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Abstract
Background/Aims: Phloroglucinol is a phenolic derivative isolated from brown algae 
and reportedly has the potential to induce apoptosis in cancer cells, but its mechanism is 
unclear. This study aimed to elucidate the complete anticancer mechanism of phloroglucinol 
in Hep3B human hepatocellular carcinoma (HCC) cells. Methods: We investigated whether 
phloroglucinol inhibits the proliferation of Hep3B cells by inducing DNA damage and 
apoptosis, and conducted a study on the mechanism involved. We also explored whether 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin 
(mTOR) signaling pathway is involved in phloroglucinol-induced apoptosis. In addition, we 
evaluated whether reactive oxygen species (ROS) was involved in the anticancer activity of 
phloroglucinol. Results: Our results revealed that phloroglucinol disrupted mitochondrial 
integrity and induced caspase-dependent apoptosis by altering the expression of Bcl-
2 family proteins and increasing the cytosolic release of cytochrome c. Phloroglucinol also 
inactivated the PI3K/Akt/mTOR signaling pathway, and pretreatment with a PI3K inhibitor 
remarkably augmented the phloroglucinol-induced cytotoxic effect in Hep3B cells. In addition, 
phloroglucinol significantly stimulated generation of ROS and reduced glutathione ratios. 
However, a ROS scavenger attenuated phloroglucinol-induced oxidative stress, DNA damage, 
and apoptosis, thus restoring the reduced cellular viability by blockading phloroglucinol-
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mediated inactivation of PI3K/Akt/mTOR signaling. Conclusion: Our findings support a 
mechanism in which phloroglucinol enhances Hep3B cell apoptosis by inactivating the ROS-
dependent PI3K/Akt/mTOR pathway, which implies that ROS generation acts as an inducer 
of phloroglucinol-mediated anticancer activity. Taken together, our findings support further 
research on the potential of phloroglucinol as a candidate for treating HCC.

Introduction

Hepatocellular carcinoma (HCC) is the most common type of liver cancer worldwide, 
including in Korea, and is often fatal [1, 2]. In addition to genetic factors that increase the 
risk of developing HCC, environmental factors, such as excessive drinking, hepatitis virus 
infection, and aflatoxin intake, also are frequently observed influences in patients with 
non-alcoholic fatty liver disease. Notably, HCC is a complex, multifactorial carcinoma 
with a heterogeneous prognosis, and although treatment options for HCC include liver 
transplantation, radiotherapy, surgical resection, chemotherapy, and immunotherapy, there 
are very few treatments for patients with advanced HCC [3, 4]. Recently, standard treatments 
have used drugs, such as multi-kinase inhibitors, but serious side effects and drug resistance 
issues have been raised [5, 6]. Consequently, there is a need to develop effective alternative 
or adjuvant therapies with low-toxicity that offer improvements over the currently available 
treatments.

The recent discovery of seaweed-based natural bioactive substances has contributed 
to the control of many diseases, including cancer [7, 8]. This is because they contain various 
bioactive substances, including antiviral, antioxidant, anti-inflammatory, hepatoprotective, 
immunostimulatory, and anticancer activities [9, 10]. Among them, brown algae are rich in 
active substances, such as polyphenols, fucoxanthin, terpenes, proteins, and polysaccharides, 
and have been widely used as pharmaceutical and food materials in East Asia for a long 
time due to their health benefits [11, 12]. In particular, polyphenolic compounds, which are 
important components of brown algae cell walls, comprise phlorotannins and polymers 
whose basic unit is phloroglucinol, all of which have high medicinal potential due to their rich 
biological activities [13-15]. As demonstrated by numerous studies, extensive evidence has 
shown that these phenolic compounds have potential in cancer prevention and treatment. 
These beneficial effects of phlorotannins have been found to be closely related to reduced 
inflammatory responses caused by their antioxidant activity, which inhibits development 
of cancer to some degree [16, 17]. The mechanism involves generation of free radicals 
that can help stimulate cancer cell development and increase inflammatory responses [18, 
19]. However, the anticancer activity of phlorotannins may be caused by oxidative stress, 
which is characterized by the accumulation of reactive oxygen species (ROS) mediated by 
mitochondrial damage and involving various cellular signaling mechanisms [14, 20, 21]. 
Despite these facts, there has been insufficient investigation of the underlying mechanism, 
so there is very little data on the anticancer activity of phloroglucinol, a monomer of 
phlorotannins. However, there is increasing evidence that the potent anti-inflammatory 
action of phloroglucinol is linked to its antioxidant properties [22-25]. In particular, the 
inhibition of cancer cell growth by some phloroglucinol derivatives has been suggested to 
depend on ROS, which are associated with changes in the activity of specific cellular signaling 
pathways [14; 26-29].

