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ARTICLE INFO ABSTRACT

Keywords: Breast cancer is the most common cancer in women that shows a predisposition to metastasize to the distant
Breast cancer organs. Kojic acid is a natural fungal metabolite exhibiting various biological activities. Compounds derived from
Kojic acid kojic acid have been extensively studied and proved to demonstrate anti-neoplastic features on different cancer
:g;’;zlsti';l types. In the present study, allomaltol-structural analog of kojic acid and its seven derivatives including four

novel compounds, have been synthesized, characterized and their possible impact on breast cancer cell viability
was investigated. It was discovered that compound 5, bearing 3,4-dichlorobenzyl piperazine moiety, could
decrease the viability of both MCF-7 and MDA-MB-231 cell lines distinctively. To ascertain the death mechanism,
cells were subjected to different tests following the application of ICsy concentration of compound 5. Data ob-
tained from lactate dehydrogenase activity and gene expression assays pointed out that necrosis had taken place
predominantly in MDA-MB-231. On the other hand, in MCF-7 cells, the p53 apoptotic pathway was activated by
overexpression of the pro-apoptotic TP53 and Bax genes and suppression of the anti-apoptotic Mdm-2 and Bcl-2
genes. Furthermore, Bax/Blc-2 ratio was escalated by 3.5 fold in the study group compared to the control.
Compound 5 did not provoke drug resistance in MCF-7 cells since the Mdr-1 gene expression, drug efflux, and
H,0;, content remained unaltered. As for MDA-MB-231 cells, only a 1.4 fold increase in the Mdr-1 gene
expression was detected. These results indicate the advantage of the allomaltol derivative over the chemother-
apeutic agents conventionally used for breast cancer treatment that can be highly toxic and mostly lead to drug
resistance. Thus, this specific allomaltol derivative offers an alternative therapeutic approach for breast cancer
which needs further investigation.

Multidrug resistance

1. Introduction

Breast cancer is the second leading cause of death from cancer among
women worldwide [1]. Treatment options for breast cancer comprise
surgical debulking, radiation, chemotherapy, hormone therapy, and
targeted therapies. To design an effective treatment strategy, it is
essential to determine the specific features of the cancer cells such as
possession of receptors like progesterone receptor (PR), estrogen re-
ceptor (ER) and human epidermal growth factor receptor 2 (HER2),
drug resistance potential and response to chemotherapy [2]. Chemo-
therapy is the main approach to target the rapid and uncontrolled tumor
cell proliferation regardless of the subtype of cancer cells. However, the
hereditary or acquired multiple drug resistance (MDR) where the cells
become resistant to a chemotherapeutic agent(s), particularly due to

overexpression of certain transmembrane proteins such as adenosine
triphosphate (ATP) binding cassette (ABC) transporter family members
limit their expediency [3,4]. Therefore, numerous studies have been
conducted to overcome chemotherapy-related MDR while targeting
cancer cells selectively.

5-Hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (Kojic acid, KA) is a
natural secondary metabolite produced by certain Aspergillus, Aceto-
bacter, and Penicillium species. It is a potent tyrosinase inhibitor, there-
fore capable of suppressing melanogenesis as the first and the rate-
limiting step of melanogenesis that is catalyzed by tyrosinase enzyme
[5,6]. It is used as a food additive to prevent enzymatic discoloration as
well as in the cosmetic industry to alleviate hyperpigmentation of the
skin by its tyrosinase inhibition property caused primarily by sunburn,
UV light, and scars [7,8]. KA is also proven to exhibit anti-inflammatory,
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anti-bacterial, and anti-neoplastic activities [9,10]. Due to its instability
during long term storage as well as its capacity to provoke skin irritation
in high concentrations, studies have focused on synthesizing KA de-
rivatives with less harmful effects [11-15].

2-Chloromethyl-5-hydroxy-4H-pyran-4-one (chlorokojic acid, CKA)
and 5-hydroxy-2-methyl-4H-pyran-4-one (allomaltol, ALM) are struc-
tural analogs of KA and can be synthesized from commercially available
KA [8]. ALM and its derivatives draw attention due to their advanta-
geous activities including anticancer [16], antidiabetic [17] and anti-
malarial [18].

Mannich bases that are derivatives of the KA scaffold were shown to
suppress inflammation, infection, and cancer cell proliferation [8,12].
Recently, we have reported the synthesis of new KA derivatives and
examined their cytotoxic effects on A375 human malignant melanoma,
HGF-1 human gingival fibroblasts, and MRC-5 human lung cell lines
[15,19]. We have found that most of the compounds were not harmful to
the healthy cell lines while representing cytotoxic action on cancerous
A375 cells significantly higher than the drugs used for the treatment of
malignant melanoma such as dacarbazine, temozolomide, and lenali-
domide. Especially, compounds bearing 3,4-dichlorobenzyl piperazine
moiety which one is also included in the context of this study as an ALM
derivative showed greater inhibition against A375 human malign mel-
anoma cells compared to the reference drugs [19].

Based on our previous studies [19,20] and as a part of our continuing
interest in developing new anticancer agents, we reported the synthesis
of seven ALM derivatives having a structure of 2-substituted-6-methyl-3-
hydroxy-4H-pyran-4-one, using the methodology shown in Fig. 1. In this
study, we explored the contribution of the compounds on the viability of
MCF-7 and MDA-MB-231 breast cancer cell lines for the first time. After
stating the most effective compound, the mechanism of the cell death
and the drug resistance were studied. Data for the synthesis of the
effective compound and its activity on A375 malignant melanoma cell
line have already been established [19] and have been applied to the
Turkish Patent and Trademark Office (TR2017/20155). Physical prop-
erties of the compounds including their molecular formula, yields, and
melting points are given in Table 1.

