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A B S T R A C T   

Oxidative stress is a main cause of tissue damage and highly associated with incidence of human chronic dis-
eases. Among the major target organs attacked by reactive oxygen species (ROS) is the liver. Protocatechuic acid 
(PCA) is a phenolic compound found in green tea, acai oil and some mushroom species that possesses strong 
antioxidative and anti-inflammatory activity and may have benefits as a natural phytochemical for prevention of 
human diseases. However, the protective effect of PCA on hydrogen peroxide (H2O2)-induced oxidative stress 
specifically in the liver has not yet been investigated. The current study aims to observe if PCA possesses pro-
tective activity against H2O2-induced oxidative stress in HepG2 human liver cancer cells. Relative to untreated 
control cells, treatment of HepG2 cells with PCA reduced H2O2-induced cell death and mitigated H2O2-induced 
production of ROS; furthermore, it mitigated the H2O2-induced increase of caspase-3/7 enzyme activity, 
expression of cleaved poly(ADP-ribose) polymerase (PARP), expression of endoplasmic reticulum (ER) stress 
genes including activating transcription factor 4 (ATF4), serine/threonine-protein kinase/endoribonuclease 
inositol-requiring enzyme 1 α (IRE1α) and phosphorylation of p38 mitogen-activated protein kinases (MAPK). 
These findings indicate that PCA effectively protects hepatic cells from H2O2-induced oxidative stress and cell 
death.   

1. Introduction 

Oxidative stress is known to damage human tissues and is considered 
connected to many diseases including cancer (Halliwell, 2007), car-
diovascular disease (Csanyi and Miller, 2014), and Alzheimer’s disease 
(Valko et al., 2007). While oxygen itself is essential for mitochondrial 
oxidative phosphorylation and cellular respiration, some of the oxygen 
derivatives produced during metabolism can negatively affect cells and 
tissues. For example, excessive levels of reactive oxygen species (ROS) 
such as hydrogen peroxide (H2O2) and superoxide can harm many tis-
sues, inducing oxidative tissue damage that in turn causes pathological 
events. In particular, excessive oxidative stress can readily damage liver 
tissue and is linked to hepatic diseases such as fatty liver, liver 
fibro-proliferative diseases (Cichoz-Lach and Michalak, 2014), and 
hepatoma and hepatocarcinoma (Wang et al., 2016). To reduce oxida-
tive stress and prevent associated diseases, food sources containing 
bioactive compounds and nutraceuticals with high antioxidant capacity 
are widely used. Phenols are well-known phytochemicals having strong 
antioxidative activity; in particular, phenolic compounds have been 

reported to contribute to liver protection by lowering oxidative stress 
and therefore reducing the risks of hepatic diseases (Saha et al., 2019). 

Protocatechuic acid (3,4-dihydroxybenzoic acid, PCA) is a phenolic 
compound found in green tea; it is also abundant in acai oil (Pacheco--
Palencia et al., 2008) and some mushroom species (Lee et al., 2008). 
PCA has been proven to have significant anti-oxidative and 
anti-inflammatory response in murine hepatocytes and to prevent he-
patic toxicity (Liu et al., 2002) and liver cancer (Lin et al., 2007). And 
since many liver diseases are linked to excessive oxidative stress 
(Cichoz-Lach and Michalak, 2014), PCA potentially can be used in 
preventing and treating liver diseases as food ingredients and pharma-
cological sources. Especially, we expect that the diseases due to 
compromised H2O2 reduction in human body such as decreased 
expression of peroxisome can easily be treated with PCA. In addition, 
PCA’s antioxidant capacity can be linked to anti-inflammatory activity 
and the phenolic compound can be used to treat inflammation-related 
diseases such as neurodegenerative diseases (Kaewmool et al., 2020), 
coronary artery disease (Li et al., 2020a), and allergic asthma (Li et al., 
2020b). 
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In this study, we investigated whether PCA possesses protective 
properties against H2O2-induced oxidative stress in HepG2 human 
hepatoblastoma cells. 

