
P
os

te
d

on
21

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

26
19

25
.5

37
19

16
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Demonstrating drug treatment efficacies by monitoring superoxide

dynamics in human lung cancer cells with time-lapse fluorescence

microscopy

Shalaka Konjalwar1, Busenur Ceyhan1, Oscar Rivera1, Parisa Nategh1, Mehrnoosh
Neghabi1, Mirjana Pavlovic1, Shailaja Allani1, and Mahsa Ranji1

1Florida Atlantic University

August 21, 2023

Abstract

Metformin hydrochloride, an antihyperglycemic agent, and sulindac, a nonsteroidal anti-inflammatory drug, are FDA-approved

drugs known to exert anticancer effects. Previous studies demonstrated sulindac and metformin’s anticancer properties through

mitochondrial dysfunction and inhibition of mitochondrial electron transport chain (ETC) complex I, as well as key signaling

pathways. In this study, various drugs were adminsitered to A549 lung cancer cells, and results revealed that a combination

of sulindac and metformin enhanced cell death compared to administration of the drugs separately. To measure superoxide

production over time, we employed a time-lapse fluorescence imaging technique using mitochondrial-targeted hydroethidine.

Fluorescence microscopy data showed largest increases in superoxide production in the combination treatment of metformin and

sulindac. Results showed significant differences between the combined drug treatment and control groups, as well as between the

positive control and control groups. This approach can be utilized to quantify anticancer efficacy of drugs, creating possibilities

for additional therapeutic options.
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Metformin hydrochloride, an antihyperglycemic agent, and sulindac, a nonsteroidal anti-inflammatory drug,
are FDA-approved drugs known to exert anticancer effects. Previous studies demonstrated sulindac and
metformin’s anticancer properties through mitochondrial dysfunction and inhibition of mitochondrial elec-
tron transport chain (ETC) complex I, as well as key signaling pathways. In this study, various drugs were
adminsitered to A549 lung cancer cells, and results revealed that a combination of sulindac and metformin
enhanced cell death compared to administration of the drugs separately. To measure superoxide production
over time, we employed a time-lapse fluorescence imaging technique using mitochondrial-targeted hydroethi-
dine. Fluorescence microscopy data showed largest increases in superoxide production in the combination
treatment of metformin and sulindac. Results showed significant differences between the combined drug
treatment and control groups, as well as between the positive control and control groups. This approach can
be utilized to quantify anticancer efficacy of drugs, creating possibilities for additional therapeutic options.

KEYWORDS

antimycin A, fluorescence microscopy, metformin, MitoSOX red, oxidative stress, sulindac, superoxide, time-
lapse imaging

1 | INTRODUCTION

Reactive oxygen species (ROS) contain an unpaired electron in their outermost shell, making them extremely
reactive ions. They play a critical role in the cell, primarily in maintaining homeostasis and facilitating cel-
lular signaling. In mitochondria, ROS are generated through the movement of electrons across the electron
transport chain (ETC) during cellular respiration. The ETC consists of complexes I through IV and en-
zyme ATP synthase in the inner membrane of the mitochondria. As electrons move through the ETC, a
portion of these electrons unintentionally leak and are captured by O2, resulting in a continuous production

2



P
os

te
d

on
21

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

26
19

25
.5

37
19

16
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

of superoxide anions (O2
*-) on a significant scale [1]. However, antioxidant defense mechanisms, such as

manganese superoxide dismutase (MnSOD) in the mitochondrial matrix and copper–zinc superoxide dismu-
tase (CuZnSOD) in the intermembrane space and cytosol, typically quickly convert superoxide (O2

*-) to
hydrogen peroxide (H2O2) [2]. While the production of mitochondrial r is a natural result of typical cellular
metabolic processes, its accumulation in large quantities is often implicated in the progression of various
diseases and injuries [3-9].

ROS have a diverse range of effects on cancer cells; ROS increase migration, proliferation, and tumor pro-
gression, as well as induce cell senescence and death [10]. Otto Warburg discovered that in the presence
of oxygen, cancer cells produce excess lactate, which he deemed “aerobic glycolysis” to explain that cancer
cells exhibit a shift towards glycolysis for energy production, rather than oxidative phosphorylation [11, 12].
Though the Warburg effect initially suggested that the respiration process of cancerous cells is damaged, it is
widely understood today that their regulation of glycolysis is instead compromised [13, 14]. When ROS pro-
duction exceeds permissible levels in cancer cells, antioxidant defense mechanism capabilities are depleted,
leading to apoptosis (programmed cell death), which highlights the anti-tumorigenic signaling feature of
ROS as a promising cancer therapy option [15].

