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Abstract

Background Despite the recent advances in chemotherapy, the outcomes and the success of these treatments still remain
insufficient. Novel combination treatments and treatment strategies need to be developed in order to achieve more effective
treatment. This study was designed to investigate the combined effect of ethacrynic acid and cinnamic acid on cancer cell
lines.

Methods The anti-proliferative effect of ethacrynic acid and cinnamic acid was investigated by MTT cell viability assay in
three different cancer cell lines. Combination indexes were calculated using CompuSyn software. Apoptosis was assessed
by flow cytometric Annexin V-FITC/PI double-staining. The effect of the inhibitors on cell cycle distribution was measured
by propidium iodide staining.

Results The combination treatment of ethacrynic acid and cinnamic acid decreased cell proliferation significantly, by 63%,
75% and 70% for K562, HepG2 and TFK-1 cells, respectively. A 5.5-fold increase in the apoptotic cell population was
observed after combination treatment of K562 cells. The population of apoptotic cells increased by 9.3 and 0.4% in HepG2
and TFK-1 cells, respectively. Furthermore, cell cycle analysis shows significant cell cycle arrest in S and G2/M phase for
K562 cells and non-significant accumulation in GO/G1 phase for TFK-1 and HepG2 cells.

Conclusions Although there is a need for further investigation, our results suggest that the inhibitors used in this study cause
a decrease in cellular proliferation, induce apoptosis and cause cell cycle arrest.
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Background

Cancer is the name of a group of diseases caused by abnor-
mal cell division. Cancer cells grow without control and
spread to other parts of the body through the blood circula-
tion. There are different types of cancer treatment. Depend-
ing on the cancer type and how advanced it is, the type of the
treatment may change. The most common cancer treatment
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is chemotherapy, in which chemical drugs are used to cure
disease. These drugs may consist of synthetic compounds or
active ingredients of natural products.

Ethacrynic acid (EA) is known as a diuretic substance
[1]. EA has also been found to be a glutathione S-transfer-
ase P1-1 (GSTP1-1) [2] and WNT inhibitor [3]. GSTP1-1
is overexpressed in tumor cells and this results in enhanced
detoxification of chemotherapeutic drugs [4]. The inhibition
of GSTP1-1 by EA results in cancer cells becoming more
sensitive to chemotherapy [5]. Anticancer potency has also
been reported against other cancer cell lines of solid tumors
and hematological malignancies [6]. EA induces apoptosis
and inhibits cell growth in different cancer cell lines at high
pM concentrations [7]. EA structurally contains an a,f3-
unsaturated ketone that can react with the cysteine residues
in the cell via Michael addition [8].

Cinnamic acid (CA), also known as 3-phenylpropenoic
acid, is an alpha-beta unsaturated carboxylic acid contain-
ing an aromatic ring (Fig. 1). CA is a naturally occurring
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compound that can be obtained from many natural sources
such as olives, various fruits, coffee beans and vegetables.
It has various biological activities including anti-inflam-
matory, antioxidant, antifungal, antibacterial, and antican-
cer properties [9—11]. In terms of anticancer activity, CA is
effective against different cancer cell lines [12]. Niero and
Machado-Santelli demonstrated that cinnamic acid induces
apoptotic cell death and cytoskeleton disruption in human
melanoma cells [13]. It was also found that CA is effective
against colon cancer xenograft in nude mice and its mecha-
nism of action is the inhibition of histone deacetylase.

Combination therapy is the method in which two or more
chemotherapeutic agents are used in the treatment of cancer.
The main purpose of this strategy is to enhance the efficacy
compared to monotherapy by targeting the pathways syner-
gistically or in an additive manner [14].

In the present study, we report the anticancer activities of
EA, CA and their combinations against the cancer cell lines:
TFK-1 (human cholangiocarcinoma), HepG2 (human hepa-
tocellular carcinoma), and K562 (human chronic myeloid
leukemia). The results of this study indicate that the com-
bination of EA and CA has a profound synergistic antipro-
liferative effect on K562 cells. Moreover, this combination
resulted in an elevated abundance of apoptotic cells in the
K562 line compared to the TFK-1 and HepG2 lines. The
results of this study may open a novel way to a more effec-
tive cancer treatment.

