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Abstract: Tamoxifen is commonly used to treat estrogen receptor-positive breast cancer and hepato-
cellular carcinoma. Phytoconstituents are considered candidates for chemopreventive drugs in cancer
treatment. However, it remains unknown what would happen if tamoxifen and phytoconstituents
were administrated simultaneously. We aimed to observe the synergistic antitumor effects of tamox-
ifen and naringenin/quercetin on human hepatic carcinoma and to explore the potential underlying
molecular mechanisms. The HepG2 cell line was used as an in vitro model. Cell proliferation, in-
vasion, migration, cycle progression and apoptosis were investigated along with reactive oxygen
species (ROS) production and mitochondrial membrane potential (∆Ψm) repression. The signaling
pathways involved were identified using real-time quantitative polymerase chain reaction analysis.
As the results show, tamoxifen in combination with higher concentrations of naringenin or quercetin
significantly inhibited cell growth compared to either agent alone. These antiproliferative effects were
accompanied by the inhibition of cell migration and invasion but the stimulation of cell apoptosis
and loss of ∆Ψm, which depended on the ROS-regulated p53 signaling cascades. Conversely, lower
concentrations of naringenin and quercetin inhibited the tamoxifen-induced cell antiproliferative
effects by regulating cell migration, invasion, cycle and apoptosis. Taken together, our findings
revealed that phytoconstituents exerted contradictory cytoprotective and cytotoxic effects induced by
tamoxifen in human hepatic cancer.

Keywords: hepatotoxicity; double dose-response; tamoxifen; naringenin; quercetin; apoptosis;
reactive oxygen species

1. Introduction

Epidemiological studies have identified a positive correlation between the increased
consumption of natural products which contained various phytoconstituents with a de-
creased risk of cancer [1]. Naringenin (flavanone) and quercetin (flavonol), two representa-
tive phytoconstituents widely used in the human diet, have been shown to be positively
associated with beneficial health effects [2]. Such phytoconstituents are gradually becoming
considered as chemopreventive candidates in cancer treatment [3,4]. Primary liver cancer is
the sixth commonly diagnosed cancer worldwide and is estimated to be the fourth leading
cause of cancer death, with approximately 841,000 new cases and 782,000 deaths annu-
ally [5]. Hepatocellular carcinoma (HCC) makes up the majority of cases, contributing to
approximately 75–85% of all cancers [5]. Surgery is considered a good treatment option for
HCC, but only a small minority of patients can undergo radical resection after diagnosis [6].
In this way, the early prevention of HCC seems particularly important.

Currently, hormone therapy and chemoprevention are two of the most well-studied
approaches in cancer treatment, including HCC [7]. Several clinical and experimental
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studies have indicated that tamoxifen, as an antiestrogen, seems to be effective in the
palliative treatment of HCC, the same as breast cancer, via estrogen receptor (ER)-dependent
or independent pathways [6,8,9]. Tamoxifen therapy is not fully effective due to undesirable
effects relative to ER-mediated signaling [10,11]. Specifically, tamoxifen does not bind to
variant estrogen receptors, so it is only effective in a specific subset of HCC patients [12,13],
thereby limiting its use in many patients. As tamoxifen is not always effective for all
HCC cases, it would be better to find novel and effective endocrine drugs to be used in
HCC treatment.

Previously, we reported that naringenin at higher concentrations can induce cell apop-
tosis and inhibit cell proliferation in breast carcinoma cells [14]. Importantly, tamoxifen
combined with naringenin additively promoted cell apoptosis in MCF-7 cells [14]. Numer-
ous studies have reported the antioxidant and anticancer effects of tamoxifen, naringenin
and quercetin [15–19], but the combined effects of tamoxifen and flavonoids and the un-
derlying cellular and molecular mechanisms are not clear in HCC cells. Of all the in vitro
models of HCC, the HepG2 cell lines, with their immortal features and high proliferation
potential [20], are metabolically competent and able to metabolize a variety of toxicants [21].
Meanwhile, HepG2 cells have a high content of organelles and mitochondrial DNA [22,23],
making them suitable for mitochondrial-related studies.

Based on the aforementioned, we selected HepG2 cells as an HCC in vitro model
to investigate the effects of tamoxifen combined with two phytoconstituents (i.e., narin-
genin and quercetin) concerning cell proliferation and apoptosis. Various endpoints of
cytotoxic treatment, including cell viability, invasion, migration, cell cycle, cell apoptosis,
reactive oxygen species (ROS) production and mitochondrial membrane potential (∆Ψm),
were examined. In addition, the involvement of some signaling pathways was also ex-
plored. The data obtained could provide a systematic cognition of the combined effects of
phytoconstituents and pharmaceutical antiestrogens on HCC treatment.

