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A B S T R A C T

Objectives: The aim of this study is to evaluate the potential effect of caffeic acid (CAF) 
on the growth of breast cancer cells, in addition to determining the contributing role of 
caspases, mitochondria, and oxidative status.

Methods: MCF-7 and MDA-MB-468 breast cancer cells were exposed to varying 
concentrations of CAF for different periods of time. The potential cytotoxic effect was 
measured using the MTT assay. The activities of caspase 3 and caspase 8, as well as the 
cellular level of reactive oxygen species (ROS) and the level of mitochondrial membrane 
potential (Δψm), were evaluated in different groups of cells.

Results: The findings showed that CAF decreased the percentage of MCF-7 and MDA-
MB-468 cells in a manner that depended on the dose and duration of exposure. The death 
of breast cancer cells induced by CAF was associated with an increase in ROS level 
in both cell lines. The decrease in mitochondrial membrane potential (Δψm) following 
CAF treatment suggests that mitochondrial dysfunction may be involved in the death of 
breast cancer cells induced by CAF. Importantly, the activity of caspase 8 increased after 
treatment, indicating the potential involvement of the extrinsic apoptosis pathway in the 
inhibition of breast cancer cell growth by CAF. The dosage of 20µm of CAF following 
48 hours of incubation appeared to have the most significant impact on breast cancer 
cells.

Conclusion: The study highlights the potential pro-apoptotic effect of CAF in both 
estrogen-positive and estrogen-negative breast cancer cells. This, in conjunction with 
other evidence, may lead to new insights for more effective therapeutic approaches in 
breast cancer.
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             Introduction

B reast cancer, one of the leading causes 
of cancer-related deaths in women, 
originates from the epithelial lining of 
medium to large ducts (ductal type) or 
the epithelium of the terminal ducts 

of lobules (lobular type), and can be invasive or non-
invasive (1). Epidemiological studies have shown that 
genetic, environmental, and hormonal factors play a 
significant role in the development of this cancer (2, 
3). Prognostic factors such as the patient’s age, early 
stage diagnosis, absence of nodal involvement, and 
the presence of estrogen and progesterone receptors in 
cancer tumors are important for diagnosis and disease 
management (4-6). Despite extensive research, there 
is still a need to develop effective pharmacological 
compounds to control cancer cells and inhibit their 
growth (7, 8). Cancer cell homeostasis relies on the 
balance between cell proliferation and apoptosis (9, 10). 
Apoptosis, a programmed cell death process, diminishes 
during the development and spread of cancer cells (11). 
Understanding the molecular mechanism of apoptosis 
and identifying the biochemical factors involved in this 
process can be an effective molecular tool for evaluating 
the sensitivity and significance of cancer prevention 
compounds (12, 13). There is an increasing need to 
identify compounds with high efficiency and specificity 
to suppress cancer cell growth with minimal side effects 
(12, 14). In this context, natural compounds such as 
caffeic acid have been considered and recommended 
as potential anti-cancer agents. Caffeic acid (CAF), an 
organic compound classified as a hydroxycinnamic acid, 
contains two functional groups, phenolic and acrylic (15, 
16). It mediates lignin biosynthesis and is present in many 
plants, obtained from the hydroxylation of coumaric 
acid and has been used due to its medicinal features 
(17). It was evident that CAF has bioactivity with anti-
inflammatory and anti-oxidant properties, and it exhibits 
immunomodulatory effects by down-regulating nuclear 
factor kappa B (NF-κB) and inflammatory cytokines 
(18, 19). Research demonstrated that the intake of 
CAF by prostate cancer patients was associated with a 
reduced risk of cancer progression (20). Additionally, 
studies showed that CAF induced apoptosis in lung 
cancer cells (H1299 and A549 cells) through mitogen-
activated protein kinases (MAPK) signaling (21). 
Moreover, CAF demonstrated an inhibitory effect on 
the proliferation and migration of cancer cells, which 
may occur through caspase activation (22). Therefore, 
a more comprehensive investigation of the molecular 
mechanisms of caffeic acid’s effects on various cancer 
cells could further demonstrate the anticancer potential 
of this compound and enhance the possibility of its 
medicinal applications. Consequently, this study aims to 
investigate the effect of different doses of CAF on the 
growth of breast cancer cells, both estrogen receptor 

positive and negative, as well as its impact on the 
activity of caspases 3 and 8, intracellular ROS levels, 
and mitochondrial membrane potential.

Material and Methods

Cell culture

The human breast cancer cell lines MCF-7 and 
MB-MDA-468 were acquired from the Pasture 
Institute of Iran and cultured in RPMI 1640 medium 
supplemented with 10% (v/v) fetal bovine serum, 100 
U/ml of penicillin, and 100 µg/ml of streptomycin. 
The cells were maintained at 37 ºC with 5% CO2 and 
100% humidity, and regularly checked for transparency 
and absence of bacteria and fungi. When the cells 
reached 80% confluence, they were washed with PBS, 
detached using trypsin, and then incubated in culture 
medium containing FBS to neutralize the trypsin. After 
centrifugation and counting, the cells were transferred 
to new flasks.