Sulindac is an FDA-approved non-steroidal anti-inflammatory drug (NSAID) that has demonstrated anti-
cancer potency [16-20]. Former studies have shown that treating cancer cells with sulindac and subsequently
exposing them to oxidizing agents capable of generating ROS, such as hydrogen peroxide, tert-butyl hy-
droperoxide (TBHP), and dichloroacetate (DCA), leads to apoptosis [21]. Sulindac is also an inhibitor of
cyclooxygenases (COX-1 and COX-2), enzymes that convert arachidonic acid to prostaglandins, which are
lipid compounds involved in inflammatory responses [22, 23]. However, experiments with lung cancer cells
demonstrated that sulindac’s role as a COX inhibitor is unrelated to its function as a cancer-killing drug
[23]. Additionally, data has supported sulindac’s protection of normal cells from oxidative damage, another
facet of interest when developing cancer treatments [23]. While sulindac’s ability as a cancer therapy option
has been proven, there may be other combinations involving the drug that have yet to be fully understood.

Metformin is a longtime FDA-approved drug of the biguanide class used to treat type 2 diabetes (T2D)
and has also become of interest in cancer therapy [24]. Metformin’s pleiotropic effects are primarily due
to its interactions with the mitochondria, specifically through inhibition of complex I of the ETC, which
interferes with oxidative metabolic activity [25, 26]. In 2005, researchers proposed that the administration
of metformin may lead to a reduction in instances of cancer in T2D patients [27]. Studies have shown that
metformin’s anticancer properties are attributed to its inhibition of mitochondrial ETC complex I and of
crucial signaling pathways [28].

MitoSOX Red is a derivative of hydroethidine (HE) that functions as a fluorescent probe designed for
the selective detection of superoxide in mitochondria of live cells [29]. MitoSOX Red has a positively
charged phosphonium group that specifically targets the cell-permeative HE derivative to the mitochondria,
accumulating in the mitochondrial matrix, where its oxidization by O2

*- produces fluorescence proportionate
to the concentration of O2

*-[29, 30]. Numerous studies incorporating different cell lines have used MitoSOX
Red for selective detection of superoxide anion [31-36].

Sulindac and metformin are both known to have anticancer effects related to the induction of key apoptotic
pathways and mitochondrial mechanisms through the inhibition of complexes in the ETC. Therefore, our
approach is designed to monitor superoxide dynamics over time in response to each drug as well as the
combination of both drugs.

It is hypothesized that oxidative stress, due to oxidative metabolic mitochondrial dysfunction, may play an
important role in the anticancer activity of the combination of metformin and sulindac. The aim of this
experiment is to measure superoxide levels in lung cancer cells when exposed to metformin, sulindac, and a
combined treatment of metformin and sulindac through time-lapse fluorescence imaging, which provides a
measurement of dynamic changes in the slopes of superoxide anion production quantitatively over time.

2 | MATERIALS & METHODS

3



P
os

te
d

on
21

A
u
g

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
69

26
19

25
.5

37
19

16
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

2.1 | Cell Preparation

A549 adenocarcinoma human alveolar basal epithelial lung carcinoma cells were obtained from ATCC
(Rockville, MD). The cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) (Gibco, Grand
Island, NY) and supplemented with 10% FBS (fetal bovine serum) (Gibco, Grand Island, NY), 100 IU/ml
penicillin (Gibco, UK), and 100 μg/ml streptomycin (Gibco, Grand Island, NY), and maintained at 37 and
5% CO2 in a temperature- and gas-controlled incubator. For repeatability, frozen cell stocks with of the
same early passage were prepared.