2. Materials and methods 

2.1. Materials 

Human liver cancer cells (HepG2) were purchased from the Amer-
ican Type Culture Collection (Manassas, VA, USA). Antibodies for PARP 
(#9542), p-p38 (#9211), p-38 (#9212), ATF4 (#11815), and β-actin 
(#5125) were purchased from Cell Signaling Technology (Danvers, MA, 
USA). The Caspase-3/7 assay kit was purchased from Cayman Chemicals 
(Ann Arbor, MI, USA). All other chemical compounds and instruments 
were obtained from Fisher Scientific (Waltham, MA, USA). 

2.2. Cell culture and treatment 

HepG2 cells were incubated at 37 ◦C under a humid atmosphere with 
5% CO2. The cells were cultured in Dulbecco’s modified Eagle’s media 
(DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin, and 
1% streptomycin. PCA was dissolved in dimethyl sulfoxide (DMSO) and 
diluted with culture media. The final concentration of DMSO in the 
media was limited to 0.1% (v/v). 

2.3. Cell viability 

HepG2 cells were plated in 96-well culture plates at a density of 5 ×
103 cells/well. After one day of incubation, the cells were pre-treated 
with 0, 25, or 50 μM of PCA in culture media under 37 ◦C for 2 hours 
and then co-treated with 600, 800, or 1000 μM H2O2 in culture media 
containing 0, 25, or 50 μM of PCA for 24 hours at 37 ◦C. Afterwards, 
MTT solution (dye was dissolved in DMSO) was added to each well and 
the cells incubated for 2 hours at 37 ◦C. Finally, the optical density was 
measured at 540 nm using an ELISA microplate reader (Bio-Tek In-
struments Inc., Winooski, VT, USA). 

2.4. Western blot 

HepG2 cells were plated in 60 mm culture plates at a density of 3 ×
105 cells/plate and incubated at 37 ◦C for one day. Then, the cells were 
pre-treated with different concentrations (0, 25, and 50 μM) of PCA in 
the growth media for 2 h and subsequently co-treated with 800 μM H2O2 
in growth media containing the same concentrations of PCA for a 24-h 
incubation at 37 ◦C. After incubation, the cells were washed twice 
with pre-chilled phosphate buffered saline (PBS) and lysed in in radio- 
immunoprecipitation assay (RIPA) buffer containing combined prote-
ase inhibitor and phosphatase inhibitor. To quantify protein in the ly-
sates, bicinchoninic acid (BCA) assays were conducted according to the 
manufacturer’s manual. Next, the protein samples were mixed with 5X 
loading buffer, heat denatured, and separated by means of 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The 
separated proteins were then transferred to nitrocellulose transfer 
membranes and the membranes blocked with 5% skim milk in Tris- 
buffered saline with 0.1% Tween 20 (TBST). After washing, the mem-
branes were saturated with primary antibody at 4 ◦C overnight, followed 
by saturation with secondary antibodies. Finally, chemiluminescent 
signal was generated using Pierce ECL Western blotting substrate and 
images developed with a ChemiDoc MP Image System (Bio-Rad, Her-
cules, CA, USA). Stripping buffer was used to rip antibodies from the 
membranes in order to bind different ones. 

2.5. Analysis of ROS production 

HepG2 cells were seeded at 1 × 105 cells/well in a 24-well culture 
plate. After one-day incubation at 37 ◦C, the cells were treated with 0, 

25, or 50 μM of PCA in serum-free DMEM containing 25 μM of 2ʹ,7ʹ- 
dichlorofluorescin diacetate (DCFH-DA) for 1 h at 37 ◦C. Then, 800 μM 
H2O2 in Hanks’ Balanced Salt solution (HBSS) was added to the cells, 
followed by a 1-h incubation at 37 ◦C. The cells were washed with HBSS 
buffer, and fluorescence was detected with excitation at 485/20 and 
emission at 528/20 using an ELISA multiplate reader (Bio-Tek In-
struments Inc). For visible images, fluorescent microscopy (ECLIPS Ti; 
Nikon, Melville, NY, USA) was used to detect green-colored cells. 

2.6. Caspase activity assay 

HepG2 cells were plated in a 24-well culture plate at a density of 5 ×
104 cells/well and incubated at 37 ◦C for one day. Then, the cells were 
pre-treated with different concentrations (0, 25, or 50 μM) of PCA in 
growth media for 2 h, and subsequently treated with 800 μM H2O2 in 
growth media containing the same concentrations of PCA. After one-day 
incubation at 37 ◦C, the Caspase-3/7 assay kit was utilized according to 
the manufacturer’s instructions. First, bicinchoninic acid assays were 
conducted to evaluate the amount of protein in each lysate sample. 
Then, the lysates were placed in 96-well plates and the Caspase-Glo 3/7 
reagent was added. After a 30-min incubation at 37 ◦C, sample lumi-
nescence was measured with a microplate reader. The measured activity 
was calibrated with reference to the total protein amount to identify 
activity per unit of protein. 

