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Insights into the mechanism of antiproliferative effects 
of primaquine-cinnamic acid conjugates on MCF-7 cells

In our previous paper, we showed that three primaquine-cin-
namic acid conjugates composed of primaquine (PQ) residue 
and cinnamic acid derivatives (CADs) bound directly by an amide 
linkage (1) or through an acylsemicarbazide spacer (2 and 3) had 
significant growth inhibitory effects on some cancer cell lines. 
Compound 1 induced significant growth inhibition in the 
colorectal adenocarcinoma (SW620), human breast adenocarci-
noma (MCF-7) and cervical carcinoma (HeLa) cell lines, while 
compounds 2 and 3 selectively inhibited the growth of MCF-7 
cells. To better understand the underlying mechanisms of action 
of these PQ-CADs, morphological studies of the effects of test 
compounds on MCF-7 cells were undertaken using haematoxylin 
and eosin stain. Further analysis to determine the effects of test 
compounds on caspase activity and on the levels of apoptosis 
proteins were undertaken using the enzyme-linked immuno
sorbent assay (ELISA). Haematoxylin and eosin staining revealed 
that compounds 1 and 3 induced morphological changes in 
MCF-7 cells characteristic of apoptosis, while 2-treated cells 
were in interphase. Cell cycle analysis showed that cells treated 
with 1 and 3 were in sub-G1, while cells treated with 2 were 
mainly in interphase (G1 phase). Further, the study showed that 
the treatment of MCF-7 cells with 1 and 3 resulted in poly ADP 
ribose polymerase (PARP) cleavage as well as caspase-9 activa-
tion, indicating that they induced apoptotic cell death. We further 
investigated their effects on two important processes during 
metastasis, namely, migration and invasion. Compounds 1 and 
3 inhibited the migration and invasion of MCF-7 cells, while 
compound 2 had a marginal effect.

Keywords: primaquine, cinnamic acid, MCF-7, Bad, p53, PARP, 
migration and invasion

Cinnamic acid (CA) and cinnamic acid derivatives (CADs) are naturally occurring aro-
matic substances found in plants. Cinnamoyl moieties are present in a variety of metabolites 
of phenylpropanoid biosynthetic origin. They are important intermediates in the biosyn-
thetic pathways of most of the aromatic natural products, including lignin, the second most 
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abundant biopolymer after cellulose (1). These ubiquitous plant constituents are also major 
sources of potential lead compounds in drug development. Various pharmacological activi-
ties of CADs have been reported: antioxidative, antimicrobial, antifungal, antiviral, anti-
inflammatory, hepatoprotective and hypolipidemic (2–5). CA scaffolds are present in several 
registered drugs: cinanserin and tranilast (antiallergic drugs) and ozagrel (antiplatelet agent) 
(Fig. 1) (6). α-Cyano and α-fluoro CADs were found to inhibit the growth of intraerythro-
cytic Plasmodium falciparum in culture (7), while N-cinnamoyl derivatives of aminoacridines 
and aminoquinolines are reported as dual-action antimalarials (8, 9) and N-cinnamoyl 
chloroquine analogs both as antimalarial and antiproliferative agents (10).

Anticancer potential of CADs has been also known for more than a century. The first 
report of cancer patients treated with CA and its hydroxyl derivative ortho-coumaric acid 
dates back to 1905. Since then, anticancer potential of CADs has been extensively studied 
and reported in a number of scientific papers (11–18). Two articles prepared by Su (19) and 
De (20) give a detailed overview of anticancer research of CADs. The efforts resulted in the 
discovery of two anticancer drugs, belinostat and panobinostat (Fig. 1), hydroxamic acids 
derived from CAD, efficient against haematological malignancies and solid tumours (21). 
They were recently approved for the treatment of peripheral T-cell lymphoma and multiple 
myeloma. Panobinostat and belinostat are non-selective histone deacetylase inhibitors 
(pan-HDAC inhibitors), which have been shown to impede multiple pathways implicated 
in cancer and reverse epigenetic events associated with cancer, thereby reducing survival 
and inducing apoptosis in cancer cells (22).