Methods
Chemicals

MTT reagent, ethacrynic acid and cinnamic acid were pur-
chased from Sigma-Aldrich. The inhibitors were prepared
as 5 mM EA and 10 mM CA stock solutions in DMSO
(dimethylsulfoxide) according to the recommendations
of the supplier and the main stocks were stored at -20°C.
RPMI-1640, fetal bovine serum (FBS), penicillin/strepto-
mycin, and phosphate buffered saline (PBS) were obtained
from Euro Clone, Biological Industries, Euro Clone and
Gibco, respectively. RNAse and propidium iodide used
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for cell cycle analysis were obtained from Sigma-Aldrich.
Annexin V/FITC was obtained from Biolegend.

Cell lines and maintenance

Human cholangiocarcinoma (CCA) cell line, TFK-1, human
hepatocellular carcinoma (HCC) cell line, HepG2, and
human chronic myeloid leukemia cell line (CML), K562,
were obtained from German Collection of Microorganisms
and Cell Cultures (DSMZ). Cells were cultured in RPMI-
1640 medium supplemented with 10% FBS and 100 U/mL
penicillin/streptomycin and the cells were maintained in 5%
CO, incubator at 37°C.

Cell proliferation assay

Antiproliferative effects of ethacrynic acid, cinnamic acid
and their combinations were determined by MTT cell via-
bility assay on the indicated cell lines. This test is based
on the principle that metabolically active cells convert the
MTT  ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) molecule into insoluble formazan salts and
the resulting color is measured at 570 nm. Briefly, 96-well
plates were seeded with 10,000 cells/well containing 200 pl
of growth medium in the absence or presence of increas-
ing concentrations of only EA, CA and their combinations.
After 48 h of incubation, 10 ul of MTT reagent was added to
each well and incubated for 3 h. Then, the plates were cen-
trifuged at 1800 rpm for 10 min and the formed formazan
crystals were dissolved in 100 pl DMSO. Formazan absorp-
tion intensities were measured at 570 nm by Varioskan™
LUX multimode microplate reader (Thermo Scientific™).
Proliferation graphs were plotted and the the ICs, and IC;
(drug concentration that inhibits cell growth by 50% and by
30%) concentrations were calculated for both EA and CA.

Isobologram analysis for median dose effect or
combination index (Cl) analysis

Increasing concentrations of CA were combined with con-
stant 1C;, or ICs, concentration of EA and the cytotoxicity
of the combination was evaluated by MTT assay. We used
CompuSyn for Windows (CompuSyn software, Biosoft,
Cambridge, UK) for isobologram analysis [15]. Experi-
mental data points represented by dots located below, on, or
above the line, indicate synergism, additivity, and antago-
nism, respectively. The combination index (CI) is an anal-
ysis of the combined effects of two drugs using a median
effect plot analysis. A CI value<1 indicates a synergistic
effect (0.1-0.5 strong synergism; <0.1 very strong syner-
gism); a CI value of 1 indicates an additive effect; and a CI



Molecular Biology Reports (2022) 49:7521-7530

7523

value>1 an antagonistic effect (3.3—10 strong antagonism;
>10 very strong antagonism).

Apoptosis assay

K562, TFK-1 and HepG2 cells were treated with either EA
or CA alone or in combination. The cells were treated with
EA at its ICs, in combination with 200 uM of CA using
DMSO as a control. Apoptosis was measured by flow cyto-
metric detection of exposed phosphatidylserine using the
Annexin V-FITC apoptosis detection kit. Briefly, 1x10°
cells were seeded in a 6-well plate and incubated with
DMSO, IC5, of EA only (61.1 uM), 200 pM CA only or the
combination of both for 48 h. Then, the cells were washed
with cold PBS twice, 200 pl of Annexin binding solution
was added onto the cells and mixed. Afterwards, 2 pl of
Annexin V and 5 pl of propidium iodide was added to this
mixture and incubated for 15 min at room temperature in the
dark. Finally, cells were analyzed on the BD FACSAria III
flow cytometer.