2. Results
2.1. Chemistry

3-Hydroxy-4H-pyran-4-ones comprising KA, CKA, and ALM are
important classes of the structural motif of many compounds both nat-
ural and synthetic, possessing high biological activity profile. Therefore,
their synthesis is of great importance to medicinal chemists, and studies
have been ongoing for years to come up with more effective and safer
agents. CKA and ALM have a structure very close to that of KA wherein
the hydroxymethyl group is replaced with the chloromethyl and methyl
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Fig. 1. The basic synthesis process of the ALM derivatives.
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groups, respectively. As the chlorine in the structure of CKA readily
undergoes nucleophilic substitution, it is a crucial compound from the
chemical point of view. ALM has also been reported to be a non-toxic
and potential ligand for the chelation of metals [17]. CKA is produced
at room temperature via chlorination of the 2-hydroxymethyl moiety of
KA by thionyl chloride, with the ring hydroxyl being unaffected. Later
CKA is reduced to ALM harnessing zinc dust in concentrated hydro-
chloric acid [8].

The one-pot Mannich reaction of ALM with appropriately substituted
benzylpiperazine derivatives in the presence of formalin occurred with
good yields. Because of phenol-like properties, aminomethylation ortho
to the enolic hydroxyl group was constructed in a short time. The
mechanism of this reaction relies on the enhanced activity in the basic
medium due to increased electronegativity at the 6th position of the
hydroxypyrone ring [21]. The resulting precipitate as Mannich bases
was collected by filtration and washed with cold methanol.

The characterization of the novel compounds was supported by FT-
IR, MS, 'H, and '3C NMR spectroscopy techniques and the elemental
analysis data. The selected diagnostic bands of IR spectra of the com-
pounds provide useful information to determine the structures in terms
of absorption bands that are about 1620 cm~! due to (C=0) stretching
of the pyranone ring. The assignment of the signals from the 'H NMR
spectra was based on the chemical shifts and intensity pattern. The
singlet peaks owing to —CHgs group at the 6th position of the pyrone ring
exhibited signals between 2.24 and 2.41 ppm. The spectrums showed
broad singlet peaks for -CH»- of piperazine between 2.39 and 2.62 ppm.
The aromatic protons of the phenyl rings appeared in the range of 7.20
and 7.53 ppm. Characteristic H® proton of the 4H-pyran-4-one ring was
determined as singlet peaks at about 6.5 ppm. The 1°C NMR signals of
the compounds were in accordance with the proposed structures.
Carbonyl carbons of the 4H-pyran-4-one ring were found around 173
ppm. The distinctive signals of compounds were observed in the mass
spectra which followed a similar fragmentation pattern. The entire
spectrums showed characteristic molecular ion peaks equivalent to their
molecular formulae, M 423 (Na) peaks, and M"+1 isotope peaks owing
to chlorine and bromine atoms with the ratio of 1:1 and 3:1,
respectively.

2.2. Biological screening

Compounds synthesized in this study (Table 1, Fig. 1) were screened
for their in vitro cytotoxic activities against breast cancer cell lines MCF-
7 and MDA-MB-231 using sulforhodamine B (SRB) assay upon 24, 48, or
72 h of exposure. ALM and its seven derivatives were tested, where all
compounds of this subset had weak cytotoxicity against two breast
cancer cell lines, except for compound 5. This compound has a 3,4-
dichloro group at R position and showed the highest toxicity on MCF-
7 (96.95 pM) and MDA-MB-231 (47.79 uM) at 48 h. The cytotoxic ac-
tivity of the compound was evaluated against the human gingival
fibroblast cell line (HGF-1) as a representative of normal (non-
cancerous) cells and was found to be 410.4 uM (data not shown). The in
vitro cytotoxic selectivity of compound 5 on the HGF-1 cell line was
used to detect the selectivity index (SI), by the equation stated as
follows:

_ non—cancerous cell line cancer cell line
SI=1C¥ /ICS

The selectivity index for MCF-7 and MDA-MB-231 cell lines were
calculated to be 4.2 and 8.6, respectively. This compound was harmless
over non-cancerous HGF-1 but was cytotoxic on both of the breast
cancer cell lines. To highlight the advantage of compound 5, we
compared its SI values with Doxorubicin (DOX), which is widely used in
the treatment regimens of breast cancer. Being a very potent chemo-
therapy agent, DOX binds to the DNA, disturbs membrane permeability,
and generates a large amount of reactive oxygen species (ROS) [22].
However, DOX is known to be very toxic on non-cancerous cells as well
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Table 1
Physicochemical properties of the compounds 1-7.
Comp. Structure Molecular formula Molecular weight (g/mol) Yield M.p. (°C)
O
OH
1T =,-R
HyC” 0 NCNAY
R
1" 4-fluoro C18H21FN5O3 332.37 66 168-70
2 4-trifluoromethyl C19H31F3N503 382.38 71 171-2
3° 2,5-difluoro C18H20F2N203 350.36 70 163-5
4 2,6-dichloro C18H20CloN203 383.27 60 165-6
5° 3,4-dichloro C18H20Cl2N203 383.27 60 160-2
6 2-chloro-6-fluoro C18H50CIFN,03 366.81 20 153-5
7 4-bromo-2-fluoro C1gH20BrFN2O3 411.27 47 180-1
ALM CeHgO3 126.11 63 153-5
2 [20].
b :[19].

and is associated with congestive heart failure and cardiomyopathy
[23]. Therefore, the search for a compound that exerts no/less cyto-
toxicity over non-cancerous cells is crucial at this point. The ICgg values
of DOX at 48 h for MCF-7 and MDA-MB-231 were detected previously by
our team to be 8.3 uM and 6.6 uM, respectively [24]. The non-cancerous
cell line to be tested for DOX was chosen to be HEK293 and ICsg was
calculated as 0.37 pM. The SI values for DOX in MCF-7 and MDA-MB-
231 were 0.044 and 0.056, respectively. These data indicate that
although DOX is very effectively used in breast cancer cell treatment, its
cytotoxic effect on non-cancerous cells is intimidating. Compound 5,
therefore is effective in breast cancer cell lines MCF-7 and MDA-MB-231
and safe for the non-cancerous cells.

