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ÖZ

Amaç: Protokatekuik asit (PCA), birçok biyolojik aktiviteye sahip birçok gıda ve 
bitkide bulunan yaygın fenolik asitlerden biridir. PCA'nın çeşitli hücre hatlarında 
antiinflamatuvar, antioksidan, antikanser etkileri araştırılmasına rağmen insan kolon 
kanseri (Caco-2) hücrelerinde özellikle de apoptotik yolaklakta yer alan moleküller 
üzerindeki etkileri tam olarak aydınlatılamamıştır. Bu çalışmanın amacı PCA'nın 
Caco-2 hücrelerinde doza ve zamana bağlı olarak olası oksidan, antioksidan ve 
apoptoz mekanizmaları üzerindeki etkilerini araştırmaktır.
Yöntem: Deneysel çalışmada kontrol (K), PCA (250-500-1000 µM) olmak üzere 
4 grup oluşturulmuştur. Gruplardan elde edilen hücre lizatlarında toplam oksidan 
kapasite (TOC), toplam antioksidan kapasite (TAC), Oksidatif stres indeksi (OSI), 
Bax, Bad, Bcl-2, Bcl-xl, Kaspaz 9 protein seviyeleri ELISA yöntemiyle belirlenmiştir.
Bulgular: Sonuçlar PCA tedavisinin Caco-2 hücrelerinde 24 ve 48 saatte 
apoptotik etkilere sahip olduğunu göstermiştir. Ayrıca PCA doza bağlı bir şekilde TAC 
seviyelerini artırırken TOC seviyelerini azaltarak OSI seviyelerini de azaltmıştır. 
Sonuç: Sonuç olarak PCA'nın Caco-2 hücre hattında apoptotik etkiye sahip 
olduğu ve kolon kanserinin önlenmesinde ve/veya tedavisinde yararlı olabileceği 
belirlenmiştir. 
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ABSTRACT

Aim: Protocatechuic acid (PCA) is one of the common phenolic acids found in many 
foods and plants and it has multiple biological activities. Although PCA has been 
investigated for its antioxidant, anti-inflammatory, and anticancer effects in various 
cell lines, its effects on molecules involved in the apoptotic pathway, especially in 
human colon cancer (Caco-2) cells, have not been fully elucidated. This study aimed 
to investigate the effects of PCA on possible oxidant, antioxidant, and apoptosis 
mechanisms in Caco-2 cells, depending on dose and time.
Methods: In the experimental study, 4 groups were created: control (K), PCA 
(250-500-1000 µM). Total oxidant capacity (TOC), total antioxidant capacity (TAC), 
Oxidative stress index (OSI), Bax, Bad, Bcl-2, Bcl-xl, and Caspase 9 protein levels 
were determined by the ELISA method in the cell lysates obtained from the groups. 
Results: The results showed that PCA treatment had apoptotic effects on Caco-2 
cells at 24 and 48 h. PCA also decreased OSI levels by increasing TAC levels and 
decreasing TOC levels in a dose-dependent manner.
Conclusion: As a result, it was determined that PCA has an apoptotic effect on 
the Caco-2 cell line and can be useful in the prevention and/or treatment of colon 
cancer.
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Introduction  

Colon cancer is the third most common type of 
cancer in the world, starting in the large intestine 
and spreading to the lower digestive system [1, 2]. 
Various surgical methods and chemotherapy drugs 
are used in the treatment of the disease. However, 
the side effects of these drugs are high, and the 
cancer cells become resistant to the drugs used 
over time, which negatively affects the treatment 
process [3]. Therefore, there is a need to develop 
new drug candidates that will minimize the side 
effects. Phenolic compounds with antioxidant 
activity especially stand out in controlling this 
disease [4-6]. Flavonoids and phenolic compounds 
have a strong cytotoxic effect against colon 
cancer cells with lower risk and fewer side effects 
[7]. In addition, metabolites such as flavonoids 
and phenolic compounds can reduce tumor cell 
proliferation through various mechanisms, such 
as activating caspases and promoting apoptosis 
[2]. Protocatechuic acid (3,4-dihydroxybenzoic 
acid, PCA), among the phenolic compounds, may 
be a useful agent with its remarkable antioxidant 
activity [8,9]. Various studies have reported that 
PCA has antioxidant, antibacterial, antimutagenic, 
antiviral, anti-inflammatory, antiulcer, antidiabetic, 
neuroprotective, and anticancer properties 
[10,11,12]. Although there are many studies on 
PCA in various types of cancer, studies on colon 
cancer cell lines are limited.

