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A B S T R A C T

Development of resistance poses a significant challenge to effective first-line platinum based therapy for epi-
thelial ovarian cancer patients. Cancer Stem Cells are envisaged as a critical underlying factor for therapy re-
sistance. Thus, there is a critical need for developing approaches to diminish the enrichment of cancer stem cells
and acquirement of resistance. Administration of metformin, a commonly prescribed drug against Type II dia-
betes exhibited promising effect in the management of ovarian cancer. However, the effect of long term ad-
ministration of low dose of metformin as an adjuvant to cisplatin and paclitaxel during acquirement of che-
moresistant phenotype has not been investigated so far. Using two isogenic cellular chemoresistant models
(A2780 and OAW42) developed in the presence or absence of metformin, we demonstrated the ability of met-
formin to impede the development of resistance through increased drug sensitivity, increased proliferation, and
reduced migratory abilities of the resistant cells. Metformin introduction also decreased the cancer stem cell
population, expression of specific biomarkers and pluripotent genes. Further metabolic profiling of these cells
using 1H-Nuclear Magnetic Resonance spectroscopy revealed significant modulation in taurine and histidine
levels in resistant cells developed in the presence of metformin. Intriguingly, taurine treatment considerably
reduced the cancer stem cell population and chemoresistance in resistant cells, indicating a novel role of taurine
in differentiation of ovarian cancer stem cells. Altogether this is the first report on the potential role of met-
formin for targeting the cancer stem cell population via up regulation of taurine, leading to impediment in the
acquirement of chemoresistance.

1. Introduction

Metabolic reprogramming, a cumulative endpoint modification of
signalling and biochemical pathways, is associated with many cancer
related phenotypes. Bioenergetics, redox balance pathways, lipid, and
amino acid metabolism show modulation in cancers (Hirschey et al.,
2015; DeBerardinis and Chandel, 2016). Various studies demonstrated
the intricate association of chronic metabolic syndromes (obesity or
diabetes) with increased cancer risk (Renehan et al., 2008; Steenland
et al., 1995). The cancer prevention study II reported 40–80% increased
risk of cancer in obese adults (Calle et al., 2003). Further study on this

cohort suggested an increased risk of site specific cancer in diabetic
men and women (Campbell et al., 2012). An altered metabolic profile
was also observed during cancer progression in the mouse ovarian
surface epithelial cancer model (Anderson et al., 2013). Inhibition of
glucose uptake or glycolysis was also reported to reduce survival and
metastasis of ovarian cancer cells (Xintaropoulou et al., 2015; Zhang
et al., 2013).

The major obstruction in management of epithelial ovarian cancer
(EOC), the most lethal gynaecological malignancy, is acquirement of
resistance to the standard regimen of combinatorial chemotherapy of
cisplatin and paclitaxel (Gubbels et al., 2010). Amongst all the
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molecular mechanisms that impart relapse and resistance to standard
chemotherapy, the presence of a small population of pluripotent cells
termed as Cancer Stem Cells (CSC) significantly aids the process (Gasch
et al., 2017; Shibue and Weinberg, 2017). These cells are highly plastic,
slow proliferating, and remain irresponsive to standard therapy (Tang,
2012; Kwon and Shin, 2013). Metabolic reprogramming plays a crucial
role in the maintenance and differentiation of normal and cancer stem
cells. Similar to cancer cells, pluripotent stem cells and CSCs utilize
aerobic glycolysis as the major source of energy generation (Liao et al.,
2014; Varum et al., 2011). Various metabolites are reported to regulate
differentiation of pluripotent stem cells. Carnitine and acetylcarnitine
can regulate bone-marrow or adipose-derived mesenchymal stem cell
differentiation by regulating mitochondrial metabolism (Lu et al.,
2015). Amino acid metabolism, especially catabolism of methionine,
plays a major role in maintenance of stemness by regulating histone
methylation (Shiraki et al., 2014). Taurine, a derivative of cysteine and
methionine metabolism, is known to regulate differentiation of me-
senchymal and neuronal stem cells (Li et al., 2017; Zhou et al., 2014).
However, effects of these metabolites on CSC maintenance and differ-
entiation are yet to be explored.