2.7. Statistical analysis 

The results were statistically analyzed using one-way analysis of 
variance (ANOVA). Differences between groups were assessed by Dun-
can’s multiple test, and p-values less than 0.05 were considered signif-
icantly different. Three independent replicates were analyzed, and the 
data are presented as means ± standard deviations. 

3. Results 

3.1. Effect of PCA on viability of HepG2 

H2O2 is a well-known and broadly-used inducer of oxidative damage. 
We investigated the effect of PCA treatment on viability of HepG2 cells 
co-treated with H2O2. To determine the optimal degree of H2O2-induced 
oxidative stress, we first tested three concentrations of H2O2 (600, 800, 
and 1000 μM) and determined significant reduction of cell viability to 
occur in a dose-dependent manner. Co-treatment with PCA at doses of 
25 and 50 μM significantly mitigated H2O2-induced reduction of cell 
viability for all three tested concentrations of H2O2 (Fig. 1A–C), with a 
dose-dependent response to PCA being observed in cells treated with 
600 or 800 μM of H2O2. These findings indicate that PCA can protect 
liver cells from H2O2-induced repression of cell viability in a dose- 
dependent manner. 

3.2. Effect of PCA on ROS generation 

H2O2 is a well-known and broadly-used inducer of oxidative damage, 
which damage is mediated by the production of ROS. To examine if the 
H2O2-induced reduction of cell viability and its restoration under PCA 
co-treatment is associated with ROS, we measured the production and 
release of ROS by means of a fluorescence assay in HepG2 cells treated 
with H2O2 and various concentrations of PCA. The results indicate that 
PCA possesses effective antioxidant capacity, as ROS emission was 
significantly reduced in PCA-treated cells relative to the non-PCA 
(vehicle)-treated group (Fig. 2A). In addition, the greatest density of 
green fluorescent light was achieved in cells with no PCA treatment; that 
density was reduced when PCA was provided to the cells (Fig. 2B). These 
data suggest that the antioxidant capacity of PCA can effectively elim-
inate ROS produced by H2O2. 
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3.3. Effect of PCA on apoptosis 

ROS play a central role in the regulation of cell signaling involved in 
apoptosis, which is a highly regulated cellular process usually held in 
tissue homeostasis (Redza-Dutordoir and Averill-Bates, 2016). Among 
the most critical enzymes involved in apoptosis are caspases; during 
apoptosis, caspases are activated and degrade various cellular com-
partments via reacting with cysteines in target proteins. Notably, 
oxidative stress induces apoptosis by activating caspase-3-dependent 
pathways (Carvour et al., 2008). Accordingly, we measured 
caspase-3/7 enzyme activity as a biomarker of apoptosis. As shown in 
Fig. 3A, when under H2O2-induced oxidative stress, caspase-3/7 activity 
per unit protein was significantly decreased in cells treated with PCA 
compared to those not so treated. In addition, the ratio of cPARP to 
PARP (a molecular marker of caspase-dependent apoptosis) decreased 
significantly in cells treated with PCA (Fig. 3B). 

3.4. Effect of PCA on ER stress and other signal pathways 

ER stress, also called the unfolded protein response (USR), is a 
response activated by the accumulation of improperly folded, unfolded, 
or misfolded proteins in the ER lumen. As such, an inflow of proteins 
that are not acceptable negatively affects ER function and ultimately 
causes apoptosis in living cells. ER stress is notable as being a cause of 
several hepatic diseases including hepatic steatosis, non-alcoholic fatty 
liver disease (NAFLD), and liver cancer (Liu and Green, 2019). 