2. Materials and Methods
2.1. Biological and Chemical Materials

Cell cultural reagents, including fetal bovine serum (FBS), charcoal-stripped FBS
(CS-FBS), phenol red- and/or free DMEM, phosphate buffered saline (PBS) and penicillin-
streptomycin, were procured from Thermo Fisher Scientific (Shanghai, China). Tamoxifen,
naringenin and quercetin standards were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Stock solutions at 100 mM were prepared in dimethyl sulfoxide (DMSO) and stored
at −20 ◦C, and they were diluted as needed with an experimental medium (phenol red-free
DMEM containing 5% CS-FBS) before use.

2.2. Cell Culture and Chemical Treatment

Human hepatic adenocarcinoma HepG2 cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as previously
described [20]. Exponentially growing cells were seeded in 96-well microplates
(5 × 103/well) for cell viability assays, 12-well microplates (3 × 105/well) for cell mi-
gration, 24-well transwell chambers (1 × 105/well) for cell invasion and 6-well plates
(3 × 105/well) for cell cycle, apoptosis, oxidative stress (i.e., LDH, GSH and caspase activ-
ity), ∆Ψm, ROS and gene expression analysis, respectively. For all endpoints, cells were
treated with increasing concentrations of tamoxifen (0.01–40 µM), naringenin (0.1–500 µM)
and quercetin (0.1–500 µM) or its vehicle (0.1% DMSO) for a specific time.

2.3. Cell Proliferation and Cytotoxicity Evaluation

The cell counting kit-8 (CCK-8) assay was performed to evaluate the cell proliferation
and cytotoxicity elicited by tamoxifen and naringenin/quercetin alone or in combina-
tion at 24, 48 and 72 h using the SpectraMax M5 microplate system (Molecular Devices,
San Jose, CA, USA), as previously described [14]. The corresponding IC50 values, defined
as the concentration of the tested compounds that resulted in 50% growth inhibition, were



Nutrients 2022, 14, 5394 3 of 18

calculated from the dose-response curves. The real-time cell impedance analyzer (RTCA;
xCELLigence RTCA S16, ACEA Biosciences, San Diego, CA, USA) was also employed to
continuously monitor the proliferative or antiproliferative effects of tamoxifen, naringenin
and quercetin alone or in combination, as previously described [14,24].

2.4. Wound Healing Assay

A wound healing assay was adopted to analyze the effects of tamoxifen, naringenin
and quercetin on cell motility, as previously described [14,25], with minor modifications.
Following treatment with naringenin (10 and 200 µM), quercetin (10 and 100 µM) and
tamoxifen (20 µM) alone or in combination based on the cell viability results, the wound
closure was photographed at 100×magnification using the inverted fluorescence micro-
scope (IX73, Olympus, Tokyo, Japan) at 0, 12, 24 and 48 h. Then, the photographs were
analyzed with Image-Pro Plus software (Media Cybernetics, Silver Spring, CA, USA).

2.5. Transwell Assay

The effects of tamoxifen, naringenin and quercetin on cell invasion were investigated
using the transwell assay [14]. Following incubation with objective compounds for 24 h,
cells were cultured with MTT reagents, and the optical density at 570 nm was detected
with a microplate system (SpectraMax M5) to indirectly reflect cell invasiveness.

2.6. Cell Cycle and Apoptosis Assessment Using Flow Cytometry

Cell cycle and apoptosis were detected using a cell cycle and apoptosis analysis kit
(Beyotime, China) and Annexin V-FITC apoptosis detection kit (Nanjing KeyGen Biotech,
Nanjing, China), respectively, with a Guava easyCyte 6HT-2L flow cytometry system
(Merck Millipore, Boston, MA, USA), following treatment with objective compounds for
24 h, as previously described [14]. The cell cycle distribution (G0/G1, S and G2/M phases)
and apoptosis proportion (early apoptosis and late apoptosis) were then calculated using
NovoExpress software (ACEA Biosciences, San Diego, CA, USA). The measurement of cells
in the sub-G1 phase with PI staining was also calculated to estimate the cellular apoptotic
induction by tamoxifen, naringenin and quercetin.