The novel Mannich Base derivative that showed the highest cyto-
toxicity and SI value (compound 5) was tested for further in vitro ex-
periments to explore the mechanism of cell death. IC5 concentrations of
the compound at 48 h for each cell line were given in Table 2. Dose-
dependent changes in the proliferation of MCF-7 and MDA-MB-231
cells exposed to compound 5 for 24, 48, or 72 h were shown in Fig. 2.

2.3. Assessment of the stability of compound 5

The UV-visible absorption spectrum of compound 5 was measured
at three time-points (0 h, 24 h, 48 h) and the maximum absorbance of
the derivative was determined to be 246-262 nm and within the UV
range. Compound 5 was proved to be stable for at least 48 h at 37 °C
since the optical properties of the ALM derivative were intact
throughout the measurement schedule. The graphic regarding the
maximum absorbance and the stability over time was given in Fig. 3.

Table 2
ICso values of ALM and compounds 1-7 for MCF-7 and MDA-MB-231 breast
cancer cell lines (n = 3 £ SD).

Compounds ICs0 (UM)
MCF-7 MDA-MB-231

ALM 396.4 358.6

1 424 155.6

2 105 42.48

3 234.4 416.9

4 150.7 122.5

5 96.95 47.79

6 204.4 159.1

7 182.1 145.5

2.4. ALM derivative-induced lactate dehydrogenase (LDH) leakage

Toxicity rates of the ICsy values (of 48 h) of compound 5 were also
examined in terms of LDH leakage from the cells, which is an assessment
of cellular membrane integrity, and hence a marker for necrotic cell
death. The percentages of the cytotoxicity based on LDH leakage were
calculated abiding by the equation given in the materials and methods
section. It was witnessed that the LDH activity in the media of both of the
cells was increased significantly when the caspase inhibitor Z-VAD-FMK
was applied to the breast cancer cells alone or in combination with
compound 5 for 6 h. LDH activity remained unchanged with the
treatment of MCF-7 cells with compound 5 (A) although; the activity
was increased by ~ 30% when MDA-MB-231 cells were exposed to the
derivative (B) (Fig. 4). These results indicated that the treatment
schedule with compound 5 led MDA-MB-231 cells to necrosis mean-
while, it triggered a programmed cell death mechanism in MCF-7 cells.

2.5. Measurement of hydrogen peroxide (H202) level

Changes in HyO> intracellular concentrations cause responses that
vary greatly but they frequently lead to cell death. Thus, the internal
H30, level upon administration of compound 5 was investigated to
understand whether a ROS and mitochondria-based cell death mecha-
nism takes place or not. Based on the data of 48 h, the H,0; level was
observed to be attenuated distinctly in MCF-7 cells when exposed to the
compound, compared to the control. In opposite, HyO5 production was
detected to be slightly increased in MDA-MB-231 upon treatment
(Fig. 5). Taking into consideration cell cytotoxicity and LDH leakage
experiments, this can be explained by that compound 5 surprisingly
does not generate intracellular HyO2 in MCF-7 cells. Moreover, the
compound suppressed the internal ROS production meanwhile exerting
its cytotoxic effect on the cell. The slight stimulation of the HyO pro-
duction in MDA-MB-231 cells can be attributed to the increased sensi-
tivity of the cells to metabolites such as reactive nitrogen species (NOS)
which is a hypothesis that needs to be confirmed in the future studies.

2.6. Alterations in caspase 8 and 9 activity upon treatment of the cells
with compound 5

Following the assessments of cytotoxicity, LDH leakage, and HyO>
generation; caspase activity was investigated to determine whether the
compound triggers the breast cancer cell lines to undergo apoptosis.
According to the results, the activity of caspases 8 and 9 was provoked
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Fig. 2. The evaluation of the cytotoxic effect of compound 5 on (A) MCF-7 and (B) MDA-MB-231 cells at 24, 48, or 48 h (n = 3 £ SD).
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Fig. 3. UV-visible spectra of the ALM derivative, compound 5 at 0 h, 24 h, and 48 h. The maximum absorbance of compound 5 was measured to be 246-262 nm
and the molecule was stable for at least 48 h at 37 °C.
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Fig. 6. The caspase 8 and 9 activity levels in (A and B) MCF-7 and (C and D) MDA-MB-231 cells following the incubation of the cells with compound 5 for 6 h. (A
and B) Caspase 8 and 9 activity rates were triggered with the subjection of MCF-7 cells to ICso concentration (for 48 h) of compound 5. Z-VAD-FMK inhibited the
augmentation of the caspase 8 activity (C and D) The caspase levels did not differ in MDA-MB-231 cells when they were treated with the ALM derivative for 6 h (n =

3 + SD; *p < 0.05 vs. negative control, **p < 0.01, ***p < 0.001).

significantly with the incubation of MCF-7 cells with ICs( dosage (at 48
h) of compound 5 for 6 h, indicating that apoptosis was triggered and
the caspase inhibitor Z-VAD-FMK reversed the activation (Fig. 6 (A and
B)). Compound 5 application to MDA-MB-231 cells did not provoke the
activity levels of caspase 8 or 9, which along with increased LDH activity
point out to necrosis rather than apoptosis (Fig. 6 (C and D)).