In our previous paper, we prepared and biologically evaluated novel primaquine-
cinnamic acid derivatives (PQ-CAD) of amide and acylsemicarbazide type and reported 
their strong antiproliferative activity against a panel of cancer cell lines or selectivity 
towards the adenocarcinoma cell line MCF-7 (23). PQ-CADs of amide type also exerted 
antimycobacterial and antimalarial activity (24), while acylsemicarbazide PQ-CADs were 
better antioxidative agents and showed significant inhibition of lipid peroxidation and 
soybean lipoxygenase. Three PQ-CADs attracted our special attention: (E)-3-(2-
fluorophenyl)-N-(4-(6-methoxyquinolin-8-ylamino) pentyl)acrylamide (1), (E)-1-(3-(4-me-
thoxyphenyl)acryloyl)-4-(4-(6-methoxyquinolin-8-ylamino) pentyl)semicarbazide (2) and 
(E)-4-(4-(6-methoxyquinolin-8-ylamino)pentyl)-1-(3-(4-(trifluoro-methyl)phenyl)acryloyl)
semicarbazide (3). The o-fluoro derivative 1 showed high activity against colorectal adeno-
carcinoma (SW620, IC50 = 0.3 ± 0.1 µM), human breast adenocarcinoma (MCF-7, IC50 = 1.1 ± 
0.6 µM) and HeLa (IC50 = 2.1 ± 2.1 µM) cell lines, while acylsemicarbazide 2, and especially 
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Fig. 1. Chemical structures of the approved drugs with the cinnamic acid scaffold.
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3 with methoxy- or trifluoromethyl- substituents in the para position showed high selectivity 
and high inhibitory activity against the MCF-7 cell line at micromolar (2) and nanomolar 
scales (3) (IC50 = 0.4 ± 0.2 and 0.03 ± 0.02 µM, respectively). In order to better elucidate the 
specific mechanism of the anti-cancer effects of PQ-CADs, further investigations of cell 
morphology, apoptosis proteins as well as cell migration and invasion were undertaken.

EXPERIMENTAL

Chemistry
Reagents and equipment

Melting points were measured on a Stuart Melting Point (SMP3) apparatus (Barlo-
world Scientific, UK) in open capillaries, with uncorrected values. IR spectra were re-
corded on an FTIR Perkin Elmer Paragon 500. 1H and 13C NMR spectra were recorded on 
NMR Avance 600 (Bruker, Germany) and Varian Inova 400 spectrometers at 300, 400 and 
600 MHz for 1H and 75, 100 and 150 MHz for 13C nuclei, respectively. All compounds were 
routinely checked by TLC with Merck silica gel 60F-254 glass plates using the following 
solvent systems: petroleum ether/ethyl acetate/methanol 30:10:5, dichloromethane/metha-
nol 97:3 and 95:5. Spots were visualized with short-wave UV light and iodine vapour. 
Column chromatography was performed on silica gel 0.063–0.200 mm (Kemika, Croatia) 
and 0.040–0.063 mm (Merck, Germany), with the same eluents as used in TLC.

All chemicals, solvents and biochemical reagents were of analytical grade and were 
purchased from Sigma-Aldrich (USA).

Synthesis of compounds 1-3

Compounds 1-3 were prepared following our procedure (23). Their analytical and 
spectral data were in full agreement with the previously published data.

Biological evaluation
Cell culture

The human breast adenocarcinoma cell line, MCF-7, purchased from the American 
Type Culture Collection (ATCC, USA) was grown in Dulbecco’s Minimum Essential Me-
dium (DMEM) (Sigma-Aldrich, Germany) supplemented with 10 % heat-inactivated foetal 
bovine serum (FBS) (Invitrogen, USA) and 1 % penicillin-streptomycin (Invitrogen, USA). 
The cell line was maintained in a 37 °C incubator, under a humidified atmosphere contain-
ing 5 % CO2.

Morphology studies

MCF-7 cells were seeded on heat-sterilized cover slips in 6-well plates at a density of 
3 × 105. After 24 hours, the cells were treated with compounds 1 (1.1 μM), 2 (0.4 μM) and 3 
(0.03 μM) over a period of 24 hours. Control cells were exposed to 0.05 % dimethyl sulfoxide 
(DMSO). Cells were stained with haematoxylin and eosin (H&E) using a previously 
described method (28). The slides were viewed with an Olympus BX63 Light microscope 
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and images were captured using an Olympus DP72 digital camera (Wirsam Scientific, SA). 
The mitotic index was obtained from the ratio of the number of cells in mitosis to the total 
number of cells.

Apoptosis assay: Caspase-9 activity
MCF-7 cells were seeded at a density of 3 × 105 cells/well and allowed to attach over-

night. The cells were treated with compounds 1-3 at concentrations given above (1.1, 0.4 
and 0.03 μM) for 24 hours. The compounds were diluted in medium to a final volume of 3 
mL per well. Caspase-9 activity was measured using a commercially available kit according 
to the manufacturer’s instructions (BioVision, USA).