Cell cycle analysis
1x 10 cells were treated with inhibitors alone or in com-

bination, using DMSO as a control, for 48 h. After the

a K562

incubation, the cells were washed with 1 ml of cold PBS
(pH=7.4) and centrifuged. Then, 4 ml of 70% ethanol was
added to the cells and the cells were kept at -20°C for at least
24 h. Later, samples were centrifuged, supernatant was dis-
carded and then the cell pellet was suspended in 5 ml cold
PBS and then centrifuged. Then, PBS/Triton X-100 was
added, followed by the addition of 100 pl of RNase-A and
incubated at 37°C for 30 min. Finally, 100 ul of propidium
iodide was added and left at room temperature for 10 min.
Cell cycle analysis was performed by flow cytometry.

Statistical analysis

The results are presented as mean + standard deviation (SD).
The statistical significance was calculated using a one-way
analysis of variance (ANOVA) for Dunnett’s assay com-
pared to the untreated controls. A value of p<0.05 was
considered to be statistically significant and a value of
p<0.0001 was considered to be highly statistically signifi-
cant. Statistical analysis was performed using the GraphPad
Prism 8.0.2 program.
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Fig. 2 The cytotoxic effect of increasing concentrations of a EA and b CA on K562, TFK-1 and HepG2 cells for 48 h. The standard deviation was
calculated on the number of replicates. These results represent data from samples in triplicate across three independent experiments (n=3) (* =

P<0.05, ¥** = P<0.001, **** = P<0.0001)
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Results

Inhibitory effect of ethacrynic acid and cinnamic
acid on cancer cell growth

In order to investigate the cytotoxic effects, cell lines
belonging to different cancer types, K562, TFK-1 and
HepG2, were treated with increasing concentrations of EA
and CA for 48 h. Cytotoxicity was subsequently assessed
by MTT cell viability assay. As shown in Fig. 2, EA and
CA decreased the proliferation of cells in a dose dependent
manner. From this dose response curve, the ICs, and 1C;,
values were calculated for each cell line. For K562, TFK-1
and HepG2 cells, the ICs, value of EA was calculated as
61.1 pM, 27.25 uM and 21.41 pM, and the IC;, value was
calculated as 36.42 uM, 9.35 uM and 10.79 uM, respec-
tively. The I1C4/IC;, values of CA for K562, HepG2, TFK-1
were calculated as 181.2 pM/26.02 uM, 94.47 uM/25.23
uM and 55.44 uM/20.63 uM, respectively. These concen-
trations were used in further experiments.

Combined cytotoxic effect of ethacrynic acid and
cinnamic acid on cancer cells

Next, we aimed to determine the combined effect of EA and
CA on inhibition of cell proliferation. The cells were treated
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with the IC;, of EA together with increasing concentra-
tions of cinnamic acid varying from 50 uM to 500 pM. The
results indicate that the combination of EA and CA yields
a significant decrease in cell proliferation when compared
to the control cells (DMSO treated) (Fig. 3). In Fig. 3, it
is shown that the cell viability decreased significantly not
only when compared to the control cells, but also when
compared to the cells in which only IC;, of EA was applied.
The cell viability was decreased by 63%, 70% and 75% in
K562, TFK-1 and HepG2, respectively, when the cells were
treated with 300 uM CA and IC;, of EA (Fig. 3a). Among
these three cell lines, the combined treatment only showed
synergistic effect on K562 cells (Fig. 3b). When compared
to the single treatment of EA or CA, the combined treatment
of both inhibitors resulted an increased growth-inhibitory
effect on K562 cells compared to other cell lines. However,
in TFK-1 and HepG2, the combined treatment is not any
better than the single treatments (Fig. 3b). When the ICy,
value of EA was combined with increasing concentrations
of CA, the results demonstrated a similar pattern. (data not
shown).
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Fig. 3 The combinatorial cytotoxic effects of EA and CA on K562, TFK-1 and HepG?2 cells. In panel a, the bar graph of the combinations is dem-
onstrated. In panel b, the comparison of single (EA only, CA only with circle and square lines, respectively) and combinational treatments (triangle
lines) is demonstrated. The standard deviation was calculated on the number of replicates. These results represent data from triplicate samples
across three independent experiments (n=3) (* = P<0.05, ** = P<0.01, ¥*** = P<0.001, **** = P<0.0001)
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Isobologram test and determination of
combinatorial cytotoxic effects of ethacrynic acid
and cinnamic acid