Metformin, a biguanide class of drug primarily prescribed for type II
diabetes, has been reported to impart anti-tumour and anti-CSC effects
in various cancers (Hirsch et al., 2009; Shafiee et al., 2014; Shackelford
et al., 2013). Metformin gained prominence in cancer biology since
Evans et al (2005) reported that diabetic patients receiving metformin
had a reduced incidence of tumour formation (Evans et al., 2005).
Metformin administration was associated with better survival in 73
EOC patients (Kumar et al., 2013). Pre-treatment of SKOV3ip1 xeno-
graft mice with metformin reduced tumour formation, and combina-
torial treatment of metformin and paclitaxel reduced tumour volume by
60% in LSL-KrasG12D/+PtenloxP/loxP mice (Lengyel et al., 2015). In ad-
dition to glucose metabolism, metformin treatment results in altered
TCA cycle, lipid and fatty acid metabolism (Birsoy et al., 2014; Fendt
et al., 2013). High dosage of metformin imparts an anti-proliferative
effect on TYKNU, OV90, and OVCAR 433 cell lines by altering mi-
tochondrial respiration and the level of mitochondrial shuttle metabo-
lites (Hodeib et al., 2018). Studies also showed that metformin treat-
ment decreased cellular proliferation of platinum or taxol resistant
A2780 cells and reduced mRNA of inflammatory cytokines and NF-kb
signalling pathway (Dos Santos Guimaraes et al., 2018). Although,
these studies described various effects of metformin on cellular pro-
liferation, drug sensitization, and tumour growth, the effect of met-
formin as an adjuvant to cisplatin-paclitaxel treatment during the ac-
quirement of chemoresistance has never been explored.

In this study, we evaluated the effect of continuous treatment of low
dose metformin along with cisplatin and paclitaxel during acquirement
of chemoresistance in EOC cells. Along with the changes in functional
properties and reduction in CSC pool, the metabolic profiling of che-
moresistant cells developed in the presence and absence of metformin
demonstrated alteration in specific amino acids level. Addition of
taurine, one such amino acid, in the culture media significantly induced
chemosensitization, and CSC to non-CSC differentiation. To the best of
our knowledge, this is the first report on the role of metformin in dif-
ferentiation of CSC population by regulating specific amino acids, and
thereby lowering the resistance level in EOC cells.

2. Materials and methods

2.1. Reagents and antibodies

Cisplatin, Paclitaxel, Metformin, Thiazolyl blue tetrazolium bro-
mide, Mitomycin, Verapamil, Taurine, anti-tubulin antibodies, and HRP
conjugated secondary antibodies (anti-mouse and anti-rabbit) were
purchased from Sigma Aldrich (USA). Dye Cycle Violet (DCV) dye,
Dylight 488/633 conjugated anti-rabbit antibodies was purchased from
Invitrogen (USA). Phospho and total AKT, ERK antibodies, CD 133

antibodies were purchased from Cell Signalling Technology (USA).

2.2. Cell culture and treatment

A2780, an epithelial ovarian cancer (EOC) cell line was cultured in
Dulbecco’s Modified Eagle’s Medium, OAW42 (EOC cell line) and
SKOV3 (EOC cell line) cells were cultured in Minimum Essential
Medium and in Roswell Park Memorial Institute Medium respectively.
All the media were supplemented with 10% FBS (Himedia,
Maharashtra, India) and 1% penicillin–streptomycin (GIBCO, Carlsbad,
CA).

2.3. MTT assay

To assay cell viability, the standard thiazolyl blue tetrazolium
bromide (MTT) method was used and percent viability was counted
using the formula: Absorbance (Test)/Absorbance (Control)*100
(Gaikwad et al., 2015). The percent viability was converted to percent
cell death by using the formula: (Cell death %=100%-Viable cell %)

2.4. Trypan blue exclusion assay for cell proliferation

For the Trypan blue assay to assess proliferation rate, cells were
seeded (˜20,000 cells/well) in a 6 well plate, trypsinized after specific
time points, and re-suspended in PBS containing 0.4% trypan blue. The
number of viable cells were counted using a haemocytometer (Bright
line 0.1 mm deep, Sigma Aldrich, USA) and expressed as cells/ml. Each
experiment was repeated thrice and the mean value was used to com-
pare the proliferation rate among sub-sets. Doubling time (Td) was
calculated using an online calculator (Roth, 2006).

2.5. Wound healing assay

Cells were cultured as confluent monolayer in 6 well plates and pre-
treated with mitomycin (1 μg/ml) for 2 h. A wound was created across
the well with a 200 μl pipette tip. Cells were washed twice to remove
non-adherent cells. Live cell images were obtained using an inverted
microscope (Ziess Axiovert 200M) for 24 h. Wound closure was quan-
tified using Image J software.

2.6. Clonogenic assay

The Clonogenic assay was performed as described earlier (Gaikwad
et al., 2015). Plating efficiencies (PE) and survival fractions (SF) were
calculated using the formula: PE=Number of colonies/Number of cells
seeded; SF=Number of colonies after treatment/ (Number of cells
seeded× PE) and plotted graphically to obtain survival curves.

2.7. Western blotting

Western blotting was performed as described earlier (Singh et al.,
2014).

2.8. Quantitative real-time PCR

RT-PCR for pluripotent genes like Oct-4, Sox 2 and Nanog was
performed with GAPDH used as an internal control following protocols
described earlier (Gaikwad et al., 2013). Primer sequences of these
genes are provided in Supplementary Table 2.