Therefore, this study aimed to explore the cytotoxic-inducing mechanism of 
phloroglucinol in Hep3B HCC cells and the role of ROS as an upstream regulator of the 
anticancer activity of this phenolic compound. Additionally, among the cellular signaling 
pathways, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian 
target of rapamycin (mTOR) signaling, which is hyperactivated in HCC as in other tumors 
and contributes to tumor proliferation, has been previously investigated for its possible 
mechanistic involvement in HCC [14, 28, 29]. Given that ROS are widely implicated in the 
activation of this pathway and are a known contributor to chemotherapeutic resistance in 
HCC [30, 31], the role of ROS was further examined in this study.

© 2025 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Materials and Methods

Cell culture and phloroglucinol treatment
Hep3B cells (American Type Culture Collection (Manassas, VA, USA) were maintained in RPMI 1640 

medium containing fetal bovine serum and antibiotic mixtures (WelGENE Inc., Gyeongsan, Republic of 
Korea) at 37°C in an atmosphere of 5% CO2 in air. Phloroglucinol (Sigma-Aldrich, St. Louis, MO, USA) was 
dissolved in dimethyl sulfoxide (Sigma-Aldrich) to prepare a 100 mg/ml stock solution, which was then 
diluted to various concentrations in the medium before treating the cells.

Cell viability assay
Hep3B cells were treated with different concentrations of phloroglucinol for 48 h or pretreated 

with or without carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (z-VAD-fmk) (50 µM, 
Sigma-Aldrich), necrostatin-1 (30 µM, Thermo Fisher Scientific, Waltham, MA, USA), N-acetyl-L-cysteine 
(NAC) (10 mM, Sigma-Aldrich) or LY294002 (10 µM, Cell Signaling Technology, Inc., Danvers, MA, USA) for 
1 h, and then exposed to phloroglucinol (30 µg/ml). After treatment, the 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) assay was performed [32]. Inverse phase-contrast microscopy (Carl 
Zeiss, Oberkochen, Germany) was performed to obtain images of cell morphological changes.

Quantitative assessment of apoptosis
To quantitatively investigate the degree of apoptosis induction, an Annexin V-fluorescein isothiocyanate 

(FITC) Apoptosis Detection Kit (BD Bioscience, Franklin Lakes, NJ, USA) was used. Following the procedure 
suggested by the manufacturer, the harvested cells were suspended in a buffer, and Annexin V-FITC 
and propidium iodide (PI) buffer were added and reacted for 20 min. A Muse™ Cell Analyzer (Millipore 
Corporation, Hayward, CA, USA) was used to analyze the cell suspension to determine the frequency of 
apoptosis induction.

Observation of nuclear morphological changes
To examine the effects of phloroglucinol on the nuclear morphology of Hep3B cells, 4′,6′-diamidino-2-

phenylindole (DAPI) staining was performed. Briefly, the cells were collected, fixed with 4% paraformaldehyde 
(Sigma-Aldrich) solution, and then stained with 1 μg/ml DAPI (Thermo Fisher Scientific) solution [33]. The 
morphology of the DAPI-stained nuclei was observed by fluorescence microscopy (Carl Zeiss).