It is well known that apoptosis is one of the 
main pathways of tumor cell death. According 
to literature reviews, PCA is considered a 
potential chemopreventive compound for clinical 
applications in the prevention of neoplastic 
diseases and a highly promising compound in 
the treatment of various diseases. However, 
the mechanism of action of PCA on apoptotic 
pathways, where it disrupts specific pathways 
leading to cell death, has not yet been elucidated. 
Therefore, further research is needed in this 
area. The mechanism of apoptosis is complex 
and involves many signaling pathways. Apoptosis 
activation is initiated by two main pathways: 
intrinsic (mitochondria-dependent) extrinsic. Both 
pathways combine to activate caspases and 
ultimately cause morphological and biochemical 
cellular changes, leading to the onset of apoptosis 
[13,14]. The intrinsic pathway is regulated by Bcl-

2 (B cell lymphoma-2) family members [(anti-
apoptotic (Bcl-2, Bcl-xl)- pro-apoptotic (Bad, Bax)]. 
Pro-apoptotic proteins such as Bcl-2 Bax (Bcl-2-
associated X) and Bad (Bcl-2-associated death) 
activate caspases, releasing the mitochondrial 
intermembrane space and promoting cell death 
[15]. In addition, members such as Bcl-2 inhibit 
cell death by suppressing cytochrome c release. 
Therefore, the balance between pro- and 
antiapoptotic proteins is important in determining 
apoptosis. In summary, apoptosis is a promising 
target in tumor therapy. 

In light of this information, this study investigated 
the effects of PCA on possible oxidant, 
antioxidant, and apoptosis mechanisms in Caco-2 
cells, depending on dose and time. I believe that 
in the future, PCA will contribute to developing 
new candidate anticancer agents by elucidating 
the signaling pathways associated with apoptosis 
mechanisms.

Materials and Methods

Cell Culture and Experimental Groups

PCA was purchased from Sigma Aldrich (Cat No. 
99-50-3). The human colon cancer cell line (Caco-
2) was used from cells available in our stock. Caco-
2 cells were cultured in DMEM medium containing 
10% FBS (fetal bovine serum), L-glutamine, 1% 
penicillin-streptomycin, and NaHCO3 at 37oC in an 
environment containing 5% CO2 and atmospheric 
humidity. Incubated at 37°C and passaged every 
2-3 days. PCA was dissolved in ethyl alcohol, and 
the concentration of ethyl alcohol was less than 
0.1% for all treatments. The PCA concentrations 
used in the study were determined based on the 
results of our previous study [16].

In this study, 4 main groups were created as 
follows.

Group I (Control): Cells in this group were not 
treated with any chemicals.

Group II (250 µM PCA): Cells were incubated with 
PCA (250 µM) for 24 and 48 h [16].

Group III (500 µM PCA): Cells were incubated 
with PCA (500 µM) for 24 and 48 h [16].

Group IV (1000 µM PCA): Cells were incubated 
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with PCA (1000 µM) for 24 and 48 h [16].

Detection of apoptosis 

The apoptotic markers in the PCA-treated or 
untreated control groups were determined using 
the ELISA method. According to the manufacturer's 
instructions, the Bad, Bax, Bcl-2, and Caspase 9 
protein levels in Caco-2 cell culture lysates were 
determined using commercial ELISA assay kits 
(BT-LAB ELISA kits, China). The results were 
obtained by taking OD values at a wavelength of 
405 nm with an ELISA microplate reader (BIOTEK 
ELx808, USA).