2.9. Flow cytometry

Sorting of Side and non-side population cells was performed as
described earlier (Singh et al., 2016). Verapamil (50 μM), a drug
transporter inhibitor, was used as a negative control for gating. Data
analysis was performed using FlowJo software. Cancer stem cell
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biomarker, CD133 staining was performed as described earlier and
analysed using FlowJo software (Singh et al., 2016).

2.10. Cell metabolome quenching and metabolites extraction for NMR
analysis

Metabolites were quenched and isolated as described earlier with
slight modification in the number of sonication cycles (Lauri et al.,
2016).

2.11. NMR experimentation

Proton Nuclear magnetic Resonance (1H-NMR) spectra of all the
extracted metabolites were acquired at 298 K on a 800MHz Bruker
Avance AV III spectrometer using ZGPR 1D pulse sequence for efficient
water signal suppression (García-Álvarez et al., 2015). The metabolite
extracts were resuspended in 600 μl of D2O with 3-(trimethylsilyl)
propionic-2, 2, 3, 3, d4 acid (TSP) and loaded into 5mm NMR tubes.
The spectra were recorded with 256 transients, spectral width of

Fig. 1. Characterization of cisplatin paclitaxel resistant cells developed in the presence and absence of metformin: A) Schematic representation of the strategies for
developing the cellular models. A2780LR was developed by challenging the cells with incrementing doses of cisplatin and paclitaxel (each dose for 2 h). A2780MSLR

was developed by pre-treating the cells with metformin (2mM) for 24 h, followed by cisplatin and paclitaxel treatment for 2 h. A2780MCLR model was developed by
combinatorial treatment with 2mM metformin and cisplatin-paclitaxel for 2 h. Phase contrast microscopy represents morphological heterogeneity amongst the cell
types, on acquirement of resistance in the presence and absence of metformin. B) Dose dependant decrease in cellular viability on metformin treatment in the A2780
and OAW42 cell lines. C–D) Differential proliferation rate was observed among the A2780 and OAW42 resistant cells over a span of 120 h. MSLR and MCLR cells had
a higher proliferation rate than LR Cells in both the A2780 and OAW42 resistant model. E) Graphical representation of the doubling time of the cell lines, where
A2780MCLR and A2780MSLR showed a significantly reduced doubling time while A2780LR had longest doubling time. Similar reduction in doubling time was observed
for OAW42MSLR and OAW42MCLR cells in comparison to OAW42LR cells. (Data represents mean ± SD of three independent experiments, *** indicates p < 0.0005 as
calculated by unpaired t-test) F–G) Wound healing assay indicates a significantly lower migration potential of A2780MCLR, A2780MSLR cells compared to A2780LR

cells (Data represents mean ± SD of three independent experiments, ns indicates non-significant, ** p < 0.005 as calculated by unpaired t-test). H–I) Western blot
depicting enhanced ERK phosphorylation in MSLR and MCLR cells, and enhanced AKT phosphorylation in LR cells in both the A2780 and OAW42 resistant models.
Tubulin was used as loading control.

Fig. 1. (continued)
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14,367.8 Hz, 32 K data points, 1.5 s relaxation delay, and an acquisition
time of 1.14 s. 2D NMR spectra were obtained using TOCSY and COSY
software for metabolite identification purposes. Following manual
phase and baseline correction, the 1D spectra were referenced to TSP
(δ=0.0 ppm) in MestReNova version 7.1.0 (Mestrelab Research, San-
tiago de Compostela, Spain) (Qin et al., 2013).

For minimizing the chemical shift variations, NMR spectra(s) were
bucketed with a binning width of 0.02 ppm. After removal of the water
signal regions (δ 4.5–5.10 ppm), the spectral regions of δ 0.5–4.5 and δ
5.10–9.0 were subjected to further multivariate and univariate analysis.
Spectra were normalized using constant sum normalization using
MetaboAnalyst 4.0 (Xia et al., 2012) and scaled with unit variance
scaling (SIMCA 13.0.2, Umetrics, Sweden) (Vorkas et al., 2015).

2.12. Data analysis

Multivariate analysis was performed to the datasets as described
elsewhere (Subramani et al., 2017; Banerjee et al., 2014; Dutta et al.,
2012). Partial Least squares-discriminant analysis (PLS-DA) and Or-
thogonal Partial Least squares-discriminant analysis (OPLS-DA) were
generated using SIMCA 13.0.2 (Umetrics, Sweden). Robustness and
validation of the OPLS-DA model was confirmed by R2 and Q2 score. S-
plot and variable important for projection (VIP) plot with threshold
of> 0.60 and ≥1 respectively were used to identify significant regions
discriminating the groups. The identified significant variables under-
went spectral integration (MestReNova version 7.1.0, Mestrelab Re-
search, Santiago de Compostela, Spain). These metabolite integral va-
lues were constant sum normalized and subjected to univariate
analysis.