Protein extraction and immunoblotting
Whole cell lysates were isolated for immunoblotting as previously described [34], and mitochondrial 

and cytosolic fractions were separated by use of a Mitochondrial Fractionation Kit (Active Motif, Inc., 
Carlsbad, CA, USA). According to a previous method [34], the separated proteins were fractionated by 
electrophoresis, transferred to PVDF membranes (Thermo Fisher Scientific), and then reacted with primary 
and secondary antibodies against the target proteins. An enhanced chemiluminescence kit (Sigma-Aldrich) 
was used to detect immunoreactive proteins. Antibodies were obtained from Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA, USA), Cell Signaling Technology, Inc., and Abcam, Inc. (Cambridge, MA, UK). -actin and 
cytochrome c oxidase subunit IV (COX IV) were probed as loading controls for cytosolic and mitochondrial 
proteins.

Caspase activity assay
A Colorimetric Caspase Activity Assay Kit (Abcam, Inc.) was used to measure the changes in caspase 

activity after phloroglucinol treatment versus the control on the basis of the hydrolysis of fluorescent 
substrate peptides by activated caspases. Briefly, after suspending the cells in cell lysis buffer, the 
supernatants containing an equal amount of protein were reacted with each caspase substrate according 
to the kit instructions. A microplate reader was used to detect the level of cleaved p-nitroaniline from the 
substrates representing each caspase activity [35].
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Mitochondrial membrane potential (MMP) assay
To investigate the changes in mitochondrial activity following phloroglucinol treatment in Hep3B cells, 

5, 5,6, 6’-tetrachloro-1, 1’,3, 3’-tetraethylbenzimidazoylcarbocyanine iodine (JC-1) fluorescent dye (Abcam, 
Inc.) was used to analyze MMP. According to the protocol, the cells were stained with JC-1 solution (10 μM) 
for 30 min. The MMP values were then calculated from flow cytometric results. As previously described 
[36], images of JC-1-stained cells were also monitored by fluorescence microscopy.

Measurement of the ROS production
To measure ROS levels generated in cells cultured under various conditions, we used 

2›,7›-dichlorofluorescein diacetate (DCF-DA), which can be oxidized by ROS to the fluorescent DCF. Following 
the manufacturer’s suggested procedure, the cells were reacted with 10 μM DCF-DA (Cayman Chemical Co., 
Ann Arbor, MI, USA) solution, and we used a flow cytometer to measure the ROS levels. In addition, the 
nuclei of cells stained with DCF-DA were counterstained with DAPI, and the DCF fluorescence intensity was 
observed under a fluorescence microscope following the same procedure as in the previous method [37].

Assessment of the glutathione (GSH)/oxidized glutathione (GSSH) ratio
A commercially available assay kit (Glutathione Fluorescence Detection Kit, Thermo Fisher Scientific) 

was used to assay the antioxidant capacity of phloroglucinol. In brief, after reacting the cells under the 
conditions suggested by the manufacturer, the standard curve of the GSH and GSSG amounts was used to 
calculate the GSH/GSSG ratio.

Comet assay
To assess DNA damage, the Comet assay, also called the single-gel electrophoresis assay, was 

performed. Briefly, phloroglucinol-exposed cells in the presence or absence of NAC were collected, and a 
Comet Assay Kit (Trevigen, Inc., Gaithersburg, MD, USA) was used to perform the Comet assay according to 
the manufacturer’s instructions.

Statistical analysis
GraphPad Prism 5.03 software (GraphPad Software Inc., La Jolla, CA, USA) and the unpaired two-tailed 

Student’s t-test and one-way ANOVA were used to statistically analyze all results. All results are presented 
as the mean ± standard deviation (SD) of at least three independent experiments. Values of p ≤ 0.05 were 
accepted as indicating statistical significance.

Results

Phloroglucinol decreased cell survival and induced apoptosis in Hep3B cells
The MTT analysis to determine if phloroglucinol would inhibit proliferation of Hep3B 

cells showed that cell viability was gradually inhibited as the treatment concentration of 
phloroglucinol increased (Fig. 1A). In addition, we found that the percentage of annexin-
positive cells, i.e., the percentage indicating that apoptosis was induced, significantly increased 
as the treatment concentration of phloroglucinol increased compared with the control cells 
(Fig. 1B). In addition, compared with the control cells, the phloroglucinol-treated cells 
showed severe cell morphology distortion, branching, and loss of contact with adjacent cells 
(Fig. 1C). Moreover, the results of DAPI staining indicated that the phloroglucinol-treated 
cells exhibited chromosomal fragmentation and condensation nuclear blebs, characteristic 
of apoptosis-induced cells in the nucleus (Fig. 1D). These results indicate that the decrease 
in Hep3B cell viability induced by phloroglucinol was linked to the induction of apoptosis.