2.7. Drug efflux from ALM derivative-treated cells

To investigate the role of compound 5 on chemoresistance of MCF-7
and MDA-MB-231 cells, drug efflux was evaluated. In MCF-7 cells, cal-
cein retention was noticed to be unaffected in comparison with the
control, suggesting that compound 5 faced the prolonged retention
inside MCF-7 cells. Without being excluded from the cell, compound 5
executed more of its cytotoxic damage in MCF-7 cells. On the other
hand, the fluorescent signal of calcein slightly decreased in MDA-MB-
231 treated with compound 5 which may be attributed to necrosis
the cells experienced. Graphics regarding the drug efflux assay results

were given in Fig. 7.

2.8. Gene expression analysis

Quantitative real-time polymerase chain reaction (qQRT-PCR) was
carried out to identify expression levels of multidrug resistance gene
Mdr-1 and particular genes of the apoptotic pathway. Upon subjection of
MCF-7 cells to the ICs5( concentration of compound 5, the pro-apoptotic
TP53 gene was found to be overexpressed and the Bax/Bcl-2 ratio was
highly upregulated. On the contrary, the p53-antagonist Mdm-2 gene
was diminished (Fig. 8). Evaluating with previous findings, results
indicated that compound 5 triggered the extrinsic apoptotic pathway by
activating both caspase 8 and p53 gene and decreasing its negative
regulator, Mdm-2. As MDA-MB-231 cells carry the mutant TP53 gene,
the p53 apoptotic pathway is greatly impaired. In that case, all relevant
genes assessed in this study were seen to be inhibited significantly
(Fig. 9). Accordingly, MDA-MB-231 cell death was caspase-independent
and clearly escaped from p53 regulation, pointing out a diverse cell
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MCF-7 cells in response to treatment with ICso concentration of compound 5
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(Mdm-2 and Bcl-2), and multidrug resistance (Mdr-1) genes in MDA-MB-231
cells exposed to ICso value of compound 5 for 48 h. The expression levels
were compared to the untreated control values and given as fold change (n = 3
+ SD; *p < 0.05, **p < 0.01, ***p < 0.001).

death mechanism other than apoptosis. Considering LDH activity and
the highly metastatic characteristic of triple-negative breast cancer
(TNBC) cell line MDA-MB-231, the results manifest necrosis. The Mdr-1
gene expression profiles of MCF-7 and MDA-MB-231 cells were consis-
tent with the drug efflux assay data explained in Fig. 7. As can be seen in
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Fig. 8 and Fig. 9, Mdr-1 was inhibited in MCF-7 cells whilst it was
activated in MDA-MB-231 cells. As explained previously, the suppres-
sion of the Mdr-1 gene was a surplus for the prolonged retention of
compound 5 inside MCF-7 cells allowing the prolongation of the cyto-
toxic effect that led the cells to death. Similarly, the triggered Mdr-1
gene in MDA-MB-231 cells was consistent with the drug efflux assay
where compound 5 application resulted in lowered calcein AM reten-
tion, hence increased drug efflux.

3. Discussion

Despite improvements in the early detection and following treatment
approaches, breast cancer remains a major health issue in both devel-
oped and developing countries. This is partly the consequence of the
disorganization of multiple signaling mechanisms such as apoptotic
pathways. Additionally, acquired MDR following chemotherapy con-
stitutes another obstacle against successful treatment [25]. That being
the case, the pursuit of novel agents to inhibit the proliferation of breast
cancer cells without causing drug resistance is of interest of the recent
studies [26,27]. Being responsible for the leading cause of death among
women worldwide, breast cancer has different subtypes with various
genetic, morphologic, and histopathologic features. The immune-
histological markers and pathological variables help to diagnose the
subtype to treat the disease meticulously [28].

Wild-type p53 is a transcription factor and tumor suppressor protein
that is encoded by the TP53 gene. p53 protein strictly controls plenty of
cellular processes such as cell cycle regulation and DNA repair mecha-
nisms. Under normal conditions, the p53 level is maintained depressed
by Mdm2 protein through proteasomal degradation. In the case of acute
stress like DNA damage, oncogene activation, hypoxia, ribosome, and/
or endoplasmic reticulum stress; Mdm2 is inactivated. Then, p53 is
upregulated to arrest the cell cycle until stress stimuli are eliminated or
to initiate the apoptotic pathway when the DNA damage is irreversible
[29-36]. Several proteins (BAX, BID, PUMA, NOXA, etc.) are induced by
p53 which in turn activate caspases to degrade specific regulatory and
structural proteins, hence cell death occurs [37]. The interactions be-
tween these pro-apoptotic proteins and the survival proteins (BCL-2,
BCL-xL, MCL-1, etc.) determine the fate of the cell. Any obstruction to
this balance may cause cancer and impinge on the efficacy of cancer
treatment [38].