2.13. Statistical analysis

Statistical significance of data between the groups was attained
using student T-test, Mann–Whitney U test, and one-way analysis of
variance (Kruskal Wallis test), as applicable (GraphPad Prism version
5.00 for Windows, GraphPad Software, San Diego, California, USA).
Statistical significance was set to p<0.05.

3. Results

3.1. Development and characterization of cisplatin-paclitaxel resistant
cellular models with metformin intervention

Dual chemo-resistant A2780 and OAW42 cellular models were de-
veloped using a pulse method with incremental dosage of cisplatin and
paclitaxel treatment for 6 months (Singh et al., 2014). Cells showing
approximately 10 fold higher resistance towards platinum-taxol are
referred as A2780LR and OAW42LR. To understand the effect of met-
formin on acquirement of chemoresistance, two different metformin
treatment strategies were adopted: i) Sequential treatment of cells with
metformin for 24 h followed by cisplatin-paclitaxel for 2 h [referred as
MSLR (A2780MSLR or OAW42MSLR)], and ii) Combinatorial metformin
treatment along with cisplatin-paclitaxel for 2 h [referred as MCLR
(A2780MCLR or OAW42MCLR)]. For both the treatment strategies, the
dosage of cisplatin and paclitaxel was incremented as discussed above
(Fig. 1A). To avoid cytotoxicity, a lower dose of metformin (IC20 i.e.,
2 mM) was used (Fig. 1B). The proliferation rate for both A2780 and
OAW42 cellular models were measured for 120 h. Interestingly, from
96 h onwards, A2780MCLR and A2780MSLR cells showed a comparatively
higher proliferation rate than A2780LR, while A2780 had the fastest
proliferative capacity (Fig. 1C). Similarly, a significant increase in the
proliferation rate was observed for OAW42MSLR and OAW42MCLR cells
post 72 h in comparison to OAW42LR cells (Fig. 1D). The Doubling time
of A2780, A2780MSLR and A2780MCLR cells was measured as
23.02 ± 0.74 h, 28.05 ± 0.60 h and 24.18 ± 0.14 h respectively,
while A2780LR exhibited longest doubling time of 39 ± 0.93 h

(Fig. 1E). OAW42MSLR and OAW42MCLR cells exhibited a doubling time
of 43.59 ± 1.02 h and 36.66 ± 0.11 h respectively in comparison to
OAW42LR cells, which underwent duplication in 84.25 ± 11.42 h. The
doubling time for OAW42 cells was found to be of 43.73 ± 3.11 h
(Fig. 1E). We further characterized the migratory property of these
resistant cells by wound healing assay. Wound repair rate was found to
be similar for A2780LR and A2780 cells (44.80 ± 0.47% vs.
37.34 ± 1.51% wound closure), while A2780MSLR (23.75 ± 4.80%)
and A2780MCLR (27.51 ± 0.40%) cells displayed significantly lower
migratory potential (Fig. 1F, G). A similar trend was observed for
OAW42 cellular model (data not shown). Previously, our lab has re-
ported differential activation of PI3K-AKT and MAPK/ERK signalling at
different stages of chemoresistance in EOC cells (Singh et al., 2014). In
the present study, MSLR and MCLR cells of both A2780 and OAW42 cell
lines, showed higher ERK1/2 phosphorylation compared to A2780LR

and OAW42LR cells, while AKT phosphorylation was highest in A2780LR

and OAW42LR cells in comparison to their respective metformin treated
counterparts. ERK and AKT phosphorylation remained significantly less
for sensitive cells of both cell lines (Fig. 1H, I).

3.2. Combined or simultaneous treatment of metformin attenuates
development of chemoresistance and stemness of ovarian cancer cells