Caspase activity was increased in Hep3B cells treated with phloroglucinol
Next, we determined if increased caspase activity was involved in phloroglucinol-

induced apoptosis in Hep3B cells. Immunoblotting results showed that the levels of the 
inactive forms of caspase-8, -9, and -3 were markedly suppressed in phloroglucinol-treated 
cells, although their active forms were not detected (Fig. 2A). In addition, the cleavage 
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of poly(ADP-ribose) polymerase (PARP) and the activity of caspases were significantly 
increased after phloroglucinol treatment (Fig. 2A and B). Therefore, we used the pan-
caspase inhibitor z-VAD-fmk to determine if the cell death induced by phloroglucinol 
treatment was caspase dependent. As shown in the MTT assay, z-VAD-fmk potently rescued 
cells from phloroglucinol-induced cytotoxicity (Fig. 2C). However, the necrosis inhibitor 
necrostatin-1 did not prevent the phloroglucinol-induced inhibition of cell viability (Fig. 2D), 
demonstrating that phloroglucinol-induced caspase-dependent apoptosis but not necrotic 
cell death in Hep3B cells.

Mitochondrial impairment was induced in Hep3B cells treated with phloroglucinol
We investigated whether phloroglucinol-induced apoptosis in Hep3B cells was 

accompanied by mitochondrial dysfunction. Our flow cytometry results showed that 
MMP, an indicator of mitochondrial stability, was significantly disrupted by phloroglucinol 

Fig. 1. Suppression of cell viability and 
induction of apoptosis by phloroglucinol 
in Hep3B cells. Cells were cultured in 
medium containing phloroglucinol at 
the indicated concentrations for 48 h. 
(A) Cell viability was analyzed by the 
MTT assay (**p<0.01 and ***p<0.001 vs. 
control cells). (B) After staining with 
annexin V-FITC/PI, the frequencies of 
annexin-positive cells are presented 
as the ratio of annexin V-positive cells 
to the total number of cells expressed 
as a percentage (***p<0.001 vs. control 
cells). (C) Changes in cell morphology 
after phloroglucinol treatment were 
observed under an inverted phase-
contrast microscope. (D) Morphological 
changes in the nuclei after DAPI 
staining were imaged by performing 
fluorescence microscopy.
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Fig. 2. Activation of caspase and 
induction of caspase-dependent 
apoptosis in phloroglucinol-treated 
Hep3B cells. (A and B) After 48 h 
of treatment with phloroglucinol 
at the indicated concentration, 
the change in expression of the 
indicated proteins was measured 
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corresponding antibody levels. 
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β-actin. (B) The activity of each 
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relative to that of the untreated 
control group (*p<0.05, **p<0.01 
and ***p<0.001 vs. control cells). (C 
and D) Cells were pretreated with 50 μM z-VAD-fmk or 30 μM necrostatin-1 for 1 h and subsequently treated 
with 30 μg/ml phloroglucinol for 48 h. Cell viability was analyzed by performing the MTT assay (*p<0.05, 
**p<0.01 and ***p<0.001 vs. control cells; NS, not significant).
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treatment (Figs. 3A and B). We also observed the fluorescence intensity of JC-1 under a 
fluorescence microscope and found that J-aggregates (red) shifted to monomers (green) 
in the phloroglucinol-treated cells, indicating MMP loss (Fig. 3C). In addition, among the 
Bcl-2 family proteins, the level of the Bax protein, a representative proapoptotic protein, 
increased dose-dependently with phloroglucinol treatment, whereas the expression of the 
Bcl-2 protein, an anti-apoptotic protein, was suppressed (Fig. 3D). Moreover, phloroglucinol-
induced MMP loss was associated with upregulation of cytochrome c expression in the 
cytosolic fraction and concomitant downregulation at the mitochondrial level (Fig. 3E), 
indicating that phloroglucinol can destroy mitochondrial integrity by modulating Bcl-2 
family proteins in Hep3B cells.

