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ABSTRACT
Background: Natural compounds with therapeutic potential have been 
explored as antitumoral agents, as curcumin  (CUR), a substance which 
has activity against various tumor types and a tool used to improve the 
action of these compounds is the production of analogs. Objective: In 
this study, we investigated the antitumoral activity of AC13, a CUR analog. 
Materials and Methods: Cytotoxicity of AC13 and CUR for different cancer 
cell lines was analyzed by MTT assay after 24, and 48 h of exposure and 
caspases 3 and 7 enzymatic activity in CasKi and human spontaneously 
transformed immortal keratinocyte cell line cells was analyzed after 24 h of 
incubation with AC13 or CUR at 50 µM. Results: It was observed significant 
viability loss only for CasKi cells after incubation with AC13. Hence, it was made 
a more detailed screening of the cytotoxicity for these cells and nontumoral 
cells incubated with AC13 or CUR, showing concentration‑dependent 
decrease of cell viability. Posteriorly, AC13 induces increase in the caspases 
activity in both cell lines, being that for tumor cells this increase was greater 
than that unleashed by CUR. Conclusion: Therefore, AC13 triggers cell 
death by apoptosis in CasKi and shows greater effect than CUR for these 
tumor cells, suggesting to be a promising compound for the treatment of 
cancer and should be studied more thoroughly.
Keywords: Cancer, caspase, curcumin, cytotoxicity, synthetic analogs

SUMMARY
•  AC13 CUR semisynthetic derivative compound induces cell death by

caspases activation, showing a greater effect in apoptosis induction than
CUR in CasKi cervical carcinoma cell line.

•  AC13 was less cytotoxic and caused no significant increase of caspase
activation when compared to CUR in HaCaT cell line.

Abbreviations used: CUR: Curcumin; TLC: Thin‑layer chromatography; 
DMSO: Dimethyl sulfoxide; Caski: Human cervical carcinoma cell line; 
HeLa: Human cervical carcinoma cell line; MDA‑MB‑231: Human breast 
adenocarcinoma cell line; 786‑O: Human renal cell adenocarcinoma cell 

line; HaCaT: Human spontaneously transformed immortal keratinocyte 
cell line; DMEM: Dulbecco Modified Eagle Medium; DOXO: Doxorubicin; 
CLO: Bisphosphonamidate clodronate; U2‑OS: Human osteosarcoma cell 
line; FLLL32: Cell‑permeable analog of curcumin; BDMC‑A: Analog of 
curcumin.
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INTRODUCTION
Cancer arises from the abnormal cells with uncontrolled proliferation 
that can affect any part of the body and sets a leading cause of death 
worldwide, being estimated an increase in the number of annual cases 
of 14 million in 2012 to 22 million in the next two decades.[1] Traditional 
available treatments are chemotherapy, radiotherapy, and surgery, which 
cause strong physiological stress and intense emotional vulnerability 
in patients.[2] Therefore, researches that aimed the prevention, 
early detection and effective treatments for this disease are of great 
importance.[3]

A promising approach for treating cancer is a search for herbal 
medicines.[4] Plants are an important source of anticancer agents, 
and several natural products have been reported for having different 
anticancer activities such as cell proliferation inhibition, apoptosis 
induction, and suppression of angiogenesis and metastasis.[5,6]

Curcumin (CUR) is a yellow secondary metabolite from the Curcuma 
longa rhizomes and presents effects against several types of tumor, 
such as cancer of liver, head and neck, lung, ovary, prostate, skin, and 
pancreas.[7,8] There are many studies which demonstrate, in  vitro and 
in  vivo, the therapeutic potential of CUR for cancer treatment due to 
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its numerous properties, among which is the efficient ability to induce 
apoptosis in tumor cells.[9,10]

A strategy to improve the pharmacological activity of phytochemicals 
as CUR is the production of synthetic analogs and there are many 
studies which report CUR analogs with better antitumor activity than 
CUR.[11‑14] In addition, the focus on synthetic compounds has increased 
due to difficulties that natural products exhibit, as the accessibility 
of these materials  (seasonality of certain plants, e.g.,), low amount of 
available compound  (not allowing large‑scale production), economic 
issue  (patentability laws), and ecological issue  (resupply of the species 
may be insufficient compared to intensive use).
In the present study, we investigated the antitumoral activity of AC13, 
a brominated CUR analog by cytotoxicity analysis in  vitro of this 
compound in different tumor cell lines and its effect in cell apoptosis by 
analysis of the caspases 3 and 7 activities.