2.2 | Fluorescence Microscopy

Two days prior to imaging, cells were thawed and seeded to a 24-well plate (50,000 cells/well). Before plating,
cell viability was assessed with a Cell Countess II FL Automated Cell Counter (Invitrogen, Carlsbad, CA).
A549 cells were cultivated in phenol-free Dulbecco’s Modified Eagles Medium (DMEM) (Gibco, Grand
Island, NY) and supplemented with 10% FBS (Gibco, Grand Island, NY), 100 IU/ml penicillin (Gibco,
Grand Island, NY), and 100 μg/ml streptomycin (Gibco, Grand Island, NY) and cultured at 37 and 5% CO2

in a temperature- and gas-controlled incubator. Phenol-free media is used to avoid interference with the red
channel dye while imaging [37].

Live cell imaging was performed with a Nikon Ti-E inverted microscope (Nikon Instruments, Melville, NY)
customized in the Biophotonics Lab (Florida Atlantic University, Boca Raton, FL) to include a temperature-
and gas-controlled incubation chamber (Okolab, Sewickley, PA). An overhead halogen lamp was utilized for
brightfield imaging of cells at the beginning of the experiment. Fluorescence excitation was achieved through
pairing a mercury arc lamp with a filter cube for the red channel (510 nm) and fluorescent emission was filtered
with a filter cube (580 nm) and captured with a Rolera EM-C2 CCD camera (Teledyne Photometrics, Tucson,
AZ). The imaging protocol begins with a 20-minute baseline imaging session, followed by the addition of 1 μM
MitoSOX Red Mitochondrial Superoxide Indicator (Thermo Fisher Scientific, Waltham, MA), where imaging
takes place for a duration of 40 minutes. At the 60th minute, cells are subjected to various drug treatments:
25 μM antimycin A (AA, positive control), 250 μM sulindac, 1.6 mM metformin, and a combination of
250 μM sulindac and 1.6 mM metformin. The 8-hour experiment involved capturing images at 20-minute
intervals, using 20x magnification and an exposure time of 900 ms. Our experimental protocol is described
in detail in previous manuscripts [38-41].

4
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2.3 | Image Processing

Image processing techniques were utilized to retrieve raw intensity profiles from stacks of images for each
respective treatment and their duplicates during the 8-hour period of time-lapse fluorescence microscopy.
Raw red channel image stacks are processed using ImageJ (National Institutes of Health, Bethesda, MD).
First, contrast enhancement is applied to obtain mitochondrial contours. This allows for a ROI (region
of interest) to be selected and applied over all 24 images in a stack. For quantification, the selected ROI
is used to retrieve mitochondrial fluorescent intensity presented as A.F.U (arbitrary fluorescent units) and
background (dark regions) for background subtraction. Intensity profiles are fitted to sigmoidal (Equation 1)
and linear (Equation 2) models using MATLAB R2022a (MathWorks Inc., Natick, MA) to visualize trends
in drug treatments.

y = 1
1+e−x (1)

y = mx + b (2)

2.4 | Statistical Analysis

Each condition was repeated 6 times (n = 6) with all values represented as the means ± SD. A one-way
ANOVA test with p-value set to p < 0.05 was used to determine the statistical significance of each drug
treatment and demonstrate the function of differences in treatment conditions as a variable. Relative percent
changes were calculated with respect to control considered as zero and signify the production of superoxide
for each treatment condition.

2.4 | Cell Viability Assay

A549 cells were plated at 5X103 cells per well in a 96-well plate with 100 μL of the cell suspension for 24
hours at 37°C and 5% CO2 in an incubator. The media was then discarded under aseptic conditions before
being replaced with media containing 250 μM of sulindac and varying concentrations of metformin, 400 μM,
800 μM, 1.2 mM, 1.6 mM, and 2.0 mM. Cells were incubated for 48 hours in a 37°C and 5% CO2 incubator.
Cell viability was obtained using a CellTiter 96 Aqueous One Cell Proliferation Assay (Promega, Madison,
WI) in accordance with the manufacturer’s instructions. This assay used a tetrazolium salt compound that
is reduced to a water-soluble formazan dye through dehydrogenase enzymes in metabolically active cells [21,
42]. The formazan dye is quantified by measuring its absorbance at 490 nm with a colorimetric microtiter
plate reader (SpectraMax Plus 384, Molecular Devices).