Phloroglucinol increased ROS accumulation in Hep3B cells
We then determined if ROS generation was involved in the phloroglucinol-induced 

apoptosis of Hep3B cells. Flow cytometric analysis showed that ROS production began to 
increase within 30 min after phloroglucinol treatment, reached a peak after 1 h, and then 
gradually decreased (data not shown). However, no significant ROS production was observed 
when phloroglucinol alone was used, and under conditions pretreated with NAC, a ROS 
scavenger, ROS production induced by phloroglucinol was significantly suppressed to the 
control level (Figs. 4A and B). Additionally, after 1 h of phloroglucinol treatment, the green 
fluorescence intensity indicating ROS accumulation was stronger than that in the untreated 
control cells, whereas the phloroglucinol-induced green fluorescence intensity was very low 
in the cells pretreated with NAC (Fig. 4C). Furthermore, the GSH/GSSG ratio, an indicator of 
oxidative stress, was reduced in the cells treated with phloroglucinol, whereas the decrease 
in this ratio was significantly attenuated in the NAC pretreatment group (Fig. 4D), suggesting 
that phloroglucinol-induced apoptosis may be associated with increased oxidative stress.

Fig. 3. Induction of mitochondrial dysfunction by phloroglucinol in Hep3B cells. Cells were cultured in 
medium containing phloroglucinol at the indicated concentrations for 48 h. (A and B) To measure MMP 
changes, cells stained with JC-1 were subjected to flow cytometry. (A) Representative histogram profiles are 
presented (values at the bottom of the box indicate the percentage of cells with depolarized mitochondrial 
membranes). (B) Statistical analysis results of cells with loss of MMP after treatment with phloroglucinol are 
presented (**p<0.01 and ***p<0.001 vs. control cells). (C) JC-1-stained cells as observed under a fluorescence 
microscope (cells with high MMP show red fluorescence, and cells with low MMP show green fluorescence). 
The nuclei were counterstained with DAPI (blue). (D) Changes in the expression levels of the indicated 
proteins as measured according to the total protein and corresponding antibody levels. (E) After separation 
of the mitochondrial (MF) and cytoplasmic fractions (CF), the expression of cytochrome c was detected by 
immunoblotting. COX IV and β-actin were probed as loading controls for each fraction.
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Phloroglucinol-induced ROS-dependent DNA damage in Hep3B cells
We further determined if the induction of cytotoxicity by phloroglucinol in Hep3B 

cells was associated with DNA damage. Results from immunoblotting and fluorescence 
microscopy showed that the expression of phosphor-H2AX (γH2AX), which indicates DNA 
damage, was significantly increased by phloroglucinol treatment (Figs. 5A and B). This 
evidence showing that phloroglucinol-induced DNA damage was consistent with the results 
of the Comet assay, which detects DNA strand breaks that form tail-like structures (Fig. 5C). 
However, these changes induced by phloroglucinol were clearly abolished in the presence of 
NAC. Therefore, these results suggest that ROS generation by phloroglucinol is essential for 
inducing DNA damage in Hep3B cells.

Inactivation of ROS-dependent PI3K/Akt/mTOR signaling contributed to phloroglucinol-
induced cytotoxicity in Hep3B cells
Furthermore, we investigated the effects of phloroglucinol on PI3K/Akt/mTOR signaling 

to further explore potential targets of its anticancer activity in Hep3B cells. Immunoblotting 
results showed that the expression of phosphorylated PI3K (p-PI3K) was dose-dependently 
decreased in phloroglucinol-treated cells relative to that in the control cells (Fig. 6A). 
Similarly, the phosphorylation levels of Akt and mTOR, which are well-known downstream 
factors of PI3K, were also dramatically reduced by phloroglucinol. However, the overall 
expression levels of their proteins did not change significantly, and pretreatment with 
NAC completely rescued the dephosphorylation of these proteins cells (Fig. 6B). Further, 
PARP protein expression was also preserved without degradation. In addition, LY294002, 
a PI3K inhibitor, significantly increased phloroglucinol-induced apoptosis and enhanced 