Subsequently, in order to determine the combined synergis-
tic effect of EA and CA, an isobologram test was performed
(Chou and Talalay, 1984). In Table 1, the CI value for IC;
and ICj, values of EA in combination with CA are listed for
K562, TFK-1 and HepG2. The results demonstrate a syner-
gistic cytotoxic effect when IC;, or ICs, of EA is adminis-
tered in combination with CA with a concentration of <100
pM for K562 (Table 1). EA and CA combination did not
show any synergistic effect on TFK-1 cells. Interestingly,
for HepG2 cells combination of IC;, and ICy, of EA in com-
bination with a high CA concentration, 300 uM, indicated
a synergistic effect. Based on these results, the isobologram
analysis revealed that low dose combination of CA with EA
synergistically inhibited cell growth for K562 cells.

Induction of apoptosis in response to combination
treatment

To further confirm the impact of EA and CA, and decipher
the mechanism of the inhibition of cell proliferation by EA
and CA, Annexin V-FITC/PI double staining was performed
to assay apoptosis. The cells were incubated with the ICy,
concentration of EA and 200 uM CA. The results show
that the combination of EA and CA significantly induced
apoptosis in K562 cells. In K562 cells, single treatment of
EA and CA increased the apoptotic cell population by 9.8%
and 5% (Fig. 4a, left panel), respectively, and the combina-
tion treatment caused a significant 5.5-fold increase in the
apoptotic cell population when compared to untreated con-
trol cells (Fig. 4a). For TFK and HepG2 cells the EA and
CA combination treatment induced apoptosis up to 1.3-fold
and 1.9-fold when compared to the untreated control. The

Table 1 Combined index (CI) of EA and CA on K562, TFK-1 and
HepG2 cells

K562 TFK-1 HepG2

Drug CI Value CI Value CI Value
EA(IC;) - - -

EA(IC;)) + CA(50uM) 0.93292 1.62187 3.93396
EA(IC5;) + CA(100uM) 0.78682 2.59858 3.04222
EA(ICy) + CA(200uM)  1.06775 2.75703 1.46027
EA(IC;j) + CA(300uM) 1.30603 2.32777 0.66814
EA(IC;,) + CA(500uM) 1.692 . .

EA(ICs) . . :

EA(ICs4) + CA(50uM) 0.56485 2.96097 1.64421
EA(ICy,) + CA(100uM)  0.83443 1.86504 2.20072
EA(ICs,) + CA(200uM) 1.28212 1.39363 1.94673
EA(ICsp) + CA(300uM) 1.49929 2.61713 0.81072
EA(IC,) + CA(500uM) 25556 - -

combination of EA and CA induced late apoptosis and early
apoptosis for TFK-1 and HepG2 cells, respectively (Fig. 4b
and c). Collectively, the data suggest that the inhibitors
increased cellular apoptosis when used in combination, but
caused a marked apoptosis in K562 cells.

The effect of combination treatment on cell cycle
distribution

To evaluate the effect of EA and CA on cell cycle, the cells
were treated with the inhibitors in complete medium for
48 h at the ICs, of EA and 200 uM CA. Flow cytometry
analysis demonstrated that the combination treatment of EA
and CA caused a 36% decrease in cell population in K562
in GO/G1 phase and a significant increase in G2/M phase
and S phase by 3-fold and 1.8-fold, respectively (Fig. 5a).
For TFK-1 cells, the cell population arrested in GO/G1
increased by 14% when compared to the untreated control
cells. The percentage in S phase and G2/M phase, however,
was decreased significantly (Fig. 5b). It was demonstrated
that HepG2 cells accumulated in G2/M phase in response to
the inhibitor treatment regardless of single or combination
treatment (Fig. 5c). For HepG2 cells the populations in S
phase and GO/G1 phase were decreased by 8.1 and 5.1%
respectively. These data imply that the EA and CA combina-
tion caused G2/M cell cycle arrest for K562 cells and G0/
Gl arrest in TFK-1 and HepG2 cells.