3 | RESULTS

The signal from MitoSOX red in A549 cells demonstrated the production of O2
*- by mitochondria under

conditions of increased oxidative stress. Figure 1 depicts brightfield and red fluorescent images of A549 cells
under the various drug treatment conditions, as well as positive control (AA) and control conditions. The
first row is the positive control (AA) group, followed by the control group, and rows three through five are the
drug treatment conditions, metformin, sulindac, and combination of metformin and sulindac, respectively.
The first column of images contains brightfield images of each treatment group, taken prior to the addition
of the fluorescent probe or any drug treatment. The second column of images are taken at 80 minutes, which
is 20 minutes after each drug treatment was administered. The third and fourth columns include images
taken at 240 minutes and 360 minutes respectively, and visualize increased superoxide anion production as
time progresses, over a period of 120 minutes between the two columns. The last column captures intensity
after 480 minutes, which is the end point of the experiment. These images demonstrate varying increases
in intensities depending on condition. Heightened red fluorescence intensity over time explains increased
superoxide production after exposure to treatment conditions.

5
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Raw red channel MitoSOX fluorescence signal was plotted over time for each of the five groups using a
selected ROI (see Materials & Methods). For consistency and reproducibility, six fields of view (FOVs) were
imaged for cells in each treatment group, as well as the positive control and control groups. Figure 3a depicts
raw fluorescence intensity for each group (n = 6), indicating the time points where MitoSOX Red indicator
and drug treatments were added. After administering treatment, an increase in intensity was observed in all
groups, implying a surge in the superoxide anion production rate. Additionally, as time increased, treatment
groups showed a plateau or gradual increase in slope, validating the chosen duration of 8 hours.

6
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To quantify the rate of superoxide anion production over time in response to the different treatment condi-
tions, sigmoidal and linear equations were fitted to the data (See Materials & Methods). Figure 3b consists
of the data fitted to the sigmoidal equation for AA and combination treatment, and linear equation for con-
trol, metformin, and sulindac treatments. The nonlinear fitting used for AA and the combination treatment
demonstrates a greater increase in the O2

*- production rate in the aforementioned groups in comparison to
the remaining groups. This can be further justified by Table 1, where slopes of AA and the combination
of metformin and sulindac are notably greater than the linear slopes. Table 2 depicts the percent change
between the slopes of the control group and the treatment groups, including AA. The percent change be-
tween the control and positive control group is the greatest (75.93%), followed by the difference between the
control and combination of metformin and sulindac groups (33.22%), control group and sulindac (7.88%),
and lastly control group and metformin (5.48%). The highest difference was expected, as AA is the positive
control, though the greater difference in percent change between control and combination group, compared
to control and the treatments alone indicates the role of the drug combination in superoxide production
increases over time.

The slopes of red channel fluorescence intensity for each group are compared to one another statistically in
Figure 4 and showed significant changes in the positive control and combined treatment compared to the
control group. In these treatment cases, there was a large difference in the rate of superoxide production
over time with respect to the control group, reflecting the effects of the drugs on the mitochondria and its
processes.

7
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Cell viability is quantified in Figure 5 and corresponds with the fluorescent intensity data obtained above.
Here, different concentrations of metformin (400 μM, 800 μM, 1.2 mM, 1.6 mM, and 2.0 mM) were added to
A549 cells either in the presence of 250 μM sulindac or not. When no metformin, 400 μM metformin, 800 μM
metformin, and 1.2 mM metformin are combined with 250 μM sulindac, absorbance values remained in the
range of ˜0.5 to ˜0.7 nm. However, once 250 μM of sulindac was added to 1.6 mM of metformin, absorbance
dropped from ˜0.6 nm to less than 0.4 nm. This indicated the potency of the combination of 250 μM
and 1.6 mM metformin, as a drastic reduction in cell viability, which corresponds to measured absorbance,
was observed. 2.0 mM metformin and 250 μM sulindac demonstrated analogous outcomes. However, it
is advisable to avoid using a drug combination with concentrations that are higher than necessary. The
combination of 1.6 mM metformin and 250 μM sulindac was also used in time-lapse fluorescence imaging,
indicating that fluorescence information can be used to validate cell viability data.