2.7. Fluorescence Microscopy

Cell apoptosis was identified as irregular heterogeneous patchy inclusions in the nu-
cleus due to contrasting chromatin condensation with the nonapoptotic cells which were
uniformly dispersed and homogenously stained [26]. After being exposed to objective com-
pounds for 24 h, cells were stained with a 4,6-diamidino-2-phenylindole (DAPI) fluorescent
probe (Beyotime, China). Then, the strained cells were scrutinized for nuclear morphology
at 400×magnifications using an Olympus inverted fluorescence microscope (IX73).

2.8. Determination of LDH Leakage, GSH Content and Caspase Activity

The LDH release, GSH content, caspase-3 activity and caspase-9 activity were deter-
mined using the LDH cytotoxicity kit, glutathione reductase assay kit, caspase-3 activity
assay kit and caspase-9 activity assay kit (Nanjing JianCheng Bio Institute, Nanjing, China),
respectively, according to the manufacturer protocol [18,27,28].

2.9. ROS Determination

Intracellular ROS was determined with a 2,7-dichlorodi-hydrofluorescein diacetate
(DCFH-DA) probe (Beyotime) using the Guava easyCyte 6HT-2L flow cytometry system
(Merck Millipore), following treatment with objective compounds for 24 h, according to
our previous study [14].

2.10. ∆Ψm Determination

Mitochondrial membrane potential loss (∆Ψm) was measured with a JC-1 probe
(Nanjing KeyGen Biotech, Nanjing, China). Briefly, following treatment with objective
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compounds for 24 h, cells were stained with a JC-1 probe (10 µM) at 37 ◦C for 20 min,
and the fluorescence was then measured with a flow cytometry system (Merck Millipore,
Boston, MA, USA) and inversed fluorescence microscope (IX73, Olympus, Tokyo, Japan).

2.11. RNA Extraction and RT-qPCR

The expression levels of genes involved in the process of cell proliferation and apopto-
sis were detected by quantitative polymerase chain reaction (qPCR) using the StepOnePlus
real-time PCR system (RT-qPCR; Applied Biosystems, Waltham, CA, USA), according to
our previous studies [14,20]. The validated primers of desired genes (i.e., MMP-9, MMP-2,
E-cadherin, N-cadherin, cyclin D1, cyclin E, p53, p21, Bcl-2, Bax and β-actin) are listed in
Table S1. The mRNA levels of desired genes were calculated using the 2−∆∆Ct method, and
β-actin was used as an endogenous control for internal normalization [14,29].

2.12. Statistical Analysis

All experiments were independently performed in triplicate. Data were analyzed
using SPSS 17.0 software (Chicago, IL, USA), and results were expressed as mean ± stan-
dard deviation (SD). Statistical significance was assessed by one-way analysis of variance
(ANOVA), followed by a post hoc LSD test. p < 0.05 was considered statistically significant.

3. Results
3.1. Tamoxifen, Naringenin and Quercetin Induced Morphological Changes and Regulated
Cell Viability

The proliferative and antiproliferative effects of tamoxifen, naringenin and quercetin
were examined using CCK-8 and RTCA assays, as presented in Figures 1 and 2, respec-
tively. The CCK-8 assays showed that the incubation of HepG2 cells with naringenin and
quercetin (0.1 to 10 µM) and with tamoxifen (0.01 to 0.5 µM) slightly increased the cell
viability, whereas they significantly inhibited cell proliferation in time- and dose-dependent
manners at higher concentrations (Figure 1A–C). Similar results were found in other stud-
ies [30]. In particular, naringenin showed less low toxicity to HepG2 cells compared with
quercetin. Table S2 presents the half-maximal inhibitory concentrations (IC50) of tamoxifen,
naringenin and quercetin at 24, 48 and 72 h. These results indicate that lower concentrations
of both the phytoconstituents (naringenin and quercetin) and pharmaceutical antiestro-
gen (tamoxifen) treatment can increase the cell survival rates in HepG2 cells, but higher
concentrations of them exert cytotoxicity.

Considering that naringenin and quercetin at higher concentrations (200 and 100 µM,
respectively) and tamoxifen at 20 µM markedly decreased cell viability and that naringenin
and quercetin at lower concentrations (10 µM) slightly promoted cell proliferation, we
selected these optimum concentrations for further studies. Figure 1D shows that the
coexposure of tamoxifen with high concentrations of naringenin or quercetin synergistically
inhibited cell viability compared with the single treatment, whereas these tamoxifen-
induced antiproliferative effects were partly compensated by lower concentrations of
naringenin or quercetin.