Apoptosis assay: Apoptosis protein levels
Apoptosis proteins were measured using a PathScan Apoptosis Multi-Target Sand-

wich ELISA Kit (Cell Signaling Technology, USA) according to the manufacturer’s instruc-
tions. Cells were seeded in 96-well plates at a density of 5 × 103 cells/well and treated with 
compounds 1 (1.1 μM), 2 (0.4 μM) and 3 (0.03 μM) or 0.05 % (DMSO) for 24 hours. The cells 
were lysed with lysis buffer, and protein concentrations were measured to confirm equal 
loading onto an ELISA plate. Absorbance was read at 450 nm using a BioTek ELx800 Plate 
Reader (BioTek® Instruments, USA).

Cell migration and invasion
Cell migration and invasion experiments were performed as previously described 

(29). Briefly, using 16-well cell invasion and migration (CIM) plates (Roche Applied Science, 
SA), 160 µL serum-free medium with or without a chemoattractant (10 ng/mL fibroblast 
growth factor-2), was added to each well of the lower plate chamber. The plates were allowed 
to equilibrate at 37 °C and a baseline measurement was taken. The cells were then added 
to the upper chamber of the CIM plate at a density of 6 × 103 cells/well and treated with 
compounds 1 (1.1 μM), 2 (0.4 μM) and 3 (0.03 μM) or 0.05 % DMSO. The final volume of the 
solution in medium was 200 µL. Cell invasion and migration were monitored over 20 hours 
with an xCELLigence real time cell analysis (RTCA) DP instrument (Roche Applied Science, 
South Africa), and are represented as the cell index (CI). The analysis was performed using 
the RTCA software (vs. 1.2.1). Experiments were performed in triplicate.

Statistical analysis
Data were analyzed using One Way Analysis of Variance (ANOVA) and post-hoc 

Tukey’s test. Results are expressed as mean values ± SD of three separate experiments. A 
p-value of less than 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Chemistry

Three PQ-CADs were prepared and used for biological evaluation. In compound 1, 
PQ and o-fluorocinnamic acid are connected by an amide bond and in compounds 2 and 
3, PQ and p-methoxy or p-trifluoromethylcinnamic acid are bound by an acylsemicarba-
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zide functional group built of PQ nitrogen atom, CONHNH spacer and carbonyl group 
originating from the corresponding cinnamic acid. Their structures are shown in Fig. 2.

Title compounds were prepared by synthetic procedures developed by us (23). Synthesis 
of cinnamamide 1 included a simple condensation reaction of PQ and o-fluorocinnamoyl 
chloride prepared from the corresponding cinnamic acid and thionyl chloride. Preparation 
of conjugates 2 and 3 was more complex and consisted of several reaction steps.

Biological evaluation
To better understand the mechanisms of action of the selected PQ-CAD derivatives on 

the MCF-7 cancer cell line, morphology, caspase activity and levels of apoptosis proteins p53, 
Bcl-2-associated death promoter (Bad) and poly ADP ribose polymerase (PARP), as well as 
cell migration and invasion, were studied following cell exposure to test compounds.

Morphology
Morphology of MCF-7 cells following exposure to test compounds revealed that cells 

were in mitosis, as evident from the representative images that show dividing cells in 
metaphase, characterized by coiled chromosomes aligned along the equator of the cell. 
Following exposure to 2, cells were predominantly in interphase as well as in metaphase 
and prophase, the early phases during mitosis associated with the condensation of chro-
matin threads, which are visible in the centre of the cell. Interphase occurs prior to cell 
division and morphological features during this phase include diffuse chromatin, ob-
served in the images (Fig. 2). Cells treated with 1 and 3 were round in shape and showed 
hyper-condensed chromatin. Both of these morphological features are characteristic of 
apoptotic cell death. Flow cytometry was then employed for cell cycle analysis. During the 
analysis, endonuclear duplication, which occurs when DNA is replicated without apoptosis, 
was detected as cell debris. Cell cycle analysis also showed that 1 and 3 induced apoptosis 
in MCF-7 cells, observed from the high percentage of cells in sub-G1 (Fig. 4). Control cells, 
as well as cells treated with 2, were mainly in the first gap phase (G1) of the cell cycle. The 
G1 phase is a part of interphase during which the cell synthesizes mRNA and proteins. 
Cells treated with 1 appeared to have undergone a metaphase block, with subsequent 
induction of apoptosis (Fig. 4).
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Apoptosis

To further investigate apoptotic induction, proteins that modulate apoptosis, namely, 
Bad, PARP and p53, were measured using a multi-target apoptosis detection kit. The kit 
also measures caspase-3 activation: however, caspase-3 was not detected in the samples 
and was thus not included in the results. Therefore, the activity of another protease, cas-