Fig. 4. Increased ROS production and decreased GSH content by phloroglucinol in Hep3B cells. The cells 
were pretreated with 10 mM NAC for 1 h and then stimulated with 30 μg/ml phloroglucinol for 1 h (A–C) 
or 48 h (D).  (A and B) After treatment, the extent of ROS production as detected by flow cytometry. (A) 
Representative DNA histograms are shown. (B) The frequencies of DCF-positive cells in each experimental 
group are presented (***p<0.001 vs. control cells, ###p<0.001 vs. phloroglucinol-treated cells). (C) The ROS 
generation level (green) as confirmed by fluorescence microscopy. Nuclei are identified by DAPI staining 
(blue). (D) The GSH/GSSG ratio was calculated by use of a commercially available kit (***p<0.001 vs. control 
cells, ###p<0.001 vs. phloroglucinol-treated cells).
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phloroglucinol-induced cell viability reduction. However, NAC was found to significantly 
attenuate these aggravating effects (Fig. 6C and D). These findings demonstrated that 
phloroglucinol decreased cell proliferation and promoted apoptosis of Hep3B cells by 
inactivating the PI3K/Akt/mTOR signaling pathway in a ROS-dependent manner.

Fig. 5. Induction of ROS-dependent DNA damage by phloroglucinol in Hep3B cells. Cells were pretreated 
with 10 mM NAC for 1 h and then treated with 30 μg/ml phloroglucinol for 48 h. (A) The expression level 
of γH2AX is shown by immunoblotting. (B) Changes in the expression of γH2AX (green) as shown by 
fluorescence microscopy. The nuclei were counterstained with DAPI. (C) The degree of DNA damage was 
also evaluated by performing the Comet assay, and representative fluorescence images of the Comet assay 
are shown.
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Fig. 7. Summary of the 
mechanism of phloroglucinol-
induced apoptosis in Hep3B 
cells. The anticancer effect of 
phloroglucinol is achieved, at least 
partly, by induction of excessive 
ROS production-mediated 
mitochondrial dysfunction and 
inactivation of the PI3K/Akt 
signaling pathway.

Fig. 6. Role of PI3K/Akt signaling and ROS in phloroglucinol-induced apoptosis and cell viability inhibition 
in Hep3B cells. The cells were cultured in medium containing the indicated concentration of phloroglucinol 
for 48 h (A) or treated with 10 mM NAC or 10 mM LY294002 for 1 h and further treated with 30 μg/ml 
phloroglucinol for 48 h (B–D). (A and B) The corresponding antibodies were used to investigate the changes 
in the expressions of the indicated proteins. Equal loading was confirmed with β-actin. (C) After staining 
with Annexin V-FITC/PI, the frequencies of annexin-positive cells are presented as the ratio of annexin 
V-positive cells to the total number of cells expressed as a percentage. (D) Cell viability was analyzed by 
performing the MTT assay (***p<0.001 vs. control cells, ##p<0.01 and ###p<0.001 vs. phloroglucinol-treated 
cells).
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Discussion

In this study, our data demonstrated that the suppression of the viability of Hep3B 
cells by phloroglucinol, a phenolic derivative isolated from brown algae, was due to 
caspase-dependent apoptosis, not to necrosis. In Hep3B cells exposed to phloroglucinol, 
both caspase-8 and caspase-9 were activated, indicating that the death receptor-mediated 
extrinsic and mitochondrial-mediated intrinsic pathways were simultaneously activated 
during phloroglucinol-induced apoptosis. Both enzymes were activated because they are 
the initiating caspases for each respective pathway [38, 39]. Effector caspases, including 
caspase-3 and -7, are activated by caspase-8 and caspase-9 to sequentially cleave intracellular 
matrix proteins, such as PARP, thereby completing apoptosis; thus, degradation of PARP is 
recognized as a representative biomarker of apoptosis induction [39, 40]. Phloroglucinol also 
increased PARP cleavage in response to caspase-3 activation, which may provide additional 
evidence that phloroglucinol-induced typical caspase-dependent apoptosis in Hep3B cells.