Cell viability assay 

The MTT assay was used to assess the cytotoxicity 
of CAF on breast cancer cells. MCF-7 and MDA-
MB-468 cells were seeded at a density of 5×10³ 
cells/well in 96-well plates containing RPMI 1640 
supplemented with 10% fetal bovine serum, 100 U/
ml of penicillin, and 100 µg/ml of streptomycin. The 
cells were treated with various concentrations of CAF 
(1, 5, 10, and 20 µm) and incubated for different time 
periods (12, 24, and 48 hours). After the specified 
incubation time, 20 µl of MTT (5mg/ml in PBS) was 
added to each well and incubated for 4 hours at 37 
ºC. The cell supernatant was removed, and 200 µl of 
dimethylsulfoxide (DMSO) was added and incubated 
for 15 minutes. The absorbance of each well was 
measured using a microplate reader (Bio-Rad, 
Hercules, CA, USA) at 580 nm, and the cell viability 
was calculated by comparing the absorbance of the 
treated groups with the control group.

Caspase-3 activity assay

The Caspase-3 colorimetric Assay Kit (BioVision 
Inc. Milpitas, CA USA) was utilized to assess caspase 
3 activity in MCF-7 and MDA-MB-468 cells treated 
with CAF. In brief, the cells were treated with 5, 10, and 
20 µm of CAF and incubated for 48 hours. Following 
incubation, the cells were lysed using cold lysis buffer. 
After centrifugation, each cell group was treated with 
50 µM of reaction buffer containing 10mm DTT and 5 
µM of DEVD-pNA substrate (200 µM) and incubated at 
37 ºC for 120 min. The emission of each cell group was 
then measured at 405 nm using a microplate reader (Bio-
Rad, Hercules, CA, USA).
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Caspase-8 activity assay
 
For the measurement of Caspase-8 activity, the 

Caspase-8 Detection Kit (BioVision Inc. Milpitas, CA 
USA) was employed. The cells were treated with 5, 10, 
and 20 µm of CAF and incubated for 48 hours. Then, 1 
μl of FITC-IETD-FMK was added to each cell group 
and incubated for 1 hour. Notably, FITC-IETD-FMK 
is a cell-permeable compound that serves as a labeled 
inhibitor of caspase 8 in viable cells. Subsequently, the 
cells were centrifuged, suspended in wash buffer, and 
the fluorescence intensity was measured at an excitation 
of 485 nm and emission of 535 nm using a microplate 
reader.

Intracellular reactive oxygen species (ROS) level 
assay

The fluorescent probe 2´, 7´-dichlorofluorescin 
diacetate (DCFH-DA) is utilized to measure the level 
of intracellular ROS formation, including hydrogen 
peroxide (H2O2), hydroxyl radical (OH•), and 
hydroperoxides (ROOH). To conduct the assay, cells 
were cultured in a 96-well plate and treated with 
DCFH-DA (20µM) in the culture medium, followed by 
incubation at 37°C for 45 minutes. After the incubation 
period, the cells were treated with 5, 10, and 20 µm of 
CAF and incubated for 48 hours. The level of ROS was 
then determined based on the fluorescence generated 
and detected using a microplate reader (BioTek Synergy 
Ht, Winooski, Vermont, USA) at 485 nm and 528 nm.

The mitochondrial membrane potential (Δψm) assay 

The JC-1 staining method was utilized to assess the 
potential involvement of mitochondria after the cells 
were exposed to CAF. JC-1 is a lipophilic and fluorescent 
dye capable of accumulating in healthy and intact 
mitochondria, forming red-fluorescent “j-aggregates.” In 
the absence of aggregation, it emits green fluorescence, 
and a decrease in the green/red fluorescence ratio 
indicates mitochondrial depolarization. To conduct the 
experiment, cells were treated with 5, 10, and 20 µm 
of CAF and incubated for 48 hours. After removing 
the culture medium, the cells were exposed to 10 μl of 
staining solution and incubated for 15 minutes at 37°C. 
Subsequently, the fluorescent intensity was measured 
using a microplate reader (BioTek Synergy Ht, Winooski, 
Vermont, USA) at 485 nm excitation/ 528 nm emission 
(green) and 530 nm excitation/ 590 nm emission (red), 
and the calculated ratio was determined.

Statistical analysis

The cell culture data was evaluated using non-
parametric one-way analysis of variance (ANOVA) 
with Dunnett’s post hoc test and Tukey´s post hoc. 