The process of drug discovery and development mandates accurate
evaluation of the pharmacokinetic properties of the compounds
including absorption, distribution, metabolism, excretion, and toxicity
(ADMET) [39]. Unsuitable pharmacokinetic characteristics of a mole-
cule including inadequate absorption, short half-life, rapid clearance,
low bioavailability, and high toxicity lead to the failure of a drug
candidate to proceed to the next stages of the drug development [40].
Besides, lipophilicity should be considered since it is a critical factor for
the passive influx of the compound by the cell through the membrane
[41]. The partition coefficient in octanol/water (calculated log P, clog P)
value is evaluated as an indicator of the lipophilicity and hence, tar-
geting the efficiency of the drug candidate [42]. It is well known that,
compared to the membrane of healthy cells, the tumor cell membrane is
comprised of more lipid-enriched microdomains [43]. It is at least partly
due to the fast proliferation rate of cancer cells and their requirement of
extra supplements such as nutrients and growth factors [44,45]. Thus, a
certain level of lipophilicity of the drug candidate may be beneficial to
target the cancer cells. Breast cancer cell lines including MCF-7 was
proved to possess an elevated content of cholesterol, cholesterol esters,
and phospholipids [46,47]. In the present study, the KA analog ALM and
its Mannich bases were synthesized by our team, and their cytotoxic
effect on the ER and PR-positive MCF-7 and the metastatic triple-
negative MDA-MB-231 breast cancer cell lines were inspected. The re-
sults showed that compound 5 hindered cell viability of both MCF-7
(96.95 uM) and MDA-MB-231 (47.79 puM) in a time and dose-
dependent manner and has shown a very low harmful effect on HGF-1
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healthy cells (410 pM) [19]. Since compound 5 is lipophilic with a high
clog P value; it was hypothesized that the ALM derivative can penetrate
through the membrane of breast cancer cell lines via passive transport.

Additionally, the newly synthesized compound 2, bearing 4-trifluor-
omethyl-benzylpiperazine moiety, also showed a remarkable cytotoxic
influence on both MCF-7 and MDA-MB-231 cells, where the ICsq values
for 48 h were calculated to be 105 and 42.48 pM, respectively. However,
the morphological observations of both compounds revealed that
compound 5 had a more peculiar effect on both of the cell lines sug-
gesting that distinct cell death mechanisms may be triggered upon
administration. Hence, from this point on in this study, compound 5
was chosen for further detailed exploration.

TNBC cell line MDA-MB-231 bears one allele of mutant TP53 which
carries lysine (AAA) instead of arginine (AGA) on codon 280 of exon 8,
which is situated on the specific DNA-binding domain and the evolu-
tionarily conserved region [48,49]. Thus, the p53 apoptotic pathway is
not triggered in MDA-MB-231 cells in response to many antineoplastic
agents [24,50,51]. Accordingly, the findings obtained from this study
indicated that compound 5 provoked necrosis in MDA-MB-231 cells
given that the treatment of the cells caused increased LDH activity in cell
media meanwhile not stimulating neither the activity of caspases 8 and 9
nor the expression of the pro-apoptotic genes examined. It was
concluded that the ALM derivative directed MDA-MB-231 cells to ne-
crosis rather than a highly pre-orchestrated death. Interestingly, a
totally different phenomenon was observed in MCF-7 cells indicating
apoptosis. The subjection of the cells to compound 5 did not escalate
LDH leakage from the cells although the inhibition of the caspases by Z-
VAD-FMK guided the cell towards necrosis proved by the augmented
LDH activity in the media. The activity of both caspase 8 and 9 was
triggered following the incubation of MCF-7 cells with the derivative
molecule, not to mention the pro-apoptotic genes TP53 and Bax were
overexpressed whereas the negative regulator TP53, Mdm?2, was
diminished.

In the literature, the internal ROS level is controversial however, it is
known that induced internal HyO, leads most cells to cell death and
apoptosis may be stimulated by inhibiting ROS with antioxidants
[52,53]. ROS accumulation is considered to cause genomic instability,
inhibit caspase activation, and therefore endorse malignancy [54,55].
ROS production due to prolonged usage of chemotherapeutic agents can
also initiate survival pathways such as PI3K/Akt, NF-KB, and MDR
[56-60]. According to the results, the internal HyO, level was signifi-
cantly reduced, stating that compound 5 helped to suppress the internal
ROS level of MCF-7 cells. Not so similarly, MDA-MB-231 cells exhibited
slightly ascended levels of HyO5, a consistent and expected result taken
together with previous experiments.

Another obstacle in the treatment of cancer is multidrug resistance
which is distinguished by excessive drug efflux from the cells, via the P-
glycoprotein (P-gp) situated on the cell membrane. Defeating the func-
tion P-gp is the major focus to overcome drug resistance triggered by
chemotherapeutical agents, including DOX [61,62]. Therefore, to sum
up, to succeed in chemotherapeutical applications, it is highly important
to find a molecule that is effective enough to activate cell death without
stimulating resistance in cancer cells and having no cytotoxic effect on
healthy cells. In this study, we showed that compound 5 was able to
meet the criteria mentioned above in MCF-7 cells by directing the cells
toward p53-dependent apoptosis, and by suppressing multidrug resis-
tance at least partially caused by the Mdr-1 gene without harming
healthy cells. In MDA-MB-231 cells, the derivative compound acted
independently from the p53 pathway, slightly generated oxidative stress
that led to cell death, and failed to stimulate the efflux of the agent from
the cells, although expression of the Mdr-1 gene was upregulated by 1.4
fold in comparison to the untreated control. Taken together, compared
to the conventionally used chemotherapeutics which cause systematic
toxicity such as DOX, compound 5 was shown to cause significant
toxicity on both breast cancer cell lines by leading them to cell death
without disturbing healthy cells.
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4. Conclusion

Overall, in this study, we aspired to explore the anti-proliferative
effects of the ALM derivatives in the structure of Mannich bases, on
two different breast cancer cell lines for the first time. As observed from
the aforementioned experiments based on gene expression studies, it can
be concluded that highly lipophilic compound 5 which is foreseen to
penetrate the cell membrane via passive transport could kill breast
cancer cells dominantly via a p53-dependent and p53-independent
mechanism dependent on the characteristics of the cells. Unlike
widely used chemotherapeutics such as DOX, the derivative compound
was shown to be relatively harmless to the healthy cell lines since it
inhibited proliferation of both of the breast cancer cell lines and it did
not trigger drug efflux even in TNBC cell line MDA-MB-231 that is a
resistant sub-type of breast cancer by nature. Further tests are in need to
enlighten the exact mechanism of action, however, based on the potency
of the compound in breast cancer cells, it appears that this compound
could be a promising candidate for therapeutic purposes on both ER/PR-
possessing and triple-negative breast cancer cells.