Among the intracellular organelles, mitochondria are both energy generators and 
key mediators of cellular fate [41, 42]. The main event in the regulation of apoptosis by 
mitochondria is the cytosolic release of apoptosis-inducing proteins, such as cytochrome c, 
which reside in the mitochondrial intermembrane space, resulting from the permeabilization 
of the mitochondrial outer membrane [38, 41]. A widely used method to detect the disruption 
of mitochondrial stability is to determine if there is a loss of MMP, and our results clearly 
indicated that the loss of MMP was induced in the Hep3B cells treated with phloroglucinol. 
The Bcl-2 family of proteins primarily controls mitochondrial apoptotic events, including 
cytochrome c release [39, 43]. Among them, proapoptotic proteins, including Bax, induce 
apoptosis by attacking the mitochondria and increasing their outer membrane permeability, 
whereas pro-survival proteins, such as Bcl-2, support cell survival by inhibiting apoptotic 
activity. In the extrinsic pathway, Bid cleaved by caspase-8 also bridges the proapoptotic 
activation of mitochondria by inducing cytochrome c release [38, 43]. Therefore, the 
increase in the Bax/Bcl-2 expression ratio caused by phloroglucinol may have contributed 
to the dissipation in MMP caused by the mitochondrial portion. This may have resulted in 
cytochrome c leakage into the cytosol, supporting the idea that phloroglucinol-induced 
cell death was achieved through the simultaneous activation of the extrinsic and intrinsic 
pathways.

Accumulated studies have shown that phloroglucinol and its derivatives act as 
antioxidants that reduce ROS production in various experimental models, thereby blocking 
cell damage by oxidative stress [23, 24, 44-46]. Alternatively, other studies have shown 
that the anticancer potential of several phloroglucinol derivatives in many different types 
of cancer was closely related to mitochondrial dysfunction induced by oxidative stress 
accompanied by increased ROS production [26, 47]. Although mitochondria are critical 
producers of ROS production, the loss of mitochondrial function caused by natural products 
with anticancer potential is closely correlated with the accumulation of ROS because 
mitochondria are organelles that are also vulnerable to ROS [48, 49]. Our results showed 
that phloroglucinol significantly increased ROS production and conversely decreased the 
GSH/GSSG ratio, which occurs when cells are exposed to oxidative stress. However, in the 
presence of NAC, these changes were restored. Similar events have been noted in previous 
studies [26, 47], suggesting that increased oxidative stress by phloroglucinol in Hep3B 
cells possibly contributes to its anticancer activity. Nevertheless, evaluation is needed to 
confirm if the increase in ROS production following phloroglucinol treatment is related to 
mitochondrial damage or to other factors.

Abnormalities in cellular function due to oxidative stress are also highly correlated 
with DNA damage [50]. Although phloroglucinol derivatives reportedly might increase 
DNA damage in cancer cells [27, 51], there is no clear supporting evidence. The nuclear 
morphological changes presented in this study are evidence that phloroglucinol-induced 
apoptosis in Hep3B cells were due to DNA strand breaks. In addition, because the PARP 
enzyme is involved in the repair of damaged DNA [52], its cleavage might contribute to 
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DNA damage induction. Therefore, we investigated the changes in the expression of histone 
H2AX, which is phosphorylated to γ-H2AX when double-stranded DNA breaks are induced 
[17], to provide direct evidence that phloroglucinol causes DNA damage. Our results clearly 
demonstrated that the expression of this protein was largely upregulated in phloroglucinol-
exposed Hep3B cells. In addition, the Comet assay, which is widely used to detect DNA strand 
breaks [53], showed that phloroglucinol increased DNA damage. However, in the presence 
of NAC, these DNA damage markers were significantly rescued, indicating that oxidative 
damage has an important functional role in phloroglucinol-induced Hep3B cytotoxicity.

