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a  b  s  t  r  a  c  t

Auranofin,  an  organogold  compound  classified  as  an  anti-rheumatic  agent  is under  phase  2 clinical  trials
for re-purposing  to  treat recurrent  epithelial  ovarian  cancer.  We  have  reported  earlier  that  Breast  cancer
1, early  onset  (BRCA1)  mutant  ovarian  cancer  cells  exhibit  increased  sensitivity  to  auranofin.  BRCA1  is
a DNA repair  protein  whose  functional  status  is critical  in the  prognosis  of  ovarian  cancer.  Apart  from
DNA  repair  capability  of cancer  cells,  membrane  fluidity  is  also  implicated  in  modulating  resistance  to
chemotherapeutics.  We  report  here  that  membrane  fluidity  influences  the sensitivity  of ovarian  cancer
cell  lines,  OVCAR5  and  IGROV1,  to auranofin.  Electron  spin  resonance  (ESR)  analysis  revealed  a  more
fluidized  membrane  in IGROV1  compared  to  OVCAR5.  Interestingly,  IGROV1  cells  were  more  sensitive  to
auranofin  induced  cytotoxicity  than  OVCAR5.  In  comparison  to OVCAR5,  IGROV1  cells  also  exhibited  an
increased  number  of  DNA  double  strand  breaks  (DSBs)  upon  auranofin  treatment  as  assessed  by  53BP1
immunostaining.  Furthermore,  correlation  analysis  demonstrated  a strong  positive  correlation  (r =  0.856)
between  membrane  fluidity  and  auranofin  sensitivity  in these  cell  lines.  Auranofin-treated  IGROV1  cells
also  exhibited  increased  cellular  oxidation  and  apoptosis.  Anti-oxidant,  N-acetyl  cysteine  (NAC)  inhibited
the  cellular  oxidation  and apoptosis  in  auranofin-treated  ovarian  cancer  cells  suggesting  reactive  oxygen
species  (ROS)  mediate  the  anti-cancer  properties  of  auranofin.  Overall,  our study  suggests  that  auranofin
mediates  its  cytotoxicity  via  ROS  production  in ovarian  cancer  cells  which  correlates  positively  with
membrane  fluidity.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The dynamic nature of plasma membrane inferred as mem-
brane fluidity is a critical physiochemical property that modulates
cellular functions. Over the years, a significant number of studies
have been undertaken to understand how membrane fluidity influ-
ences drug sensitivity in cancer cells [1]. Analysis of membrane
dynamics of chemo-resistant cancer cells reveals rigidification of
cell membranes [2]. The observed membrane rigidity of resistant
cancer cells has been found to be due to the presence of rela-
tively high amounts of cholesterol and sphingomyelin [3,4]. Breast
cancer cells were reported to have reduced expression of sphin-
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gomyelinase that catalyses the hydrolysis of sphingomyelin [5].
Recovering sphingomyelinase expression fluidizes the membrane
and enhances drug transport which eventually leads to reversal of
resistance [6]. Interestingly, the threshold concentration of inter-
nalised doxorubicin is the same for both resistant and sensitive
cells suggesting drug uptake could be a major factor deciding the
sensitivity of cancer cells [2]. Modulation of membrane fluidity
by pharmacological agents has been demonstrated to increase the
drug uptake and thereby sensitivity of cancer cells to chemother-
apeutic agents [7]. The membrane lipid analysis of cisplatin and
doxorubicin resistant breast cancer cells showed a high content of
cholesterol and sphingomyelins which results in membrane rigid-
ity [4]. Conversely, resistant cancer cells possess fewer amounts of
diacyl and triacyl glycerols that are known to constitute a more
fluid membrane [4]. A similar analysis of membrane phospholipids
demonstrated qualitative and quantitative differences between
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malignant, benign and normal breast tissues [3]. Significantly dis-
tinguishable was lysophosphatidylcholine where its presence was
remarkably decreased in malignant and benign tissues compared
to normal breast tissues [3]. However, a comparative study of
membrane fluidity and drug sensitivity of cancer cells of the same
histological origin in terms of genotoxicity and cytotoxicity has not
yet been performed.

Auranofin, a thioredoxin reductase inhibitor has been widely
used for the treatment of rheumatoid arthritis under the pro-
prietary name Ridaura. Auranofin has also been demonstrated to
possess anti-cancer properties in both in vitro and in vivo condi-
tions [8,9]. Moreover, auranofin is currently undergoing phase 2
clinical trials for re-purposing to treat recurrent epithelial ovar-
ian cancer (https://clinicaltrials.gov/ct2/show/NCT01747798). We
have recently reported that genetic depletion of BRCA1 sensitizes
ovarian cancer cells to auranofin [10]. Auranofin induces lethal DNA
double strand breaks (DSBs) and apoptosis in BRCA1 deficient ovar-
ian cancer cells [10]. Anti-oxidant mediated protection of BRCA1
deficient cells suggest that reactive oxygen species (ROS) play a
critical role in auranofin induced DNA damage and apoptosis [10].