To determine whether the presence of metformin during acquire-
ment of resistance affects the tolerance of these resistant cells towards
cisplatin and paclitaxel, cell viability was measured after 72 h of che-
motherapy. A combined dosage of 50 ng/ml cisplatin and 8.5 ng/ml
paclitaxel was able to induce only 4.5 ± 2% cell death in A2780LR cells
while the same dose led to 33 ± 2.73% and 39+ 0.46% cell death in
A2780MSLR and A2780MCLR cells respectively (Fig. 2A). A similar che-
motherapeutic insult induced 18.51 ± 2.4% and 32.26 ± 2.9% cell
death in OAW42MSLR and OAW42MCLR cells respectively while inducing
6.2 ± 4.2% cell death in OAW42LR and 51.72 ± 3.67% cell death in
sensitive OAW42 cells (Fig. 2A). Next, clonogenic potential of A2780
and its resistant counterparts A2780LR, A2780MSLR, and A2780MCLR was
assessed with increasing concentrations of cisplatin and paclitaxel for
48 h. Significantly higher fraction of colonies were obtained for
A2780LR cells (˜90% and 65% surviving fraction) compared to
A2780MSLR (˜66% and 18%), and A2780MCLR (˜19% and 17%) in both
the drug concentrations tested (100 ng cisplatin+ 13 ng paclitaxel/ml
and 100 ng cisplatin+ 42.5 ng paclitaxel/ml) (Fig. 2B, C). A similar
observation was made for the OAW42 cellular model. Approximately
50% surviving fraction was observed for OAW42LR cells compared to
21% and 16% survival fraction for OAW42MSLR and OAW42MCLR cells
respectively when treated with 250 ng Cisplatin+ 20 ng Paclitaxel/ml
(Fig. 2D, E). To assess the effect of metformin on the CSC fraction, we
used Side Population assay to identify the CSC population based on
their innate drug efflux property. A2780LR cells possessed highest CSC
(28.6%) population while A2780MSLR and A2780MCLR had 15.1% and
9.70% of CSC. Sensitive A2780 cells had only 2.16% of CSC (Fig. 3A).
OAW42LR cells also displayed the highest percentage of CSC population
(22.1%) while OAW42MSLR and OAW42MCLR contained 4.13% and
6.79% CSC fraction respectively (Fig. 3B). The expression level of
CD133, a known ovarian CSC biomarker was evaluated in both A2780
and OAW42 resistant models (Curley et al., 2009). A2780LR (74.4%)
cells had the highest percentage of CD133 positive cells in comparison
to A2780 (35%), A2780MSLR (28.5%), and A2780MCLR (35.5%) cells
(Fig. 3C). A similar increase in CD133 positive cell population was
observed in OAW42LR (9.63%) cells with respect to the OAW42
(0.51%), OAW42MSLR (4.29%), and OAW42MCLR (0.64%) cells
(Fig. 3D). Expression level of the pluripotent genes, Oct 4, Sox 2 and
Nanaog was also evaluated in both chemoresistant models (Klemba
et al., 2018). A significantly higher relative expression of pluripotent
genes like Sox2, Oct 4, and Nanog was observed in A2780LR cells in
comparison to A2780MSLR and A2780MCLR cells (Fig. 3E). Expression of
these pluripotent genes was also found to be upregulated in OAW42LR
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Fig. 2. Effect of metformin on chemoresistance: A) MTT assay showing significantly reduced viability of MCLR, MSLR as compared to LR cells, in response to 50 ng
cisplatin+8.5 ng paclitaxel/ml in both A2780 and OAW42 models. (Data represents mean ± SD of three independent experiments, ns indicates non-significant,*
indicates p < 0.05, ** p < 0.005, *** p < 0.0005 as calculated by unpaired t-test) B–E) Long term survival assay of A2780 and OAW42 cell models in response to
increasing concentration of cisplatin-paclitaxel treatment displayed significantly higher colony forming ability in LR cells compared to MCLR and MSLR cells in both
the cellular models. (Data represents mean ± SD of three independent experiments, ns indicates non-significant,* indicates p < 0.05, ** p < 0.005, ***
p < 0.0005 as calculated by unpaired t-test).
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Fig. 3. Effect of metformin on stemness properties. A–B) FACS dot plot showing side population distribution (tail end of scatter) with and without verapamil in
A2780 and OAW42 cellular resistant models. Both the MSLR and MCLR cells of A2780 and OAW42 cellular model had a reduced SP population compared to LR cells.
C–D) Histogram showing an increased expression of CSC biomarker CD133 in LR cells of both the A2780 and OAW42 resistant model in comparison to MSLR and
MCLR cells. E–F) Quantitative PCR showing the relative expression of pluripotent genes (oct-4, sox-2, nanog), in A2780 and OAW42 cellular models. GAPDH was
used as an internal control. MSLR and MCLR cells show significantly reduced expression of pluripotent genes compared to LR cells. (Data represents mean ± SD of
three independent experiments, ns indicates non-significant,* indicates p < 0.05, ** p < 0.005, *** p < 0.0005 as calculated by unpaired t-test).
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cells with respect to OAW42MSLR and OAW42MCLR cells (Fig. 3F).