Determination of TAC, TOC, and OSI

To evaluate antioxidant and oxidative stress 
levels, TOC, TAC, and levels were analyzed 
in line with the instructions of the manufacturer 
company using ELISA kits (RL0017 Rel Assay 
Total Antioxidant Status, RL0024 Rel Assay Total 
Oxidant Status). Studies were performed using an 
ELISA reader and an ELISA plate washer. TAC 
findings were expressed as mmol Trolox Equiv/L, 
while TOC findings were expressed as mmol H2O2 
Equiv/L [17]. In addition, the OSI was calculated 
using TOC and TAC measurements [18].

Statistical analyses 

All data were expressed as mean ± standard 
deviation (SD). The “SPSS 20.0 for Windows” 
package program and the “One Way ANOVA-
Tukey” test were used to evaluate the data 
obtained in our study. Differences between the 
groups were tested by Tukey’s multiple comparison 
post hoc tests, and p<0.05 was determined to be 
statistically significant. Other statistical analyses 
between experimental groups were calculated 
using GraphPad Prism (Version 7.04 for Windows, 
USA) software. 

Results:

Results of Apoptosis

The effect of PCA on molecules involved in the 
apoptotic pathway is shown in Figure 1. When 
the study results regarding Bad protein were 
evaluated, a statistically significant decrease was 
observed in the concentrations applied to PCA in 
Caco-2 cells at 250 µM and 1000 µM after 24 h 

compared to the control group (p <0.01). After 48 
h, a significant increase was observed only in the 
group applied with 1000 µM PCA compared to the 
control group (p <0.05) (Figure 1A).

Bax/Bcl-2 ratio showed a significant increase in 
Caco-2 cells exposed to PCA at a concentration 
of 250 µM for 24 h compared to the control group 
(p<0.01), while this increase at other doses was not 
statistically significant. After 48 h of application, 
the Bax/Bcl-2 ratio showed a significant decrease 
only at the concentration of 1000 µM (p<0.05) 
(Figure 1B). Bax/Bcl-xl ratio showed a statistically 
significant decrease at all concentrations applied 
at the end of the 24 h compared to the control 
group (p<0.05, p<0.01). At the end of the 48 h, 
a significant decrease was observed only at the 
concentration of 1000 µM (p<0.01) compared to 
the control group (Figure 1C). Caco-2 cells treated 
with PCA for 24 h, showed a significant increase 
in caspase 9 levels at all concentrations applied 
compared to the control group (p<0.001). At the 
end of the 48 h, it was observed that the increase 
in caspase 9 protein level continued significantly 
in PCA-applied Caco-2 cells compared to the 
control group, depending on the increasing dose 
concentration (p<0.001, p<0.0001). (Figure 1D).

Figure 1. The effect of PCA treatment on Bad protein (A), Bax/Bcl-2 (B), 
Bax/Bcl-xl ratio (C), Caspase 9 protein (D) levels (mean ± SD). *P<0.05 
**P<0.01, ***P<0.001, ****P<0.0001 when compared with control and other 
groups (n=3)

Results of TAC, TOC, and OSI

It was determined that TAC levels in Caco-2 cells 
applied with PCA at concentrations of 250, 500, and 
1000 µM for 24 h increased significantly compared 
to the control group (p<0.0001). Similarly, it was 
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found that the increase in TAC levels continued 
in all treatment groups after 48 h compared to the 
control group (p<0.0001) (Figure 2A). In Caco-2 
cells, a decrease in TOC levels was detected in the 
groups applied with PCA at concentrations of 250, 
500, and 1000 µM for 24 h compared to the control 
group, but the decrease was significant only at 
the dose of 500 µM compared to the control group 
(p<0.05). In 48 h PCA applications, TOC levels 
decreased at doses of 250 and 500 µM compared 
to the control group, while TOC levels increased 
significantly at the dose of 1000 µM compared to 
the control group (p<0.01) (Figure 2B). When OSI 
values were examined at the end of the 24 and 
48-h period, a significant decrease was detected 
in all PCA-applied groups compared to the control 
group (p<0.0001) (Figure 2C).