MATERIALS AND METHODS
Synthesis and identification of AC13
Synthesis of AC13 has been achieved by aldol condensation, using general 
procedure reported by Yadav and co‑authors. Briefly, 7 mmol acetone was 
added to a solution of 14 mmol of 4‑bromobenzaldehyde in ethanol (10 mL). 
The solution was stirred at room temperature for 20  min, followed by 
drop‑wise addition of ethanolic solution of NaOH (1.5  mL, 1.0 mol/L). 
The mixture was stirred at room temperature and monitored by successive 
thin‑layer chromatography analyses. When the reaction was finished, 
the residue was poured into crushed ice, resulting in precipitate, which 
was removed by filtration, washed with cold water, and purified by 
chromatography over silica gel using mixtures of hexane and ethyl acetate 
as eluents.[15] After chemical procedures, AC13 was obtained in 75% yield.
For bioassays, AC13 was dissolved in Dimethyl sulfoxide (DMSO) 
(Sigma‑Aldrich, St. Louis, MO, USA). Cell lines were incubated with 
appropriate culture medium at different concentrations of AC13. Cells 
incubated with commercial CUR (Sigma Aldrich, St. Louis, MO, USA) 
and untreated cells, incubated with culture medium containing only 
DMSO, were used as positive and negative controls, respectively.

Cell lines
Four tumor cell lines of cervical  (CasKi and HeLa), human breast 
adenocarcinoma cell line  (MDA‑MB‑231), and renal  (786‑O) cancer, 
and a human spontaneously transformed immortal keratinocyte 
cell line (HaCaT) were used in this study. All cell lines were cultured 
in a humidified incubator at 37°C with 5% CO2 and maintained 
in appropriate cell culture medium  (Gibco by Life Technologies, 
Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 
100 U/mL penicillin  (Invitrogen, Grand Island, NY, USA), and 
100 mg/mL streptomycin (Invitrogen, Grand Island, NY, USA). 786‑O 
cells were incubated in RPMI‑1640 medium, and Dulbecco’s Modified 
Eagle Medium medium was used for the other cell lines. Experiments 
were performed in triplicates and two independent assays using the 
density of 0.75 × 104 cells/well in 96‑well plates.

Cell viability assay of AC13
AC13 cytotoxicity in different cell lines was assessed by MTT assay, which is 
a colorimetric assay that measures cell viability by mitochondrial activity. 
All the cell lines were incubated for 24 and 48 h with AC13 and CUR. 
Cells were also incubated with doxorubicin  (DOXO)  (Sigma‑Aldrich, 
St. Louis, MO, USA), which was used as positive control of cell 
death. In appropriate experimental times, the culture medium 
of each well was replaced by 100 µL MTT solution  (1  mg/mL 
3‑[4,5‑dimethylthiazol‑2‑yl]‑2,5‑diphenyl‑tetrazolium bromide in 

culture medium)  (Sigma‑Aldrich, St. Louis, MO, USA). After 30  min 
of incubation, this medium was removed, and 100 µL/well DMSO 
(Sigma‑Aldrich, St. Louis, MO, USA) was added to dissolve the formazan 
crystals. Absorbance was measured at 570  nm. Cytotoxicity was 
considered significant when the viability of treated cells was below 80%.