The photograph showed that treating cells with higher concentration objectives dras-
tically altered the round morphological shape of the cells, but no obvious changes were
found when the cells were exposed to lower concentrations of them (Figure S1). The NCI
values reflected the state of cell growth and death [31]. As described in Figure 2, tamoxifen,
naringenin and quercetin alone or in combination regulated cell proliferation similar to
the CCK8 results. In addition, the RTCA assay showed a much higher sensitivity and
high-speed response capacity than that of the CCK-8 assay.
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Figure 1. Effects of increasing concentrations of tamoxifen, naringenin and quercetin or their com-
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experiments (n = 6). a,b,c,d,e,f,g,h: Different letters indicate significant differences (p < 0.05) in cell via-

bility after cells were treated with tamoxifen, naringenin and quercetin alone or in combination. 

The hyphen (-) symbolizes HepG2 cells were not treated with tamoxifen, naringenin or quercetin. 

TAM means tamoxifen, Nar means naringenin, and Qu means quercetin, all of the abbreviations in 
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Figure 1. Effects of increasing concentrations of tamoxifen, naringenin and quercetin or their com-
bined treatment on cell proliferation and cytotoxicity using CCK-8 assay in HepG2 cells. Cells were
exposed to tamoxifen (A), naringenin (B) and quercetin (C) either alone or in combination (D) for 24,
48 and 72 h, respectively, and then the cell viability was measured using a CCK-8 assay according to
the manufacturer instructions. Results are expressed as mean ± SD of three independent experiments
(n = 6). a–h: Different letters indicate significant differences (p < 0.05) in cell viability after cells were
treated with tamoxifen, naringenin and quercetin alone or in combination. The hyphen (-) symbolizes
HepG2 cells were not treated with tamoxifen, naringenin or quercetin. TAM means tamoxifen, Nar
means naringenin, and Qu means quercetin, all of the abbreviations in this article are represented in
this way.



Nutrients 2022, 14, 5394 6 of 18Nutrients 2022, 14, x FOR PEER REVIEW 6 of 19 
 

 

0 12 24 36 48 60 72 84 96 108 120
-1

0

1

2

3

4

5

6

7

 

 Control

 0.1 μM

 0.5 μM

 1.0 μM

 5.0 μM

 1 0 μM

 2 0 μM

 4 0 μM

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

Tamoxifen Addition

(A)

 

0 12 24 36 48 60 72 84 96 108 120

0

1

2

3

4

5

6

 

 Control

 1.0  μM

 5.0  μM

 1 0  μM

 2 0  μM

 5 0  μM

 100 μM

 200 μM

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

Naringenin Addition

(B)

 

0 12 24 36 48 60 72 84 96 108 120

0

1

2

3

4

5
 

 Control

 1.0  μM

 5.0  μM

 1 0  μM

 2 0  μM

 5 0  μM

 100 μM

 200 μM

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

Quercetin Addition

(C)

 

0 12 24 36 48 60 72 84 96 108 120
-1

0

1

2

3

4

5

6

 

 Control

 Tamoxifen(20 μM)

 Naringenin(10 μM)

 Naringenin(200 μM)

 Tamoxifen(20 μM)+Naringenin(10 μM)

 Tamoxifen(20 μM)+Naringenin(200 μM)

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

(D)

Compounds Addition

 

0 12 24 36 48 60 72 84 96 108 120
-1

0

1

2

3

4

5

6

 

 Control

 Tamoxifen(20 μM)

 Quercetin(10 μM)

 Quercetin(100 μM)

 Tamoxifen(20 μM)+Quercetin(10 μM)

 Tamoxifen(20 μM)+Quercetin(100 μM)

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

Compounds Addition

(E)

 

0 12 24 36 48 60 72 84 96 108 120
-1

0

1

2

3

4

5

6

 

 Control

 Naringenin(10 μM)+Quercetin(10 μM)

 Naringenin(200 μM)+Quercetin(100 μM)

N
o
rm

al
iz

ed
 C

el
l 

In
d
ex

 (
N

C
I)

Time (h)

(F)

Compounds Addition

 