We measured ATF4 expression as a molecular marker of ER stress, 
and found ATF4 to be both highly induced by H2O2 treatment and 
significantly inhibited by PCA under the oxidative stress condition 
(Fig. 4A). Moreover, expression of IRE1α was also activated by H2O2 and 
the expression was significantly inhibited by PCA treatment (Fig. 4B). 
Since ER stress is also known to induce apoptosis via p38 MAPK in he-
patic cells (Ren et al., 2021), we also measured the phosphorylation of 
p38. The ratio of phosphorylated p38 (activated form) to p38 was 
increased by H2O2 but decreased by co-treatment with PCA (Fig. 4C). 
This data indicates that PCA can effectively reduce ER stress and 
therefore suppress apoptosis and the associated tissue damage caused by 
ROS-induced oxidative stress. 

4. Discussion 

Green tea is widely known to contain various kinds of bioactive 
compounds effective in preventing several diseases including cancer 
(Yang and Wang, 2010) and cardiovascular disease (Sumpio et al., 
2006). In particular, green tea contains many phenolic compounds that 
are known to be strong antioxidants and have been used to treat diseases 
including hepatotoxicity. Recently, several studies have indicated the 
potential protective effect of PCA against many diseases (Kakkar and 
Bais, 2014), a property that can be associated with its antioxidant ca-
pacity. However, not much research has yet investigated the protective 
activity of PCA against H2O2-induced oxidative damage in hepatic cells 
specifically. It was evaluated that a plant extract containing PCA has 
been shown to be effective in relieving H2O2-induced oxidative in he-
patic tissue by antioxidant enzymes (CAT and SOD-1) and HO-1/Nrf2 
activation (Je and Lee, 2015). Also, PCA suppressed H2O2-induced 
oxidative damage in mice livers by enhancing Nrf2 expression (Ibitoye 
and Ajiboye, 2020). Therefore, we evaluated here the effects of PCA on 
H2O2-induced oxidative stress in HepG2 cells for the purpose of 
exploring the potential use of PCA in liver tissue protection. 

Our results indicate that PCA significantly suppressed H2O2-induced 
apoptosis; furthermore, cell viability was preserved when cells under 
oxidative stress were pre- and post-treated with PCA. These findings 
indicate that the protective effect of PCA against apoptosis is a main 
mechanism of protection against cell death from oxidative stress. 
Although the inhibitory activity of 50 μM of PCA on apoptosis seemed to 
be greater than treatment with 25 μM in cells subjected to 600–800 μM 
H2O2, no dose-dependency was observed under 1000 μM H2O2-induced 
oxidative stress. It is possible that there was PCA’s anti-cancer activity in 

Fig. 1. Protocatechuic acid (PCA) restored hydrogen peroxide (H2O2)-induced suppression of cell viability. A protective effect of PCA against oxidative stress 
was observed in HepG2 cells co-treated with H2O2 (600, 800, and 1000 μM) and PCA (0, 25, and 50 μM). Different letters indicate significant difference at p < 0.05. 

Fig. 2. PCA mitigated H2O2-induced generation of reactive oxygen species 
(ROS). Emission from ROS (A) and intensity of fluorescent green color (B) were 
measured in HepG2 cells co-treated with H2O2 (800 μM) and PCA (0, 25, and 
50 μM). Different letters indicate significant difference at p < 0.05. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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liver cancer cells, as proved in previous research (Yin et al., 2009). 
Therefore, we can conclude that PCA effectively inhibits H2O2-induced 
liver cell apoptosis, but research with non-cancer liver cells should be 
conducted to provide further evidence that PCA’s protective effect on 
liver is dose-dependent. 

Caspases are enzymes that have key roles in cell apoptosis in many 
living organisms. Among the available therapies for diseases featuring 
abnormal apoptosis, such as Alzheimer’s disease, is the inhibition of 
caspase activity in a target organ so that abnormal cell death can be 
reduced. In our research, the expression of caspase-3/7 in cells under 
oxidative stress was significantly inhibited by PCA, although the effect 
was not dose-dependent. Therefore, we speculate that PCA can be an 
efficient material for treating hepatic diseases or hepatotoxicity caused 
by abnormal ROS. 