Caspase 3 and 7 activity (apoptosis assay)
As AC13 semisynthetic derivative compound showed dose‑dependent 
cell viability in CasKi and HaCaT cells, the apoptosis was evaluated by 
apoptosis luminescent assay using Caspase‑Glo® 3/7 Reagent (Promega, 
Madison, WI, USA). Both cell lines were exposed to AC13 or CUR for 
24 h and posteriorly, 100 µL Caspase‑Glo® 3/7 Reagent was added in each 
well. Then, the plate was subjected to shaking for 30 s and incubated 
1  h at room temperature. Finally, the plate followed for reading the 
luminescent signal of each sample.

Statistical analysis
Statistical analysis was performed by means of GraphPad Prism 5 
Software (GraphPad Software, San Diego, CA, USA) using analysis of 
variance followed by an appropriate posttest. Differences were considered 
to be statistically significant when P < 0.05.

RESULTS
Identification of AC13
The structure of AC13 was identified by 1H NMR and 13C NMR spectra 
data analyses [Figure 1a and b respectively] and compared with previous 
data.[16] The most characteristic signals observed in the 1H NMR spectrum, 
were those of the olefinic double bond hydrogens (H‑α and H‑β), which 
were present as a pair of doublets with coupling constants of 16.2 Hz, 
indicating the trans configuration. In the 13C NMR spectrum, the most 
characteristic signal corresponds to carbonyl carbon (C = O, 188.4 ppm). 
Furthermore, all NMR parameters corresponded with the proposed 
structure [Figure 1c]. NMR spectra, at 25°C, were recorded at 600 MHz 
for 1H nucleus and 150 MHz for 13C nucleus on Bruker Avance III 
spectrometer. Chemical shifts are given in ppm on the δ scale referenced 
to residual CHCl3 signal at 7.28, and coupling constants (J) are calculated 
in hertz (Hz).
•	 1H NMR  (600 MHz; CDCl3), δH in ppm  (multiplicity; J in Hz): 

7.07 (d; 16.2; H‑α), 7.50 (d; 8.4; H‑2), 7.58 (d; 8.4; H‑3) and 7.69 
(d; 16.2; H‑β)

•	 13C NMR (150 MHz; CDCl3), δC in ppm: 124.9 (C‑4), 125.7 (C‑α), 
129.8 (C‑2), 132.3 (C‑3), 133.6 (C‑1), 142.2 (C‑β) and 188.4 (C = O).

Cell viability assay
AC13 semisynthetic derivative compound and CUR cytotoxicity were 
analyzed at 1.25, 2.5, 5, 10, 20, 40, 80, and 160 µM In HeLa, MDA‑MB‑231 
and 786‑O cell lines in this study. AC13 was significantly cytotoxic only 
at 160 µM so that, the cell viability was maintained around 80% until 
80 µM for these cell lines. On the other hand, exposure of these cell 
lines to CUR resulted in a greater viability decrease, showing significant 
cytotoxicity from the concentration of 20 µM [Figure 2].
For CasKi cells, viability loss exerted by AC13 was higher and 
because this, was made a screening more detailed of cytotoxicity 
of this compound and CUR for this cell line, which included 
the concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 50, 75, 100, and 
125 µM. Simultaneously, nontumor HaCaT cells were incubated 
with AC13 or CUR at the same concentrations. For both cell lines, 
although CUR was more cytotoxic, both AC13 and CUR resulted in 
dose‑dependent decrease of cell viability. After 24 h of incubation with 
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CUR, viability of CasKi and HaCaT cells decreased significantly from 
the concentrations of 30 µM and 15 µM, respectively, while exposure 
to AC13 showed significant cytotoxicity at 50 µM for CasKi cells and 
75 µM for HaCaT cells [Figure 3]. By means of nonlinear regression 
analysis, the CC50 values, after 24 h, were calculated as 61.05 µM for 
AC13 and 53.70 µM for CUR in CasKi cells. In HaCaT cells, the CC50 
values, after 24 h, were calculated as 77.14 µM for AC13 and 19.04 µM 
for CUR.
DOXO was used at 2.5, 5, and 10 µM, showing high cytotoxicity since 
the lowest concentration used (2.5 µM), leading viability loss over 50% 
and 80% for CasKi and HaCaT cells, respectively, in 24  h  (data not 

shown). Thus, DOXO already exerts greater cytotoxicity in a much lower 
concentration than AC13 and CUR.