The cell line experiments were conducted in triplicate 
and repeated at least three times to ensure specificity 
and accuracy. Graph Pad Prism version 6 (Graph 
Pad Software, San Diego California) and Statistical 
Package for Social Science (SPSS v.20) were utilized 
for statistical calculations. Results were presented as 
mean±SD and significance was determined for P<0.05, 
P<0.01, and P<0.001, indicated by asterisks in the 
corresponding figures.

Results

Caffeic acid reduced breast cancer cell viability in a 
dose and time-dependent manner 

To determine the cytotoxic effect of CAF on breast 
cancer cells, MCF-7 and MDA-MB-468 cells were 
treated with 1, 5, 10, and 20 µm of CAF and incubated 
for 12, 24, and 48 hours. The percentage of viable cells 
in different time intervals was determined using the MTT 
assay. According to the results, the percentage of MCF-7 
cells following exposure to CAF decreased significantly 
compared to the control group (Fig. 1.A). It was evident 
that by increasing the dose of CAF and extending the 
incubation time, the number of viable cells decreased 
significantly. A similar pattern of cell death was detected 
in MDA-MB-468 cells, and a significant reduction in the 
percentage of viable cells was detected following CAF 
treatment. This reduction occurred in a time and dose-
dependent manner (Fig.1.B).

Caffeic acid induced the activity of caspase-3 and 8 in 
breast cancer cells 

In relation to the crucial role of caspase enzymes as 
effectors that lead cells to apoptosis, the potential impact 
of CAF on caspase 3, a key player in apoptosis that 
interacts with caspase 9 and 8, as well as caspase 8 as a 
significant effector of the extrinsic pathway of apoptosis, 
was assessed. The findings revealed that different 
concentrations of CAF did not have a significant effect 
on the activity of caspase 3 in MCF-7 cells (Fig. 2.A). 
However, treatment of MDA-MB-468 cells with 5, 10, 
and 20 µm of CAF for 48 hours resulted in the induction 
of caspase 3 activity in a dose-dependent manner 
(Fig.2.B), with the highest activity of caspase 3 detected 
following treatment with 20 µm of CAF (P<0.0001

). It was also found that CAF induced the activity of 
caspase 8 in MCF-7 cells in a dose-dependent manner 
(Fig.2.C). The data showed that following treatment 
of MCF-7 cells with 5 (P=0.001), 10 (P<0.0001), and 
20 µm (P<0.0001) of CAF, the activity of caspase 8 
significantly increased. Additionally, treatment of MDA-
MB-468 cells with 5 (P=0.048), 10 (P=0.0087), and 20 
µm (P=0.009) of CAF resulted in a significant induction 
of caspase 8 activity in a concentration-dependent 
manner (Fig.2.D).
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Figure 1: CAF reduced the viability of breast cancer cells
MCF-7 and MDA-MB-468 cells were exposed to varying concentrations of CAF (1, 5, 10, and 20 µm) for different time periods (12, 24, 
and 48 hours), and the resulting cell death rates were assessed using the MTT assay.  The Mean±SD values from three separate experiments 
are provided. Statistical differences between groups were analyzed and indicated by asterisks on the bars (*= P <0.05, **= P <0.01, ***= 

P <0.001, ****= P<0.0001).

2 
 

Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: CAF induced the activity of caspase 3 and caspase 8 in breast cancer cells
After treating cells with 5, 10, and 20 µm of CAF for 48 hours, the activity of caspase 3 and caspase 8 were measured  The data represents 
the mean±SD of three separate experiments, and statistical differences between groups were analyzed and indicated by asterisks on the bars 

(**= P <0.01 and ***= P <0.001).
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Caffeic acid induced mitochondrial membrane 
potential (ΔΨm) depletion

In order to determine the possible involvement of 
mitochondria in the CAF-induced breast cancer cell 
death, MCF-7 and MDA-MB-468 cells were treated 
with 5, 10, and 20 µm of CAF for 48 hours and JC-1 
staining was performed to track changes in mitochondrial 
membrane potential. Based on data, CAF reduced the 
level of mitochondrial membrane potential significantly 
in a concentration of 20 µm (P=0.023) (Fig 3.A). 
Additionally, CAF decreased the level of mitochondrial 
membrane potential significantly in a concentration of 
20 µm (P=0.049) in MDA-MB-468 cells (Fig. 3.B).

Caffeic acid increased ROS formation in breast 
cancer cells

The data revealed a significant increase in ROS 
levels following treatment of MCF-7 cells with 5 
(P=0.008), 10 (P=0.003), and 20 µm (P=0.038) of CAF 
after 48 hours of incubation (Fig. 4.A). Similarly, there 

was a significant increase in ROS levels following 
treatment of MDA-MB-468 cells with 5 (P=0.013), 10 
(P=0.009), and 20 µm (P=0.007) of CAF after 48 hours 
of incubation (Fig. 4.B).