Figure 2. Mean ± standard error plot of the effects of PCA treatment 
on Caco-2 cells TAC (A), TOC (B), and OSI (C) **p<0.01, ***p<0.001, 
****p<0.0001 when compared with control and other groups (n=3)

Discussion 

Colon cancer death rates are increasing every 
year in the world. The apoptotic mechanism 
in colon cancer is a potential path that is being 
investigated to predict aggressive behavior. Many 
studies have reported the PCA anti-inflammatory, 
antioxidant, and anti-cancer activities in different 
cell lines [13]; however, very few research studies 
have revealed potential apoptosis mechanisms. 
Studies have shown that PCA protects against 
cell death forms such as apoptosis and pyroptosis 
in other types of cancer [19, 20]. Therefore, our 
study aimed to elucidate the effect of PCA on 
apoptotic pathways in the Caco-2 cell line. There 
are limited studies in the literature explaining the 

effect of PCA on Caco-2 cells through apoptosis 
mechanisms [16, 19].

To determine the apoptotic effect, Bcl-xl and Bcl-
2 protein levels from the anti-apoptotic protein 
group were examined, and to determine the pro-
apoptotic effect, Bax and Bad protein levels were 
examined. Apart from these, since caspases also 
carry out the apoptotic process, the caspase 9 
protein level was examined.

In addition, the TAC and TOC activities of PCA 
were also evaluated. The suppressive effects of 
different doses of PCA on cell proliferation and 
IC50 dose after 24 and 48 h were shown in our 
previous study by the 3-(4,5-Dimethyltriazol-2-
yl)-2,5 diphenyltetrazolium bromide (MTT) method 
[16]. Based on these results, the doses used in the 
study were decided. Today, apoptosis is the main 
goal of many treatment strategies and, therefore, 
plays an important role in the treatment of colon 
cancer. Bad protein is one of the pro-apoptotic 
proteins involved in apoptosis and triggers 
apoptosis via the internal pathway in the cell 
[21]. When the study results are considered, the 
concentrations applied to Caco-2 cells at 250 µM 
and 1000 µM PCA showed a significant decrease 
in 24 h compared to the control group. While there 
was a statistically insignificant decrease in 250 
and 500 µM doses at 48 h, especially the 1000 µM 
dose significantly reduced Bad levels compared 
to the control group. These results made us think 
the applied doses could not have a pro-apoptotic 
effect. 

The most studied ratio in the evaluation of 
apoptosis is the pro-apoptotic/anti-apoptotic (Bax/
Bcl-2 or Bax/Bcl-xL) protein ratio. The imbalance 
between these two protein levels is considered 
an important indicator of apoptosis because it 
leads to apoptosis [22]. The Bax/Bcl-2 ratio of a 
cell responding to an apoptotic signal is high. This 
ratio was significantly increased in Caco-2 cells 
exposed to PCA at 250 µM concentrations for 24 
h compared to the control group. The increase 
at 250 µM concentration in 24 h is particularly 
striking. After 48 h, the highest Bax/Bcl-2 ratio 
was observed at 500 µM concentration, but this 
increase was insignificant compared to the control 
group. These increases show us that PCA is 
induced in the intrinsic apoptosis pathway in Caco-
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2 cells, especially at a concentration of 250 µM for 
24 h, and increases sensitivity to apoptosis. When 
the effect of PCA on Caco-2 cells was evaluated 
after 48 h, it was determined that there was no 
statistically significant change in the Bax/Bcl-2 
ratio. This is because the concentration of PCA 
and the incubation period may not be sufficient to 
increase the Bax/Bcl-2 ratio in Caco-2 cells. In this 
study, the Bax/Bcl-xl ratio significantly decreased 
in Caco-2 cells at all doses applied compared to 
the control group at the end of the 24 h, while 
it significantly decreased only at the dose of 
1000 µM applied at 48 h compared to the control 
group. We can say that this dose has an anti-
apoptotic effect. In other words, we can say that 
PCA reduces the Bax/Bcl-xl ratio in Caco-2 cells 
depending on time and dose, making the internal 
pathway more resistant to apoptosis. When we 
look at the existing studies, it has been determined 
that PCA has different effects on cell protection 
depending on the type of cancer, the time, and 
the concentration applied. While a study showed 
that high PCA concentrations induced apoptosis 
in Caco-2 cells [19], another study showed that it 
induced apoptosis at low concentrations [23].