5. Experimental
5.1. Chemistry

Entire chemicals used for the synthesis of the ALM derivatives were
purchased from Merck (Germany) and Aldrich Chemical Co. (Germany).
Melting points were ascertained with the aid of Thomas Hoover Capil-
lary Melting Point Apparatus (USA) and uncorrected. IR spectra were
recorded on a Perkin Elmer FT-IR-420 System, Spectrum BX spectrom-
eter. 1H- 13C NMR spectra were attained with a Varian Mercury 400
MHz spectrophotometer in deuterochloroform (CDCl3) and dimethyl
sulfoxide (DMSO-dg). Tetramethylsilane (TMS) was used as an internal
standard (chemical shift in d, ppm). Mass spectrometry analysis was
achieved with a Micromass ZQ LC-MS with Masslynx Software Version
4.1 by adopting the electrospray ionization (ESI+) method. The
elemental analysis was carried out with a Leco CHNS-932 analyzer
(Leco, St. Joseph, MI, USA) in the Central Laboratory of Ankara Uni-
versity, Faculty of Pharmacy. The purity of the compounds was inves-
tigated by thin-layer chromatography (TLC) on Kieselgel 60 F254
(Merck, Germany) chromatoplates.

5.2. Synthesis of CKA and ALM

CKA and ALM were synthesized by adapting a previous method [8].
CKA: Yield 76%, mp 166-7 °C (lit. 166-7 °C). ALM: Yield 63%, mp
152-3 °C (lit. 152-3 °C).

5.3. Synthesis of Mannich bases (Compounds 1-7)

Mannich bases were produced by the reaction of substituted piper-
azine derivatives and ALM in MeOH with 37% formalin. The solution
was stirred vigorously for 15 to 25 min. The resulting precipitate was
collected by filtration and washed with cold MeOH. All crude products
were recrystallized with the appropriate solvents. The basic scheme of
the synthesis process was displayed in Fig. 1. The characteristics of the
ALM and its derivatives were exhibited in Table 1.

2-((4-(4-(Trifluoromethyl)benzylpiperazin-1-yl)methyl)-3-hy-
droxy-6-methyl-4H-pyran-4-one (compound 2) C;9H21F3N2O3 (M.W.:
382.38 g/mol), yield: 71%, mp: 171-2 °C, clog P: 3.013. %CHN Found
(Calculated): C 59.30 (59.68), H 5.58 (5.54), N 7.41 (7.33). IR v (em™):
2820 (C—H (aliphatic)), 1621 (C=0), 1453 (C=C), 1321 (C—N), 1198
(C—0). H NMR (CDCl3, 400 MHz) & ppm: 2.26 (3H; s; -CH3); 2.49 (4H;
brs; piperazine); 2.62 (4H; brs; piperazine); 3.53 (2H; s; pyrane-CHs-
piperazine); 3.63 (2H; s; -CH»-Ar); 6.18 (1H; s; pyrane—Hs); 7.41 (2H; d;
Ar- H>*%); 7.53 (2H; d; Ar- H3). 13C NMR (CDCls, 100 MHz) 20.12;
52.82; 55.18; 62.22; 111.31; 120.14; 122.84; 125.14; 128.25; 129.18;
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142.25; 145.28; 165.22; 173.97. ESI-MS (m/z) 382 (100%, (M) ). HRMS
caled [(M + H)"] 383.1583, measured [(M + H)"] 383.1586.

2-((4-(2,6-Dichlorobenzyl)piperazin-1-yl)methyl)-3-hydroxy-6-
methyl-4H-pyran-4-one (compound 4) C;3H20Cj2N203 (M.W.: 383.27
g/mol), yield: 60%, mp: 165-6 °C, clog P: 3.436. %CHN Found
(Calculated): C 56.22 (56.41), H 5.19 (5.26), N 7.57 (7.31). IRv (Cmfl):
2829 (C—H (aliphatic)), 1618 (C=0), 1435 (C=C), 1196 (C—N), 1002
(C—0). 'H NMR (DMSO, 400 MHz) § ppm: 2.41 (3H; s; -CHs); 2.51 (4H;
brs; piperazine); 2.51 (4H; m; piperazine); 3.48 (2H; s; pyrane-CH2-
piperazine); 3.66 (2H; s; -CH»-Ar); 6.21 (1H; s; pyrane—HS); 7.30-7.34
(1H; m; Ar-H"); 7.45 (2H; d; Ar- H>**").13C NMR (DMSO, 100 MHz)
19.38; 52.36; 52.50; 53.51; 55.87; 111.16; 128.56; 129.83; 133.62;
136.08; 143.29; 146.52; 164.66; 173.50. ESI-MS (m/z) 383 (100%,
(M)™1); 385 (M + 2)*. HRMS caled [(M + H)*] 383.0929, measured [(M
+ H)*] 383.0931.