3.3. Metformin treatment brings changes in specific amino acid levels
regulating stemness

Since metformin is known to affect cellular metabolism, we per-
formed 1D 1H-NMR spectroscopy from cell lysates of sensitive and re-
sistant A2780 cells developed in the presence and absence of met-
formin. In order to classify the various groups, chemometric analysis
was used based on differences in metabolites expression. Improved
separation was achieved by utilising a higher supervised clustering
method (orthogonal partial least squares discriminant analysis OPLS-
DA) for one to one analysis. This optimized the classification between
the groups by removing unrelated variables of the class (Figure S1-2).
We also used this model to extract/identify the significant metabolites
discriminating the groups using the S-plot and VIP plot. One dimen-
sional (1D) 1H-NMR peaks of the treated cells corresponding to specific
metabolites were identified using two dimensional (2D) NMR experi-
ments [Total Correlation Spectroscopy (TOCSY) and Correlation
Spectroscopy (COSY)] and references of relevant literature (Subramani
et al., 2017; Lauri et al., 2016). Forty one metabolites were identified in
1D ZGPR NMR spectra. The representative NMR spectra of cells with
metabolites assignment are shown (Fig. 4A) along with the table con-
taining all the identified metabolites (Table S1). Based on the sig-
nificant variables identified in the S-plot and VIP scores, univariate
analysis was applied to the integral values of these metabolites. Taurine
and histidine were found to be the most important metabolites from
both the multi and uni-variate analysis which were significantly dif-
ferent between the groups. Representative mean spectral integrals of
these regions have been presented (Fig. 4B, C). Taurine level was found
to be upregulated in A2780MSLR (˜2 fold) and A2780MCLR (˜1.7 fold) as
compared to A2780 cells. In contrast, the level of taurine in A2780LR

(˜1.2 fold) cells remained almost similar to sensitive cells (Fig S3). The
histidine level was upregulated by ˜3 fold and ˜1.93 fold in A2780MCLR

and A2780MSLR respectively in comparison to A2780 cells. A2780LR

cells had a ˜1.5 fold increase in histidine level compared to sensitive
cells (Fig S4). Since all the resistant models were developed in a syn-
chronous fashion, changes in many metabolites were not expected.
Indeed, identification of only two metabolites that were significantly
elevated in resistant models (particularly in metformin treated ones)
increased our confidence. Since taurine is reported to promote stem cell
differentiation (Li et al., 2017, Zhou et al., 2014) and we had also ob-
served a decrease in the percent SP population in A2780MCLR and
A2780MSLR cells, we aimed to understand the direct effect of taurine on
SP population. To prevent any cytotoxicity, a low dose of taurine was
used to determine its influence on the CSC population (Fig. 4D).
Taurine treatment for twenty four hours reduced the CSC population in
A2780LR cells. 10mM (IC20) and 25mM (IC30) of taurine treatment
reduced the CSC population by 5.7% and 10.6% respectively in com-
parison to untreated cells (30.5% SP population) (Fig. 4E). We also
tested the effect of taurine on the CSC population in SKOV3, an in-
trinsically resistant cisplatin cell line. Treatment of 10mM and 25mM
of taurine reduced the percentage of CSCs to 3.31 and 1.79% respec-
tively compared to 7.12% of untreated cells (Fig. 4F). Further combi-
natorial treatment of 50 ng Cisplatin+ 8.5 ng paclitaxel/ml along with
10mM and 25mM of taurine was found to significantly increase the cell

death (27.22 ± 2.62% and 49 ± 2.35% respectively) compared to
only cisplatin+ paclitaxel (7.61+2.28%) in A2780LR cells (Fig. 4D).

4. Discussion

Metabolic profile of a tumour can influence therapy outcome in
various ways. In EOC, acquirement of chemoresistance is a major ob-
stacle towards effective therapy, and enrichment of CSCs may influence
the process (Latifi et al., 2012). Thus, investigating and discovering
novel therapeutic approaches to targeting CSCs are critical. Utilizing
indigenously developed cisplatin and paclitaxel dual resistant models,
either in the presence or absence of metformin, we showed that the
introduction of metformin during the development of chemoresistance
led to significant alteration in proliferation rate, migration, ERK and
AKT kinase activation level and increased chemosensitivity possibly
through reduced CSC population in both A2780 and OAW42 cells. The
expression of CD133, an ovarian cancer CSC biomarker and pluripotent
genes like Oct 4, Sox 2 and Nanog was also found to be significantly
downregulated in these cells (Curley et al., 2009; Klemba et al., 2018).
Further metabolic profiling using 1H-NMR of these cells identified two
amino acids (taurine and histidine) that were significantly and differ-
entially produced among the sensitive cells, platinum-taxol resistant
cells, and metformin treated platinum-taxol resistant cells (MSLR and
MCLR). Intriguingly, taurine at low concentration was found to de-
crease the side population fraction (CSC-like population) in A2780LR

cells and SKOV3, an inherently cisplatin resistant cell line. Increased
cell death (chemosensitization) was observed when A2780LR cells were
treated with the combination of platinum-taxol and taurine. Collec-
tively, our data for the first time illustrates that metformin impedes
acquirement of chemoresistance by inducing CSC differentiation
through taurine generation, and maintains a more proliferative cellular
state which is susceptible to chemotherapeutic intervention. We also
demonstrate the role of taurine, a common health supplement in dif-
ferentiation of ovarian CSCs.