Apoptosis assay
AC13 incubation induced an increase in the caspases activity of 401.8% 
compared to control cells and 268.9% compared to cells exposed to CUR 
in CasKi cells. For HaCaT cells, these values were 339.9% and 55.2%, 
respectively [Figure 4]. Therefore, the results indicate that AC13 triggers 
cell death by apoptosis in these cell lines and the increase in the caspases 
activities is significantly higher after incubation with AC13 than CUR in 
CasKi cells (P < 0,001), while this difference is no significant in HaCaT cells.

Figure 1: Structure of curcumin brominated analog (AC13). (a) 1H NMR spectrum of compound AC13 (600 MHz – CDCl3). (b) 13C NMR spectrum of compound 
AC13 (150 MHz– CDCl3). (c) Chemical structure and NMR spectroscopic data of AC13
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Figure 2: Viability of HeLa, MDA-MB-231, and 786-O cells after 24 and 48 h of incubation with AC13 (a-c) or curcumin at 1.25, 2.5, 5, 10, 20, 40, 80, and 160 
μM (d-f ) (at full width)
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DISCUSSION
Compounds isolated from plants have had their anticancer potential 
explored and were approved for clinical use, such as paclitaxel which is 
one of the current treatments available and commonly used for breast 
cancer and vinca alkaloids such as vincristine and vinblastine which 
exhibit antineoplastic activity against a variety of cancers.[17‑20] In this 
context, CUR has interesting anticancer properties, and although its 
action varies according to the cell type, it exhibits cytotoxicity against a 
diversity of tumor cells.[21] Hence, the development of synthetic analogs 
based on CUR, which have shown great potential for cancer treatment 

is an alternative strategy to exploit the antitumor activity of natural 
compounds as CUR.[22] CUR analog B19, for example, inhibited processes 
as cell proliferation and migration, presenting potent anti‑angiogenic 
effect in vitro and ex vivo.[23]

In this study, CUR cytotoxicity induced dose‑dependent decrease of the 
viability of CasKi, HeLa, MDA‑MB‑231, and 786‑O cells. On the other 
hand, CUR semi‑synthetic derivative AC13 did not show a significant 
cytotoxic effect in HeLa, MDA‑MB‑231, and 786‑O cells. In other 
study, using different CUR synthetic analogs was observed that most 
compounds tested in human osteosarcoma cell line (U2‑OS) were less 
effective than CUR, while B114, A111, and A113 were more cytotoxic. 
However, when these synthetics were evaluated in other tumor cell lines, 
the first compound presented wide antiproliferative activity while the 
2nd exerted cytotoxicity to a smaller number of cell lines and the third 
was cytotoxic in only two cell lines.[24]

Hence, the cytotoxicity of synthetic compound can vary among 
different cell lines and interestingly, the AC13 compound showed 
higher cytotoxicity in CasKi cells compared to others tumor cell 
lines, suggesting a certain selectivity for this cell line. It was reported 
that a series of synthetic compounds tested on a tumor cell lines 
panel from different histologies showed selective cytotoxicity for 
kidney and breast cancer cells, while bisphosphonamidate clodronate 
prodrug demonstrated selective cytotoxicity against three out 
of six melanoma cell lines.[25,26] HaCaT cells were also showed a 
dose‑dependent decrease of cell viability when exposed to AC13 and 
CUR. However, AC13‑induced less cytotoxicity than CUR in HaCaT 
cells, suggesting that the semi‑synthetic derivative AC13 has selective 
cytotoxicity between cervical cancer cell line  (CasKi) and normal 
keratinocytes (HaCaT).
Thus, CasKi and HaCaT cell lines were selected to undergo a further 
examination of AC13 action in cell viability, since there are different 

