin-Neomycin
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*  SRB: Sulphorhodamine B assay
+  STR: Short Tandem Repeats
+  TMRM: tetramethyl rhodamine
+ TX-BR: Patient-derived cells

«  ROS: Reactive Oxygen Species”
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