Induction of cell death in mammalian cells in 
both intrinsic and extrinsic apoptotic pathways 
is associated with the activation of caspases. 
Therefore, caspase-9 protein levels were 
examined to determine which apoptotic pathway 
PCA was used in this study. Caspase-9, which 
is effective in the intrinsic pathway, showed 
a significant increase in Caco-2 cells at all 
concentrations applied at 24 and 48 h compared 
to the control group. Thus, it was determined that 
PCA caused caspase-9 activation in Caco-2 cells 
and used the intrinsic pathway. When the studies 
were examined, it was seen that PCA showed a 
significant ability to positively regulate the Bax 
and caspase-mediated death signaling cascade. 
Conversely, it created an environment that helped 
apoptosis induction in cancer cells by interfering 
with the activity of the Bcl-2 family [11]. Tsui-Hwa 
Tseng et al. reported that PCA showed a dose- 
and time-dependent inhibitory effect on human 
promyelocytic leukemia cell (HL-60) survival. This 
effect was achieved by increasing the expression 
of Bax, a key protein regulating apoptotic 
processes, while decreasing the expression of 
Bcl-2 [9]. In another study, it was shown that PCA, 

at concentrations of 1-10 µg/mL, depending on 
the dose used, activated the intrinsic apoptosis 
pathway by upregulating Bax and caspase-9, and 
the extrinsic apoptosis pathway by regulating 
caspase-8 [24]. Free radicals, oxidative stress, 
and antioxidants are widely studied topics today. 
In our study, it was determined that PCA caused 
an increase in TAC levels in Caco-2 cells at 24 
and 48 h, depending on the increasing dose. The 
highest TAC values were observed at the applied 
concentration of 500 µM. TOC levels decreased 
in Caco-2 cells at 24 h compared to the control 
group only at the 500 µM applied concentration. 
While the decrease continued at 250 and 500 µM 
applied in Caco-2 cells at 48 h, the highest TOC 
values were seen in the group applied at 1000 
µM. As a result, we can say that PCA significantly 
increased TAC levels in Caco-2 cells at 24 and 
48 h compared to the control group. According 
to the obtained data, PCA suppressed oxidative 
stress by inducing antioxidant capacity in the 
Caco-2 cell line depending on the increasing dose 
concentration. In a study similar to our results, it 
was shown that PCA could oxidative stress, and 
improve the activity of antioxidant enzymes by 
reducing ROS levels, thus preventing oxidative 
damage in colon tissues [25].

Limitation: This study investigated the effect of 
PCA on apoptotic and antioxidant mechanisms 
on the Caco-2 colon cancer cell line. In addition, 
studies examining signaling pathways at the 
molecular level are needed to better understand 
how PCA affects the molecular mechanisms of 
Bax, Bcl-2, Bad genes.

Conclusion: According to our results, PCA 
exhibited apoptotic effects on the Caco-2 cell line 
depending on the dose and time. However, the 
mechanisms by which PCA triggers apoptosis in 
Caco-2 cells should be investigated in more detail 
at the advanced gene level with different signaling 
pathways and mechanisms.
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