Discussion

It is estimated that in 2020, there were 19.3 million new
cases and 10 million cancer deaths worldwide. Moreover, in
2040, the global cancer burden is expected to be 28.4 mil-
lion cases which is 47% more when compared to 2020 [17].
Chemotherapy is the most efficient way of treating cancer.
The purpose of these chemotherapeutic agents is to stop
the cancer cells from spreading and growing in the body.
In certain cases, combination therapy was found to be more
effective than single therapy. Importantly, in combination
therapy, lower doses of each drug could be used and thus
the maximum tolerated dose of the drugs would not be
exceeded [18, 19]. Regarding the potential of combination
therapy, in this study, we studied ethacrynic acid and cin-
namic acid combination treatment on cancer cell lines.

CA is a very well-known naturally occurring alpha-beta
unsaturated acid. CA was shown to demonstrate cytostatic
effects on cancer cells [20]. It was demonstrated that CA
causes microfilament disorganization in a dose dependent
manner and induces apoptosis of melanoma cells [13].
Another study shows that CA and its derivatives exhibited
antineoplastic effects on different breast cancer cell lines.

@ Springer
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Fig.4 Cellular apoptosis
was determined by Annexin
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cells when ICy, of EA and 200
uM CA were administered. The
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flow cytometry to analyze the
percentage of apoptotic cells.
Representative histograms are
shown. In these histograms,
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The compounds inhibited the cell growth and colony for-
mation capability of the cells [21]. The impact of CA on
triple negative breast cancer cell lines was studied and
CA induced apoptosis via the TNF alpha-TNFR1 medi-
ated extrinsic apoptotic pathway was demonstrated [22]. In
colon cancer xenograft in nude mice, trans-cinnamic acid
demonstrated anti-tumor activity [23]. The investigation of
naturally occurring cinnamic acid derivatives on colon and
cervical cancer cells shows that CA and derivatives induce
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cell death through inhibition of histone deacetylases which
are responsible for epigenetic regulation of gene expression
[24]. CA derivatives also demonstrated chemo-sensitizing
effects for lung cancer cells treated with doxorubicin [25].
The anticancer effect of EA was investigated in prostate
cancer and it was identified as a STAT3 inhibitor through
modulation of phosphatases, like SHP2 and PTP1B. More-
over, EA treatment inhibited tumor growth in mice xeno-
grafted with DU145 cells [26].
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Fig.5 The effect of EA and CA on cell cycle progression. a K562, b TFK-1 and ¢ HepG2 cells were treated for 48 h with either EA and CA alone
or the combination of both inhibitors. The representative histograms were shown. The cells were harvested, fixed, and stained with propidium
iodide and then analyzed by flow cytometry. Two independent experiments were performed, combined and analyzed (* = P<0.05, ** = P<0.01)

In the current study, we investigated the cytotoxic, apoptotic and cytostatic effects of EA, CA and their
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combination on different cancer cell lines for the first time.
First, we analyzed the cytotoxic effects of inhibitors alone
or in combination on cancer cells. Single treatment of EA
and CA inhibited cell growth of all three cell lines. Although
the combination treatment of cancer cells with EA and CA
caused a decrease in cell growth for all cell lines, and for
K562 cells only, in low concentrations, we observed a syn-
ergistic effect. For TFK-1 and HepG?2 cells, the combination
of these drugs caused an antagonistic effect. According to
the literature, EA demonstrated cytotoxic effects on differ-
ent types of cancers through its function as a GST-1 inhibitor
[27]. In various lymphoma and myeloma cell lines, the cell
viability and induction of apoptosis of single and combina-
tion treatments of EA and ciclopiroxolamine was assessed
compared to PBMCs collected from healthy donors. It was
demonstrated that there is a significant selectivity towards
lymphoma and myeloma cells without effecting the cell
viability of PBMCs [28]. The effect of EA on epithelial
mesenchymal transition (EMT) was investigated using lung
cancer cells. It was shown that EA inhibited the sphingo-
sylphosphorylcholine induced WNT signaling, migration
and EMT [29]. We next checked the effect of inhibitors
alone or in combination on the induction of apoptosis and
cell cycle arrest. In our study, the apoptotic effects of the
inhibitors varied depending on the cell line. Simultaneous
exposure of K562 cells to EA and CA augmented the early
and late apoptotic cell population 5.5-fold when compared
to control cells. We clearly observed a drastic increase in
both early and late apoptotic cell population in K562 cells.
However, for TFK-1 and HepG2, induction of apoptosis
was slight and we only observed minor differences between
the treated and untreated cells. Necrotic cell death was not
observed in any of the cell lines that were treated with the
drug combination. The effect of EA was studied in com-
bination with tyrosine kinase inhibitors (TKIs) and it was
demonstrated that EA, when combined with TKIs, induced
apoptosis and cell cycle arrest [30, 31]. Finally, the combi-
nation of EA with arsenic trioxide, which is an agent used
for acute promyelocytic leukemia therapy, caused induction
of apoptosis [32].