Repurposing of approved drug for one pathological condition to
treat another disease is a standard strategy that reduces the time and
cost for developing a promising molecule to approved drug. Since de-
tailed information on the pharmacokinetics, initial toxicity and other
characteristics of this molecule is already known, a quick entry into
clinical trial and speedy review by Food and Drug Administration
hastens the process of integration of the molecule in health care. Vast
clinical and research data support the idea of repurposing of metformin
against EOC. A case control study by Kumar et al 2013 reported that the
use of metformin was associated with an increased survival in EOC
patients (Kumar et al., 2013). A recent report suggests that routine
administration of metformin along with platinum-taxol reduces NFkβ
mediated Interleukin-6 production by the stromal component of EOC
tumours in patients, and thereby slows tumour growth (Xu et al., 2018).
High dose of metformin (200mg/kg in mouse or 8mM/48 h for cells)
resulted in decreased proliferation in EOC tumour xenografts or in a
panel of EOC cells (Rattan et al., 2011; Chan and Miskimins, 2012).
Using our cellular models, developed mimicking the real life situation
of a diabetic patient suffering from EOC, we investigated the altered
molecular and cellular functions that arose by continuous metformin
treatment on acquirement of resistance. Surprisingly, resistant cells
(MSLR and MCLR) developed in the presence of metformin showed

Fig. 4. A key metabolite, taurine affects stemness and chemoresistance of ovarian cancer cells. A) Representative 800MHz NMR spectra (δ 0.0−9.5) showing
metabolite profile identified from the cell lysate of A2780LR cells B–C) Inset representing regions from the superimposition of the mean NMR spectra showing
differential expression of taurine and histidine from cell lysate collected of A2780LR (Red), A2780MSLR (Blue), A2780MCLR (Green) D) MTT assay showing percentage
of cell death in response to taurine and cisplatin-paclitaxel. Combination of taurine+ cisplatin-paclitaxel significantly sensitized A2780LR cells towards platinum-
taxol (Data represents mean ± SD of three independent experiments, ns indicates non-significant,* indicates p < 0.05, ** p < 0.005, *** p < 0.0005 as calculated
by unpaired t-test) E–F) FACS dot plot depicting the side population distribution in A2780LR and SKOV3 cells treated with taurine. Treatment of taurine for 24 h
reduced stem cell like population as compared to untreated in both the cell lines (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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approx. 2.5 fold and 3.5 fold higher proliferation rate than platinum-
taxol resistant (LR) cells after 72–96 hours. This discordance with ear-
lier studies might have arisen due to the difference in doses (8mM vs.
2mM (for our study)), as well as the nature of treatment (one time vs.
continuous) of metformin. Our data, thus indicate that a sub-lethal
(IC20) concentration of metformin increases the rate of cellular pro-
liferation when applied in combination with anti-cancer drugs in a
synchronous manner. A dose dependent decrease in migration potential
of SKOV3 and HO-8910PM cells was reported upon metformin treat-
ment (Wu et al., 2012). Interestingly, we also observed a slower mi-
gration rate in MSLR and MCLR cells as compared to LR cells, which
might reduce the metastatic ability of these cells. Chemosensitization
effect of metformin (alone or in combination with chemotherapeutic
drugs) had been reported in breast, lung and prostate cancer cells
(Zordoky et al., 2014; Iliopoulos et al., 2011). Treatment of metformin
(1mM or higher) for 24/48 h sensitized cisplatin resistant and pacli-
taxel resistant A2780 cells (Dos Santos Guimaraes et al., 2018). In ac-
cordance with these studies that used single or short duration met-
formin treatment, we also found a similar sensitization effect in the
cells, which were made resistant towards platinum-taxol in the presence
of metformin than the cells only resistant to platinum-taxol. Since cy-
totoxic drugs mainly target proliferative cells (Valeriote and van Putten,
1975), the reduced survival of MSLR and MCLR cells against cisplatin-
paclitaxel may be attributed to their superior proliferation ability
compared to LR cells, which are more quiescent in nature (Thakur and
Ray, 2017). Activation of MAPK/ERK signalling fosters cell prolifera-
tion by upregulating cell cycle entry genes and negatively regulating
genes that prevent the process, while upregulation of AKT signalling
prevents cell cycle entry and promotes a quiescent phenotype
(Yamamoto et al., 2006; Touil et al., 2013; Thakur and Ray, 2017).
Contradictory reports suggest that metformin can induce ERK1/2 acti-
vation in acute myeloid and promyelocytic leukemia cells and inhibits
ERK activation in pancreatic cancer cells (Huai et al., 2012; Chai et al.,
2015). In this study, increased ERK1/2 activation was observed in
MCLR and MSLR cells for both the A2780 and OAW42 models. In
contrast, AKT activation was reduced in metformin treated cells in-
dicating lowering of quiescence. Such a phenomenon was reported
earlier (Fu et al., 2017). Thus increased activation of mitogenic ERK1/2
signalling may contribute to the proliferative nature of MSLR and MCLR
cells, while in LR cells, upregulated AKT activation may promote a
quiescence state and CSC enrichment.