Discussion

Breast cancer ranks as one of the most prevalent 
cancers and the leading cause of death in women 
(23). Consequently, numerous studies have been 
undertaken to explore the clinical associations of various 
biomarkers and factors impacting the progression of 
this disease (7, 12). The goal of these investigations 
is to develop an improved drug and more effective 
method, with the aim of enhancing treatment through 
new therapeutic approaches (24). Meanwhile, CAF and 
its derivatives have been considered due to their herbal 
nature, biocompatibility, availability, and wide range 
of biological properties (21). The anti-inflammatory, 
antioxidant, and immunomodulatory bioactivities of 
CAF have been illustrated in previous studies (24). 
The potential impact of CAF on cancer cells was 
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Figure 3: CAF reduced mitochondrial membrane potential (ΔΨm) in breast cancer cells.
MCF-7 and MDA-MB-468 breast cancer cells were exposed to 5, 10, and 20 µm of CAF for 48 hours, and the mitochondrial membrane 
potential (ΔΨm) was assessed using JC-1 staining.  The data represents the mean±SD of three separate experiments, and statistical differ-

ences between groups were analyzed and indicated by asterisks on the bars (*= P <0.05).

Figure 4: CAF stimulated the level of ROS in breast cancer cells.
Breast cancer cells were exposed to 5, 10, and 20 µm of CAF for 48 hours, and the level of ROS was measured using the fluorescent probe 
2´, 7´-dichlorofluorescin diacetate (DCFH-DA).  The data represents the mean±SD of three separate experiments, and statistical differences 

between groups were analyzed and indicated by asterisks on the bars (*= P <0.05**= P <0.01).
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evident in the study, showing the anti-cancer effects on 
certain types of cancers and inhibitory effects on cancer 
cell invasion and migration (25). The data from the 
current study indicated that CAF caused cell death in 
both estrogen positive and negative breast cancer cells 
in a dose and time dependent manner. Additionally, 
research by Rosendahl et al. supported these findings, 
demonstrating that Caffeine and CAF induced breast 
cancer cell death, sensitized cells to tamoxifen, and 
suppressed their growth (26). Furthermore, CAF 
was found to induce cell death and apoptosis while 
suppressing melanin synthesis in SK-Mel-28 cells 
(22). The study also revealed that Caffeic acid phenyl 
ester inhibited oral cancer cell growth and prevented 
the expression of cycloxygenase-2 and EGFR, thereby 
mediating cancer cell progression (27). The findings 
also indicated that CAF treatment led to the activation 
of caspase 8 in MDA-MB-468 and MCF-7 cells, while 
the level of caspase 3 only increased in MDA-MB-468. 
It is well-known that caspases are endo-proteases that 
use cysteine-dependent hydrolysis to break down their 
substrates, playing a significant role in both intrinsic 
and extrinsic apoptosis pathways (28). The caspase-3-
independent manner of cell death in MCF-7 cells has 
been previously explained (29), and the data supports 
this hypothesis. In terms of the molecular mechanism 
behind CAF-induced cell death in breast cancer, the 
potential effect of CAF on the cellular level of ROS was 
assessed, and the data showed a significant increase in 
ROS levels in both MDA-MB-468 and MCF-7 cells in 
a dose-dependent manner. It has been suggested that the 
accumulation of ROS in cancer cells triggers an apoptosis 
cascade and promotes cancer cell death, potentially 
impairing the function of subcellular organelles (30). 
One of the potential targets of ROS is the mitochondria, 
whose membrane may be affected by elevated ROS 
levels, leading to a decrease in its membrane potential 
(Δψm) and resulting in the suppression of cancer cell 
growth (31). The data demonstrated that CAF induced 
a depletion in the mitochondrial membrane potential in 
both MCF-7 and MDA-MB-468 cells in a concentration-
dependent manner. According to the findings of this 
study, there was no notable contrast in the reaction of 
estrogen receptor-positive and negative cells to CAF, in 
terms of survival rate, caspase 8 activity, ROS levels, 
and mitochondrial membrane potential. Therefore, its 
pro-apoptotic effect may occur through an estrogen-
receptor-independent pathway, but further mechanistic 
studies are necessary to clarify this aspect.

Conclusion
 

The findings of this study highlight the capability 
of CAF to trigger dose- and time-dependent cell death 
in two breast cancer cell lines. The results suggest that 
the activation of caspases 3 and 8, coupled with elevated 

ROS levels and reduced mitochondrial potential, may 
effectively hinder the growth of these cells when treated 
with CAF. These results suggest that the potential anti-
cancer properties of CAF in breast cancer cells could 
lead to its biocompatible composition being effective in 
future treatment strategies.
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