Membrane fluidity is often studied in association with intra-
cellular drug uptake [2,7]. However, early increase in membrane
fluidity is critical in modulating cellular response to chemother-
apeutic drugs such as cisplatin [11]. Interestingly, blocking the
early increase in membrane fluidity by pharmacological means
inhibit apoptosis despite the intracellular uptake and formation of
cisplatin DNA adducts [11]. This suggests that changes in mem-
brane fluidity induced by chemotherapeutic drugs may regulate
cellular fate which is a critical and independent process from intra-
cellular drug uptake and its targets. Furthermore, this also points
that membrane fluidity is a critical physiochemical parameter that
could potentially modulate multiple processes from drug entry
to induced cellular outcome. However, a correlative study inves-
tigating the role of inherent membrane fluidity in regulating the
genotoxic and cytotoxic effects of drugs has yet to be established.
Adopting an integrated approach, in this study we  therefore aimed
to elucidate how plasma membrane fluidity could modulate cyto-
toxic and genotoxic responses of ovarian cancer cell lines (IGROV1
& OVCAR5) of adenocarcinoma origin to auranofin.

2. Materials and methods

2.1. Chemicals

All chemicals were purchased from Sigma–Aldrich, UK unless
indicated otherwise. Anti-53BP1 antibody (Rabbit polyclonal) was
purchased from Novus Biologicals, UK. Rabbit polyclonal antibodies
against PARP, Nrf2 and Actin were purchased from Cell Signalling
Technology, Danvers, MA.  Alexa Fluor 488-labelled anti-rabbit anti-
body was purchased from Molecular Probes, UK.

2.2. Cell culture and treatments

Ovarian cancer cell lines were a kind gift from Prof Hani Gabra,
Hammersmith Hospital, Imperial College London, UK. Cells were
maintained in RPMI-1640 (Gibco, Paisley, UK) and the medium was
supplemented with 10% fetal bovine serum (Gibco, UK), 50 U/ml
penicillin (Gibco) and 50 mg/ml  streptomycin (Gibco, UK) and
maintained at 37 ◦C in a humidified 5% CO2 atmosphere. Aura-
nofin was purchased from Sigma-Adrich, UK. Auranofin is insoluble
in water and soluble in highly polar organic solvents such as
DMSO. Detailed chemical and physical properties of auranofin is
given in PubChem: https://pubchem.ncbi.nlm.nih.gov/compound/
16667669#section=Experimental-Properties.

For treatment with auranofin, a stock solution of 14.73 mM was
made in DMSO. Final concentration (v/v) of DMSO in the exper-
imental cell culture medium was 0.013% for achieving 2 �M of
auranofin. For concentration viability study, the concentration of
DMSO (v/v) was  0.0678% to achieve 10 �M of auranofin. Respective
higher concentration (v/v) of DMSO was  added to the control cells.
For pre-treating cells with N-acetyl cysteine (NAC), NAC (2.5 mM)
was added to the cells for 2 h before treating the cells with aura-
nofin.

2.3. Determination of membrane fluidity

Membrane fluidity was  measured by Electron spin resonance
(ESR) spectroscopy, using the spin label 5-doxyl stearic acid (5-
DS). 2 �l of a 10−3 M solution of 5-DS in ethanol was  introduced to
an Eppendorf tube and the ethanol was  evaporated by a stream of
nitrogen to leave a film of the spin label. Approximately 106 cells
in 1 ml  phosphate buffered saline (PBS) were added to the tube and
vortexed for 30 s to allow the label to be taken up by the cells. The
cell pellet was washed with fresh PBS and re-suspended in 10–20 �l
of PBS, before being sucked into a 5 cm length of gas permeable
Teflon tubing (Zeus, Donegal, Ireland) which was folded in half and
inserted into an open ended 4 mm i.d. quartz tube and positioned
in the microwave cavity, where the temperature was  controlled by
a flow of air. Measurements were made using a Bruker EMXmicro
ESR spectrometer (Coventry, UK). Measurement conditions were
approximately 9.4 GHz microwave frequency, 10 mW microwave
power, 3355 G magnetic field and sweep width 100 G. Spectra were
collected with a time constant of 82 ms  and sweep time of 110 s.
The separation of the outer extrema (2T‖‖) corresponds approxi-
mately to 2Tzz and that of the inner extrema (2T⊥) to approximately
2Tyy or 2Txx (Supplementary Fig. 1). As motional freedom increases,
2T‖‖ decreases and 2T⊥ increases. In this intermediate to slow
motion range, where the correlation time is between 2 × 10−7 and
3 × 10−9 s, the rigidity of the label in a specific environment can
be defined in terms of an order parameter, S, such that S = 1 for a
completely rigid system and S = 0 for a completely fluid system. The
order of a given environment is given by

S = [2T‖‖ − (2T⊥ + 1.6)]/[2Tzz − (Txx + Tyy)]

where Txx, Tyy and Tzz are the hyperfine tensors for the nitroxide in
a crystal and are assigned the values 6.3, 5.8 and 33.6G. In calcula-
tion of the order parameter S, a correction of 0.8 G is applied to the
measured value of T⊥ [12,13].

2.4. Cell survival assay

Percentage of cell survival was  determined by 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay. MTT  was  purchased from Sigma–Aldrich, UK. Briefly, cells
were treated with the indicated concentration of auranofin for 48 h.
Following this, 1 mg/ml  concentration of MTT  was added to the
wells and cells were incubated at 37 ◦C for 3 h. The reaction was
stopped with DMSO. The colour intensity was measured at 550 nm
by spectrophotometry and relative cell viability (%) was  expressed
as a percentage relative to the DMSO treated control samples set to
100%.

2.5. DNA double strand breaks (DSBs) analysis by
immunofluorescence microscopy

DNA damage was  determined by assessing double strand breaks
as reported earlier by us and other workers [14,15]. Auranofin
treated or untreated cells were permeabilised in 0.5% solution
of Triton X-100 in phosphate buffered saline (PBS) and then
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