Changes in the activity of various intracellular signaling pathways have been associated 
with induction of apoptosis. Among them, PI3K/Akt/mTOR signaling may be implicated 
in the anticancer activity induced by phloroglucinol, which has been shown to be related 
to induction of oxidative damage [28, 29]. This signaling pathway, which is upregulated in 
various tumor tissues and clinical samples, promotes glucose uptake and favors glycolysis 
in cancer development, thereby increasing tumor cell survival and evading apoptotic cell 
death, as shown in other studies [54, 55]. In addition, PI3K/Akt/mTOR signaling stimulates 
tumor-cell metastasis and angiogenesis, and activation of this signaling reportedly decreases 
the radiosensitivity of HCC cells and becomes a causal factor in drug resistance to anticancer 
drugs [30, 31, 54]. Therefore, inactivation of this signaling pathway is known to limit cancer-
cell growth and induce apoptosis; thus, it could be a therapeutic target. In the current study, 
activation of this pathway was reduced in phloroglucinol-treated Hep3B cells, as evidenced 
by the diminished phosphorylation of not only PI3K but also its downstream substrates, 
Akt and mTOR. Furthermore, we proved that this phenomenon was ROS-dependent by 
artificially blocking ROS production, which restored the inactivated pathway. In parallel with 
these results, cleavage of PARP by phloroglucinol was attenuated by NAC, which suggests 
that phloroglucinol-induced apoptosis was ROS-dependent. Furthermore, phloroglucinol-
induced apoptosis was blocked by NAC, whereas the diminished cell viability was restored. In 
contrast, LY294002, a PI3K inhibitor, further enhanced phloroglucinol-induced cytotoxicity, 
including apoptosis and decreased cell viability, in Hep3B cells. However, the increase in 
phloroglucinol-mediated cytotoxicity by LY294002 was abolished by NAC.

Taken together, our results indicate that ROS levels elevated by phloroglucinol in 
Hep3B cells are critical events in phloroglucinol-induced apoptosis and DNA damage and 
are upstream regulators of PI3K/Akt/mTOR signaling pathway inactivation (Fig. 7). This 
finding contrasts with the known role of phloroglucinol in many normal cell types, where 
it counteracts oxidative stress-induced cytotoxicity by inhibiting ROS generation [23, 44, 
45]. It is well established that excessive production of ROS is a mediator of mitochondrial 
dysfunction because ROS are highly reactive toward various macromolecules involved in the 
mitochondrial electron transport chain [48, 49]. However, because ROS generation is involved 
in various redox homeostasis and cellular signaling pathways in addition to mitochondrial 
damage associated with aerobic respiration [48, 56], further detailed investigations into 
the origin of ROS generation would be interesting. Notably, this study’s use of a single HCC 
cell line limits the generalizability of the findings across all HCCs. Furthermore, the lack of 
evidence regarding the origin and specificity of ROS production is a limitation of this study. 
Future studies should include insightful investigations into the role of the PI3K/Akt/mTOR 
and other intracellular signaling pathways in phloroglucinol’s anticancer activity, as well as 
comprehensive analyses using animal tumor models and various cancer cell types to better 
understand the therapeutic potential of phloroglucinol.

Conclusion

Our study results showed that phloroglucinol-induced DNA damage by increasing 
ROS production in HCC Hep3B cells, which was associated with induction of apoptosis and 
decreased cell survival. However, such effects of phloroglucinol were markedly abrogated 
by the ROS scavenger, demonstrating that phloroglucinol stimulated ROS-dependent 
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anticancer activity in Hep3B cells. Furthermore, our data showed that phloroglucinol was 
able to inactivate the ROS-mediated PI3K/Akt/mTOR signaling pathway that inhibited 
cell survival and promoted apoptosis. Collectively, these findings demonstrated that ROS 
generation acted as an upstream event of phloroglucinol-induced apoptosis and inactivation 
of the PI3K/Akt/mTOR signaling pathway in Hep3B cells. Therefore, these findings support 
the potential efficacy of phloroglucinol as a treatment for HCC.
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