Figure  4: Caspase 3 and 7 activity in CasKi and human spontaneously 
transformed immortal keratinocyte cell line cells after 24 h of incubation 
with AC13 or CUR at 50 μM. CasKi: ***P < 0,001 versus curcumin 
and CONTROL; ###P < 0,001 versus CONTROL. human spontaneously 
transformed immortal keratinocyte cell line: ***P < 0,001 versus CONTROL 
(at column width)

Figure 3: Viability of CasKi and human spontaneously transformed immortal keratinocyte cell line cells after 24 and 48 h of incubation with AC13 (a and b) 
or curcumin (c and d) at 5, 10, 15, 20, 25, 30, 35, 40, 50, 75, 100, and 125 µM (at full width)
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mechanisms by which the cell death can be triggered.[27] In this context, 
apoptosis is the main mechanism of cell death, and it plays an important 
role in maintaining tissue homeostasis.[28] Apoptosis assists in removing 
damaged cells and configure an important mechanism for tumor 
suppression.[29] Thus, the induction of this cell process by CUR and CUR 
analogs configures a strategy for inhibition of the tumor progression, 
apoptosis induction by CUR has been reported, for example, in breast 
cancer cells, as well as cell‑permeable analog of CUR analog induces 
apoptosis in melanoma cells.[30‑32]

Apoptosis can be resulted of two mechanisms, the intrinsic and extrinsic 
pathways, but both involve caspases activation, which comprises a 
proteases family.[33,34] Considering the increase of caspase activities in 
cervical carcinoma cell lines has been noted in studies using both CUR 
and CUR analogs, the activities of caspases 3 and 7 in CasKi and HaCaT 
cells after incubation with AC13 and CUR were assessed to investigate 
whether decrease in cell viability was in consequence of apoptosis by the 
activation of these proteases. Caspase 3 and 7 have important functions 
during the demolition phase of apoptosis and are considered caspases 
executors.[35‑37]

The induction of apoptosis in CasKi and HaCaT cells after incubation 
with AC13 or CUR was evaluated by analysis of the caspases 3 and 7 
enzymatic activities. In this test, both cell lines were treated for 24 h with 
the compounds at 50 µM. The choice of the experimental conditions 
for this step was based on the optimization of the assay that was observed 
at this concentration and incubation time.
AC13 compound increased significantly caspase 3 and 7 activities, 
especially in CasKi cells compared to control cells. Others CUR analogs 
also induced apoptosis by increased caspase activity, such as MS17 in 
two androgen‑independent metastatic human prostate cancer cell 
lines, PC‑3 and DU 145.[38] Furthermore, although the viability assay 
reveals that at a concentration of 50 µM the CUR cytotoxicity is >AC13 
cytotoxicity for both cell lines, activity induction of caspases by AC13 
was higher in relation to CUR for CasKi and HaCaT cells. This difference 
may be due to the fact that detection assay of caspases 3 and 7 activities 
indicates apoptosis, while viability decrease may be the result of more 
than one cell death type. For example, it was observed the occurrence 
of autophagic cell death in human malignant glioma cells after CUR 
exposure.[39] However, it is interesting to note that the increase in 
caspases activities by AC13 was significantly higher than observed for 
CUR in the tumor cell line, while this difference was not significant in 
the nontumoral cell line. In human breast cancer cell, MCF‑7, the CUR 
analog of curcumin‑A also caused caspases activation, and it was more 
potent than CUR in inducing apoptosis.[40]

CONCLUSION
The data suggest that AC13 CUR semi‑synthetic derivative compound 
induces cell death by caspases activation, showing a greater effect in 
apoptosis induction than CUR in CasKi cervical carcinoma cell line. In 
addition, AC13 was less cytotoxic and caused no significant increase of 
caspase activation when compared to CUR in HaCaT cell line. Thus, our 
study suggests that AC13 compound is a promising candidate for cancer 
treatment, but further studies are necessary to confirm its anticancer 
properties.
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