PARP constitutes a family of proteins that catalyze DNA repair and 
stabilize and protect cells from external cytotoxic stimuli. Cleaved PARP 
is an inactive form that cannot repair damaged DNA; as such, the level of 
cPARP relative to PARP is under specific circumstances a good indica-
tion of failure of DNA repair capacity and severity of apoptosis and so 
can be used as a molecular marker of apoptosis. Our data suggests that 
the ratio of cPARP to PARP significantly decreased in cells co-treated 
with H2O2 and PCA. Consequently, it can be concluded that H2O2- 
induced oxidative stress makes DNA in hepatic tissue vulnerable to 
damage, and PCA promotes the preservation of PARP proteins. Since 
cleavage of PARP is connected to and activated by caspase-3 (Boulares 
et al., 1999), our data indicates that PCA’s inhibitive activity on 
H2O2-induced caspase-3 activity is also linked to preservation of PARP 
proteins. 

Hydrogen peroxide is generated during the biochemical chain reac-
tion of metabolism in mitochondria and degraded by the peroxisome in 
cells. However, excess H2O2 produces highly interactive chemicals 
called ROS, such as free radicals, that can damage DNA, proteins, and 
lipids (Kirkland, 1991) (Zhu et al., 2005). Therefore, eliminating ROS is 
critical for maintaining biological homeostasis; notably, dietary anti-
oxidants have a significant role in the removal of free radicals. In cells 

exposed to H2O2-induced oxidative stress, the generated ROS interact 
with DCFH-DA and produce a specific fluorescent emission under the 
appropriate excitation. Here, this emission in Hep2G cells was signifi-
cantly reduced when the cells were treated with PCA. ROS also produced 
green fluorescent light in H2O2-treated cells, and the intensity of the 
green color was reduced when PCA was provided to the cells. Therefore, 
it can be concluded that the antioxidant capacity of PCA efficiently 
scavenges ROS in hepatic cells. 

The main functions of the ER are transporting proteins in cells and 
stabilizing proteins for their proper function. When unfolded or mis-
folded proteins are present in the ER, these functions are perturbed; 
accumulation of such proteins can thus lead to impaired ER function and 
ultimately cell death (Adams et al., 2019). Cellular ER stress caused by 
oxidative stress can be identified by quantifying ATF4 protein. In this 
study, ATF4 expression was highest in cells treated with H2O2 alone, 
while PCA significantly suppressed its expression and therefore 
contributed to cell protection. IRE1α is a sensor protein indicating the 
level of ER stress and a good indicator of predicting cellular fate under 
specific circumstances (Riaz et al., 2020). Therefore, investigating the 
activation of IRE1α is a critical factor in predicting cell apoptosis in 
tissues and organs. Moreover, IRE1α also protects hepatic tissues from 
hepatotoxicity and thus activation of the protein is a significant factor 
for measuring the level of hepatotoxicity in several hepatic diseases (Hur 
et al., 2012). In this research, we investigated the inhibitory activity of 
PCA on IRE1α activation. The activation level was highest in the cells 
treated with H2O2 only, and PCA treatment significantly suppressed the 
protein activation caused by the oxidative stress. 

p38 is a mitogen-activated protein kinase that responds to stress 
stimuli. Proteins in the MAPK family are activated by phosphorylation, 
which is highly regulated; abnormally increased activation of p38 can be 
linked to apoptosis (Deng et al., 2008) (Bao et al., 2016). In Hep2G cells, 
we investigated the effect of PCA on the p38 MAPK pathway as reflected 
in the ratio of phosphorylated p38 to parent p38. The results indicate 
that expression of phosphorylated p38 in HepG2 cells is increased with 
H2O2 treatment, but that oxidation-induced expression is significantly 

Fig. 3. PCA mitigated H2O2-induced increase of caspase 3/7 enzyme activity. Activity of caspase-3/7 enzyme per unit protein (A) and expression of cleaved 
PARP (cPARP) (B) were measured in HepG2 cells co-treated with H2O2 (800 μM) and PCA (0, 25, and 50 μM). Different letters indicate significant difference at p 
< 0.05. 
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suppressed by PCA. However, no difference was observed from phos-
phorylated ERK and JNK (data not shown). We speculate that p38 MAPK 
is significantly associated with apoptosis rather than others (Ji et al., 
2010) (Yin et al., 2019) (Wu et al., 2006). 

5. Conclusion 

PCA protects hepatocytes from ROS-mediated apoptosis under 
oxidative stress. Our results propose potential use of PCA as a functional 
dietary ingredient for the prevention and treatment of hepatic diseases. 
Further research is needed to verify the benefits of PCA in diverse 
oxidative stress and inflammation related diseases such as cardiovas-
cular diseases and allergies. 
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