4 | DISCUSSION

This study quantifies chemotherapeutic efficacy of drugs metformin, sulindac, and their combination in
terms of superoxide production using time-lapse fluorescence microscopy. Superoxide levels were quantified

8
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over an 8-hour period for each treatment through time-lapse fluorescence microscopy. The various drug
treatments exhibited distinct trends in the generation of superoxide, as depicted in Figure 2. We report
i) the combination of sulindac and metformin mediated robust superoxide generation out of all treatment
conditions and ii) individual treatments of metformin and sulindac do not generate an effective response when
compared to the combination treatment using the same dosages. These findings suggest the co-treatment to
cancer cells could increase apoptosis in the presence of an oxidative agent, functioning as a more effective
cancer treatment option.

Previous experiments examined the combination of pre-treatment with sulindac before the addition of another
agent and concluded that mitochondrial dysfunction played a role in anticancer mechanisms [21, 23]. This
present study is an expansion of this work, as it investigates the onset of cellular effects while the drug
combination is administered together, validating cell viability data. Additionally, this study demonstrates
in further detail the mechanism of action for superoxide formation and its potential role in cancer cell death.

Cancer research using chemotherapeutic agents indicates evidence of heavily fostered apoptosis of tumor cells
by these agents [43-45]. Specifically, research has focused on agents that elevate superoxide levels in cancer
tissue, utilizing superoxide to induce apoptotic pathways [46]. Superoxide form key agents of mitochondrial
dysfunction often associated with apoptosis-inducing cancer drugs [45]. This coincides with the results from
this research where highest superoxide elevation was observed with the combination drug treatment (Figure
4).

The inhibition of complex I by metformin causes superoxide accumulation in the mitochondrial matrix,
promoting a collapse of cellular homeostasis and apoptosis [47, 48]. Previous experiments have suggested
that administering metformin increased superoxide production, decreased mitochondrial membrane poten-
tial, activated caspase family enzymes, which are closely related to apoptosis, increased apoptosis-promoting
BAX (BCL-2 associated X protein) levels, and decreased anti-apoptotic BCL-2 (B-cell lymphoma-2) and
MCL-1 (Myeloid leukemia 1) protein levels [47, 49-51]. Sulindac-induced apoptosis heavily relies on su-
peroxide generation [23, 45]. The oxidative stress induced by superoxide phosphorylates p38 MAPK (p38
mitogen-activated protein kinase) [52], a protein prominently involved in apoptotic pathways and p53 a tu-
mor suppressor gene [53]. The Bcl-protein family controls proapoptotic responses by the inhibition of BAX
and BAK (Bcl-2 homologous antagonist killer) [54, 55]. Cancer cells have been found to evade apoptosis
predominantly by inhibiting BAX and BAK proteins [56]. The oligomerization of BAX and BAK at the
mitochondrial outer membrane (MOM) opens pores mediating the release of cytochrome c (cyt c) from
the mitochondria [56]. Cyt c activates caspases that cleave all cellular components of the cell. Accord-
ingly, administering metformin and sulindac together brings forth significant superoxide accumulation in the
mitochondria supporting a chemotherapeutic mechanism for activation of the apoptotic events.

We have demonstrated a combination of two FDA approved drugs with anti-cancer activity can more intensely
induce superoxide production in cancer cells than when treated alone. This approach is advantageous because
it reduces dosage requirements as well as the development of drug resistance often seen in monotherapies.
When drugs with different mechanisms of action are combined, each drug can be used at its optimal dose,
limiting adverse side effects. A two-drug treatment can reduce cytotoxicity to peripheral non-tumor cells
[57] and provide a more efficacious treatment.

5 | CONCLUSION

Time- lapse microscopy was used to monitor ROS generation in lung cancer cells treated with a combinatorial
treatment, metformin and sulindac. Results from this study report significant superoxide accumulation due to
the combined effect of metformin and sulindac on A549 lung cancer cells. However, superoxide production for
individual metformin and sulindac treatments showed only modest increases. The combinatorial treatment
has shown a notable anticancer effect, specifically targeting the metabolic dysfunction caused by excess
superoxide, which ultimately may lead to increased cell death in lung cancer cells. This study demonstrates
elevated superoxide levels in the dual drug combination, which can be used in chemotherapeutic treatments.
We aim to expand on our prior protocol and investigation to quantitatively measure and compare O2
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production across different cancer treatment conditions [39]. Our ongoing cancer therapy regime examines
the influence of extremely low frequency electromagnetic field radiation combined with proapoptotic agents.
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