2-((4-(2-Chloro-6-fluorobenzyl)piperazin-1-yl)methyl)-3-hy-
droxy-6-methyl-4H-pyran-4-one (compound 6) C,gH3oCFN;03 (M.W.:
366.81 g/mol), yield: 20%, mp: 153-5 °C, clog P: 2.986. %CHN Found
(Calculated): C 58.61 (58.94), H 5.73 (5.50), N 7.70 (7.64). IR v (cm™):
3222 (0—H), 2938, 2811 (C—H (aliphatic)), 1612 (C=0), 1449 (C=C),
1317 (C—N), 1212 (C—O0). TH NMR (DMSO, 400 MHz) & ppm: 2.24 (3H;
s; -CH3); 2.43 (4H; brs; piperazine); 2.50 (4H; m; piperazine); 3.47 (2H;
s; pyrane-CH,-piperazine); 3.58 (2H; s; -CH»-Ar); 6.20 (1H; s; pyrane-
H®); 7.20 (1H; m; Ar-H>); 7.31-7.40 (2H; m; Ar-H*). 135C NMR
(DMSO, 100 MHz) 19.29; 51.77; 52.24; 53.39; 111.06; 114.11; 114.33;
123.22; 123.40; 125.41; 125.44; 129.90; 130.00; 135.50; 135.56;
143.18; 146.43; 160.15; 162.61; 164.56; 173.40. ESI-MS (m/z) 367
(100%, (M)™). HRMS calcd [(M + H)*] 367.1225, measured [(M + H)*]
367.1222.

2-((4-(4-Bromo-2-fluorobenzyl)piperazin-1-yl)methyl)-3-hy-
droxy-6-methyl-4H-pyran-4-one (compound 7) CigHy0BrFN,Os. "
CH30H (M.W.: 427.29 g/mol), yield: 47%, mp: 180-1 °C, clog P: 3.136.
%CHN Found (Calculated): C 51.84 (52.00), H 5.05 (5.19), N 7.00
(6.56). IR v (cm_l): 2818 (C—H (aliphatic)), 1626 (C=0), 1460 (C=C),
1233 (C—N), 999 (C—0). 'H NMR (DMSO, 400 MHz) 6 ppm: 2.24 (3H;
s; -CH3); 2.39 (4H; brs; piperazine); 2.51 (4H; brs; piperazine); 3.32 (2H;
s; pyrane-CHo-piperazine); 3.49 (2H; d; -CHs-Ar); 6.21 (1H; s; pyrane-
H®); 7.33-7.40 (2H; m; Ar-H>"®"); 7.48 (1H; d; Ar-H>"). 13C NMR (DMSO,
100 MHz) 19.29; 52.15; 52.28; 53.44; 53.83; 111.06; 118.27; 118.52;
120.06; 120.16; 124.10; 124.24; 127.22; 127.25; 132.87; 132.92;
143.18; 146.46; 159.30; 161.78; 164.56;173.40. ESI-MS (m/z) 411
(100%, (M)™), 413 (M + 2)*. HRMS caled [(M)*] 411.0720, measured
[(M)*] 411.0722, [(M + 2)"] 413.0724.

5.4. Cell lines and culture conditions

MCF-7 (ATCC® HTB-22™) and MDA-MB-231 (ATCC® HTB-26™)
breast cancer cell lines were obtained from American Type Culture
Collection (ATCC, USA). Cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, 1% 200 mM t-glutamine, 100 U/mL penicillin, and 100
pg/mL streptomycin which were all bought from Gibco (USA). Cells
were incubated at 37 °C in a humidified atmosphere of 5% CO.

5.5. Cell viability assay

Cytotoxic properties of seven ALM derivatives were evaluated with
SRB (Santa Cruz Biotechnology, USA) assay. MCF-7 and MDA-MB-231
cells were seeded in 96-well plates at a concentration of 5 x 10° cells/
well. When confluent, cells were exposed to 6.25-150 pM of ALM or its
analogs, which were dissolved in sub-toxic volumes of DMSO before
treatment. After 24, 48, or 72 h of incubation, cells were fixed to the
wells with 10% (w/v) trichloroacetic acid (Sigma Aldrich, USA). After
cells were washed with dH,0, 0.06% (w/v) SRB dye was applied to each
well, and incubation at room temperature for 30 min was ensured.
Following the incubation, the excess dye was removed from the wells
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with the application 1% (v/v) acetic acid (Sigma Aldrich, USA). Finally,
tris base (10 mM, pH 10.5) (Sigma Aldrich, USA) was added and the
optical density (OD) was measured at 510 nm. Cells not treated with the
compounds were considered as the negative control and to be 100%
viable. The percentage of absorbance values compared to control were
assessed to determine the changes in cell viability. The ALM derivative
that caused the highest toxicity on cells was chosen to perform the
following experiments.

5.6. Evaluation of the stability of ALM derivative

The UV-visible absorption spectrum of the selected ALM derivative
was evaluated to determine the wavelength for the maximum absor-
bance of the molecule and its stability over time. Three time-points (0 h,
24 h, and 48 h) were selected to test whether the derivative would be
stable within this time course. The vial of derivative was 20 mM of
concentration and kept at 37 °C until the end of the experiment. The
optical characteristics were measured between the wavelengths of 230
nm and 890 nm.