Fig. 3. The effects of test compounds on the morphology of MCF-7 cells: a) control, b) compound 1, 
c) compound 2, d) compound 3.
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Fig. 4. The effects of test compounds on the cell cycle. Results represent mean values ± SD. Significant 
difference vs. control, * p < 0.05.
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pase-9, was measured. Results also showed an increase in p53 phosphorylation at Ser15 
following the treatment of MCF-7 cells with test compounds (Fig. 5). p53 is activated 
through phosphorylation in response to cellular stress or insult and can induce cell growth 
arrest, activate DNA repair or induce apoptosis (25). Both 1 and 3 induced PARP-cleavage. 
PARP is a 116 kDa protein involved in the repair of DNA (25, 26), while cleaved PARP is an 
executor of apoptosis (26). In addition, high levels of Bad were measured in 1 and 3 treated 
cells (Fig. 5). Bad is a member of the B-cell lymphoma 2 (Bcl2) family and it forms heterodi-
mers with anti-apoptotic proteins B-cell lymphoma-extra large (Bcl-xL) and Bcl-2, thus 

Fig. 5. The effects of test compounds on the levels of apoptosis signaling proteins. Results represent 
mean values ± SEM. Significant difference vs. control, *p < 0.05.

Fig. 6. Effects of test compounds on the activity of caspase-9. Results represent mean values ± SD. 
Significant difference vs. control, *p < 0.05.
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preventing their apoptosis suppressive role (27). Compounds 1 and 3 also stimulated cas-
pase-9 activity (Fig. 6). Therefore, 1 and 3 induced apoptosis in MCF-7 cells partly by induc-
ing increased Bad expression, caspase-9 activation and PARP-cleavage.

Cell invasion and migration

The invasion and migration of MCF-7 cells in response to treatment with test com-
pounds were monitored over 20 hours by measuring electrical impedance using the xCEL-
Ligence system. The results showed that 2 resulted in a marginal decrease in cell invasion 
and migration. On the other hand, 1 and 3 induced a pronounced inhibition of the migra-
tion of MCF-7 cells and their invasion into the lower chamber of the CIM plate (Fig. 7).

CONCLUSIONS

The studies carried out in the present work suggest that compounds 1 and 3 inhibit 
breast cancer cell growth by inducing apoptotic cell death in MCF-7 cells. On the other 
hand, compound 2 does not directly induce apoptosis, but inhibits cell growth, possibly 
by inducing cell cycle arrest in interphase. The difference in their biological response is a 
consequence of their chemical diversity. All three compounds share the same PQ and cin-
namic acid moieties, but differ in spacers and substituents attached to the cinnamic acid 
benzene ring. Compounds 1 and 3 have a different spacer, but a similar halogen substituent, 
fluoro and trifluoromethyl, respectively. The fact that they share a similar biological 
response suggests that halogen substitution is more important than the spacer. Further 
experiments are needed to better understand the underlying mechanism of compound 2. 
Compounds 1 and 3 inhibited MCF-7 migration and invasion as well. Both migration and 
invasion contribute to the metastatic spreading of cancer cells to other parts of the body. 
Therefore, these lead compounds require further testing in a mouse xenograft model of 
breast cancer to better determine their potential as anticancer agents. It is noteworthy that 

Fig. 7. The effects of test compounds on MCF-7 cell invasion and migration in response to fibroblast 
growth factor-2 stimulation. Values are expressed as the mean cell index ± SD. Significant difference 
vs. control, ** p < 0.001.
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both compounds possess a fluorine atom (1) or organofluorine group (3) in their structures. 
Introduction of such moieties into biologically active compounds is often considered to 
induce beneficial pharmacological properties (30, 31). In addition, the number of atoms, 
relative molecular mass, log P, H-bond donor and acceptors, Lipinski score, molecular 
refractivity and polar surface area of all three tested compounds are in full agreement with 
the generally accepted rules for prospective small molecular drugs (23). If all the above 
facts are summarized, compounds 1 and 3 can be considered to be good candidates for 
further drug development.
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Acronyms. – Bad – Bcl-2-associated death promoter; Bcl-2 B-cell lymphoma 2; Bcl-xL – B-cell 
lymphoma-extra large; CA – cinnamic acid; CAD – cinnamic acid derivative; CI – cell index; CIM – 
cell invasion/migration; DMM – Dulbecco’s Minimum Essential Medium; DMSO – dimethyl sulfox-
ide; ELISA – enzyme-linked immunosorbent assay; HDAC – histone deacetylase; HeLa – cervical 
carcinoma cell line; H&E – haematoxylin and eosin stain; MCF-7 – human breast adenocarcinoma cell 
line; PARP – poly ADP ribose polymerase; PQ – primaquine; RTCA – real time cell analysis; SW620 
–colorectal adenocarcinoma.
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