Among several processes, presence of CSCs can also influence
therapy resistance (Shibue and Weinberg, 2017). Our group has re-
ported enrichment of CSCs with acquirement of resistance (Singh et al.,
2016). A low dose of metformin had been shown to reduce ALDH po-
sitive cells and spheroid formation in A2780 and SKOV3 cells (Shank
et al., 2012), and mamosphere formation in breast cancer cells (Hirsch
et al., 2009). Interestingly, in our study, resistant cells that were de-
veloped in the presence of metformin had lower percentage of CSCs
(higher percentage of differentiated cells) compared to resistant cells
developed in metformin’s absence for both A2780 and OAW42 resistant
models. The level of CD133 was also decreased in MSLR and MCLR cells
of both A2780 and OAW42 models. Down regulation of Nanog, Oct 4,
and Sox2 expression in MSLR and MCLR cells compared to LR cells
indicated differentiation of the CSC-like population to non-CSC popu-
lation in the A2780 and OAW42 models. These results strongly suggest
for the role of metformin in differentiation of cancer stem cell like
population in EOC cells, which may ultimately account for higher drug
sensitization.

Cellular metabolism can regulate CSC properties since these cells
have an altered bioenergetics profile that is different from the non-CSC
population (Agathocleous and Harris, 2013). Metformin treatment was
found to deplete TCA cycle intermediates in breast and non-small cell
lung cancer cell lines (Janzer et al., 2014; Griss et al., 2015), and target
mitochondrial metabolism in EOC patients (treated with metformin
prior to upfront surgery), leading to alteration in nucleotide

metabolism, redox pathways and TCA cycle (Liu et al., 2016). Inter-
estingly, we observed that prolonged exposure of metformin during
development of chemoresistant model in normal culture condition led
to perturbation in both purine metabolism (Histidine level) and semi-
essential amino acid metabolism (Methionine/Cysteine-Taurine level)
in A2780MSLR and A2780MCLR cells. Perturbation of only a few meta-
bolites was expected since the models were developed in a synchronous
fashion and the basal metabolite profile was acquired without any
treatment. We also did not see any significant difference in cellular
functions between the MSLR (sequential treatment) and MCLR (con-
tinuous treatment) (see Fig.1) cells, indicating a comparable final out-
come for both the treatment strategies. In humans, taurine can be
produced from methionine or cysteine in the presence of vitamin B6
(Bouckenooghe et al., 2006) but does not get incorporated in proteins.
Taurine plays an important role in retinal function and exhibits neu-
roprotective effect through calcium homeostasis (Lombardini, 1991;
Menzie et al., 2014). High dosage of taurine has been reported to exert
anti-cancer effect by inducing apoptosis in lung and colon cancer cells
(Zhang et al., 2014; Tu et al., 2018). Taurine is also reported to enhance
mesenchymal stem cell differentiation through upregulation of the
MAPK/ERK pathway (Zhou et al., 2014). However, influence of taurine
on CSC homeostasis has not been explored till now. Addition of taurine
(10mM and 25mM for 24 h) to culture media reduced SP population in
A2780LR cells from 30.5% (untreated) to 24.6% and 19.9% respec-
tively, indicating its ability to promote differentiation of CSC like po-
pulation into non-CSC like population. Similar treatment in an in-
herently platinum resistant SKOV3 cells with taurine significantly
reduced SP population from 7.12% (untreated) to 3.31% and 1.79%
respectively. Also, the MSLR and MCLR cells having a higher level of
taurine displayed a significantly lower SP fraction. It is still unclear how
continuous metformin treatment increases cellular levels of taurine
which promotes CSC differentiation. Further studies to elucidate the
mechanisms are on-going in our lab. We also observed that combination
treatment of taurine (10mM and 25mM) with cisplatin-paclitaxel
sensitized LR cells by inducing 2.65 and 4.68 fold higher cell death in
comparison to cisplatin-paclitaxel alone, which may have resulted from
the reduction in chemoresistant CSC population. This novel role of
taurine, a common nutrient supplements, on CSCs and altogether on
chemoresistance may be developed as an approach to combat che-
moresistance. Thorough experimentation is needed to validate these
findings in future.

5. Conclusion

Targeting CSC population is envisaged as a potential approach to
overcome the shortcomings attributing to therapy failure. Compelling
evidences suggest that CSCs are responsible for tumour initiation, re-
lapse, and chemoresistance. Data presented here signifies the im-
portance of metformin and taurine on EOC chemoresistance.
Continuous presence of metformin during acquirement of resistance
leads to an increased taurine level, which in turn induces CSC differ-
entiation and alleviates resistant properties of EOC cells. The idea of
metformin application along with cisplatin-paclitaxel to prevent/lessen
development of resistance may open a new dimension in designing a
therapeutic regimen. Similarly, application of taurine to prevent en-
richment of CSCs in resistant cells may open new opportunities to tackle
or subdue the relapse or recurrence of cancer.
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