5.7. LDH activity assay

The breast cancer cells were seeded into 6-well plates (1 x 10° cells/
well). When confluent, cells were subjected to 1% of Triton X-100
(positive control group), or ICsy concentration (at 48 h) of the ALM
derivative alone or in combination with the caspase inhibitor Z-VAD-
FMK (Sigma-Aldrich, USA). The cells that were not treated with an agent
was considered as the negative control group. After 6 h-incubation, the
media of each group was collected and the LDH activity assay was
carried out by using the ab102526 colorimetric LDH assay kit (Abcam,
USA) according to the protocol of the manufacturer. The OD values were
measured at 450 nm kinetically and the percentage of the cytotoxicity
was calculated according to the equation as follows:

%Cytotoxicity = (A sample — A negative control)/(A positive control

— A negative control) x 100

5.8. Determination of H202 level

ROS levels of the derivative-treated cells were analyzed through the
H»0; content released to the media using the colorimetric OxiSelect™
H20; assay kit (Cell Biolabs Inc., USA). According to the manufacturer’s
suggestions, cells were seeded into 6-well plates (1 x 10° cells/well).
When confluent, cells were received ICso concentration of the specific
compound and incubated for 48 h. Next, the medium in each well was
collected and centrifuged at 10,000 x g for 5 min at room temperature to
get rid of insoluble particles, and the supernatant obtained was regarded
as a sample. The standards (0 — 200 pM) and the supernatant of the
samples were transferred to a 96-well plate and the working solution
comprised of 1:100 xylenol orange, 1:40 sorbitol, and 1:100 AFS reagent
was added. The plate was incubated for 30 min at room temperature, OD
values were measured at 595 nm and the hydrogen peroxide level of
each sample was determined from the standard curve.

5.9. Measurement of the caspase 8 and 9 activity

To examine the activity of caspase 8 and 9 after the treatment of
MCF-7 and MDA-MB-231 cells with the compound-of-interest, the cells
were seeded into 6-well plates (1 x 10° cells/well) and incubated until
they reach 70% confluency. The cells were subjected to ICsy concen-
tration of the ALM derivative for 48 h and the activity levels of the
caspases were investigated by employing the ab39700 colorimetric
caspase 8 and ab65608 caspase 9 assay kits (both purchased from
Abcam, USA) according to the specifications of the kit. The protein
concentration was measured using the BCA protein assay kit (Thermo
Fischer Scientific, USA) and normalized for each sample. The caspase 8
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activity was assessed based on the principle of the enzyme cleaving its
specific substrate, the Ile-Glu-Thr-Asp (IETD)-p-nitroanilide, and cas-
pase 9 activity was determined by quantifying the ratio of the cleavage
of Leu-Glu-His-Asp (LEHD)-p-nitroanilide by the enzyme. The absor-
bance for each enzyme was measured at 400 nm and compared to the
control to evaluate the relative enzymatic activity ratio.

5.10. Drug efflux assay

The attribution of the novel compound to stimulate MDR in MCF-7
and MDA-MB-231 cells were investigated by using the Vybrant®
multidrug resistance assay kit (Thermo Fischer, ABD). Briefly, ICso
values of the compound were applied to MCF-7 and MDA-MB-231 cells
in 96-well plates (initial concentration of 5 x 103 cells/well). Following
48 h of incubation, cells were treated with calcein acetoxymethyl ester
(AM) at a final concentration to be 0.25 uM for 30 min at 37 °C. Calcein
AM is known to be not fluorescent yet when it penetrates the cell, it is
converted to calcein by endogen esterases which are steeply fluorescent
[63]. In this manner, the fluorescence signal will be higher if drug
resistance is low in contrast to the low signal when drug resistance is
present. The formation of the calcein was judged after measurement at
Aex of 485 nm and the Aem of 520 nm using FLUOstar® Omega plate
reader (BMG LabTech, Germany).

5.11. Investigation of gene expression levels

Total RNA was isolated from the compound-treated cells employing
the NucleoSpin® RNA isolation kit (Macherey-Nagel, Germany). RNA
samples were used as templates for cDNA synthesis achieved with the
cDNA synthesis kit (New England BioLabs, USA). cDNA samples were
then handled to investigate expressions of TP53, Mdm2, Bax, Bcl-2
apoptotic pathway genes, Mdr-1 gene which ultimately expresses P-
gp, an important ABC transporter protein, and GAPDH as the reference
housekeeping gene. Primers for TP53 (forward: CACCATGAGCGCTGCC
TCA GATAGC, reverse: ACAGGCACAAACACGCACCTCAAA), Mdm2
(forward: AGGTCACTC CGATGAAAGGT, reverse: GTTGTCTAGTAC-
CATTAACC), Bax (forward: TTTCATCCAG GATCGAGCAG, reverse:
AAAGTAGAAAAGGGCGACAA), Bcl-2 (forward: GTGTGTG GAGA
GCGTCAACCGG, reverse: TCAAACAGAGGCCGCATGCTGG), Mdr-1
(forward: TTCAACTATCCCACCCGACCGGAC, reverse: ATGCTGCAGT-
CAAACAGGATGGGC), and GAPDH (forward: GTCGTATTG
GGCGCCTGGTCAC, reverse: GCCAGCATCGCCCCAC TTGATT) were
designed taking into account of National Center for Biotechnology In-
formation (NCBI). Gene expression levels were measured utilizing SYBR
green master mix (Thermo Fischer, USA) by Applied Biosystems ViiA™
7 (USA) device. The qRT-PCR conditions were as follows: 95 °C for 10
min, followed by 40 cycles of 95 °C for 15 sec and 60 °C for 1 min. The
relative alterations in the transcriptional levels of the genes between the
untreated cells and cells treated with ICsy concentration of the com-
pound were measured using the comparative Ct method (2724,

5.12. Statistical analysis

All tests were conducted to be at least three replicates (n = 3). Dif-
ferences between groups were analyzed with a two-sided paired or un-
paired t-test by use of GraphPad Prism 5.3 software. Results were
considered to be statistically significant when p < 0.05.
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