In K562 CML cells, hydroxy cinnamic acid derivatives
caused cell cycle arrest in the GO/G1 phase, which sup-
ports our results [33]. In our study, when K562 cells were
treated with CA only, the GO/G1 cell population increased
by 4% which is in line with the results in literature. Our
results demonstrated that CA or EA alone did not cause
any changes in cell cycle phases; however, the combination
caused significant G2/M cell cycle arrest. This result may
be due to the regulation of different cell cycle checkpoints,
and may also be dependent on cell type and cancer type. The
G2/M cell cycle arrests may be due to microtubule disorga-
nizations [34] and thus as follow up for our study, further
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investigations could be performed on cytoskeletal organiza-
tion upon drug treatment. As pointed out by Sova and col-
leagues, CA derivatives arrest cell cycle in carcinoma cells
[35] which is in accordance with the current study.

Collectively, our results show profound differences
between different types of cell lines. The findings of this
study indicate that EA and CA combination treatment was
more effective on the K562 cell line. Consistently, the effect
of combination treatment demonstrated synergistic inhibi-
tory effect on cell growth, induction of apoptosis and G2/M
cell cycle arrest for K562 cells. The clinical use of EA as an
anticancer drug is limited by its potent loop diuretic activity
[36]. More potent derivatives of EA with anti-cancer prop-
erties could be achieved by modification of the inhibitor
[37, 38]. Conjugates of EA have been developed and tested
against tumor cells and this non-diuretic conjugate demon-
strated a potent anti-proliferative effect [37].

Conclusions

In conclusion, our study demonstrated that EA and CA
combination leads to an antiproliferative effect against can-
cer cell lines used in this work: K562, TFK-1 and HepG2.
This combination caused a significant apoptotic cell death
in K562 cells. In addition, K562 cells were arrested in the
G2/M phase upon co-administration of EA and CA. Col-
lectively, our results show that using EA and CA cause a
decrease in cell proliferation, induce apoptotic cell death
and cell cycle arrest. Clearly, it is important to evaluate the
effect of the inhibitors mechanistically. The focus of future
work might be the identification of apoptotic cell death
mechanisms and investigation of the mechanism by which
the inhibitors achieve their effect. Afterwards, it is important
to perform further functional assays to validate the impact
of such molecules or combinations. Although there is a need
for follow-up studies and further investigation, our results
suggest that administration of EA and CA could be potential
therapeutic targets for treating cancer cells. Considering the
antiproliferative properties of EA and CA, one of the impor-
tant findings in this study is that both of the molecules have
relatively low potency against cancer cell lines when they
are used alone. It was reported that they are mainly used as
an adjuvant molecule in most of the studies. Herein, we also
reported that these two molecules which show low toxicity
alone, could be a potential treatment option when applied in
combination, especially at low concentrations in the K562
cell line.

List of abbreviations
EA Ethacrynic acid.
CA Cinnamic acid.
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EMT Epithelial mesenchymal transition.
CML Chronic myeloid leukemia.

CCA human cholangiocarcinoma.

HCC human hepatocellular carcinoma.
PBMC peripheral blood mononuclear.
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