Figure 2. Effects of increasing concentrations of tamoxifen, naringenin and quercetin or their com-

bined treatment on cell proliferation and cytotoxicity using RTCA assay. Cells were exposed to 
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Figure 2. Effects of increasing concentrations of tamoxifen, naringenin and quercetin or their com-
bined treatment on cell proliferation and cytotoxicity using RTCA assay. Cells were exposed to
tamoxifen (A), naringenin (B) and quercetin (C) either alone or in combination (D–F) for up to 96 h,
and the normalized cell index (NCI) was determined using real-time cellular impedance analysis
monitoring equipment (xCELLigence RTCA S16) according to the manufacturer instructions. Results
are expressed as mean ± SD of three independent experiments (n = 2).
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3.2. Tamoxifen, Naringenin and Quercetin Regulated Cell Migration and Invasion

As shown in Figures S2 and 3A,B, lower concentrations of naringenin and quercetin
slightly increased cell migration and invasion but were not statistically significant (p > 0.05).
In contrast, higher concentrations of them significantly inhibited HepG2 migration in a time-
dependent manner. Similarly, higher concentrations of naringenin and quercetin also repressed
cell invasion. For the cotreatment group, tamoxifen combined with higher concentrations
of naringenin or quercetin significantly inhibited cell migration and invasion, whereas the
tamoxifen-induced effects were partially compensated by low concentrations of naringenin
and quercetin. In addition, no significant differences were found when cells were cotreated
with naringenin and quercetin compared with the single-treated group.
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Figure 3. Effects of tamoxifen, naringenin and quercetin on cell migration and invasion in HepG2 cells.
(A) Scratch healing following treatment with tamoxifen (20 µM), naringenin (10 and 200 µM) and
quercetin (10 and 100 µM) alone or in combination for 12, 24 and 48 h. (B) Relative cell invasion ratio
following treatment with tamoxifen, naringenin and quercetin for 24 h. (C,D) Tamoxifen, naringenin
and quercetin regulated the gene expression of MMP-2, MMP-9, E-cadherin and N-cadherin in the
mRNA transcription levels. Results are expressed as mean ± SD of three independent experiments
(n = 3). a–g: Different letters indicate significant differences (p < 0.05) in cell migration and invasion,
as well as their related genes.

Corresponding to the wound healing and transwell invasion results, tamoxifen and
higher concentrations of the naringenin and quercetin treatment alone or in combination
significantly down-regulated the mRNA transcription of MMP-2, MMP-9 and N-cadherin
compared with the control group (Figure 3C,D). However, lower concentrations of narin-
genin and quercetin increased the mRNA transcription of MMP-9, MMP-2 and N-cadherin
that were inhibited by tamoxifen. The mRNA transcription of E-cadherin was almost
exactly the opposite to that of N-cadherin.
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3.3. Tamoxifen, Naringenin and Quercetin Regulated Cell Cycle Progression

Cell cycle dysregulation has been affirmed to contribute to aberrant cell proliferation
and cancer development [32]. As shown in Figures S3 and 4A–C, the cell cycle in G0/G1
phase was increased in HepG2 cells treated with tamoxifen compared with the control group
(51.93 ± 0.46% vs. 57.26 ± 0.42%). As for naringenin and quercetin, they exhibited different
behaviors in the regulation of the cell cycle at different exposure concentrations. In detail,
naringenin at higher concentrations induced cell cycle arrest in the G0/G1 and S phases,
whereas higher concentrations of quercetin inhibited cell cycles in the S stage. Importantly,
tamoxifen combined with higher concentrations of naringenin and quercetin further induced
cell arrest in the G0/G1 phase and S phase, respectively. However, lower concentrations of
naringenin and quercetin could promote the G1 phase to S phase transition.
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Figure 4. Tamoxifen, naringenin and quercetin regulated cell cycle progression in HepG2 cells. Cells
were exposed to tamoxifen (20 µM), naringenin (10 and 200 µM) and quercetin (10 and 100 µM)
either alone or in combination for 24 h. Percentage of cell population in the (A) G0/G1 phase,
(B) S phase and (C) G2/M phase, respectively. (D) Tamoxifen, naringenin and quercetin regulated
the mRNA transcription of cell cycle-related genes. Results are expressed as mean ± SD of three
independent experiments (n = 3). a–h: Different letters indicate significant differences (p < 0.05) in cell
cycle distribution and their regulated genes.

The mRNA transcription levels of two cell cycle-related genes, cyclin D1 and cyclin E,
were then examined as they are involved in accelerating cell growth [33]. Figure 4D shows
that the mRNA transcription levels of cyclin D1 and cyclin E were significantly decreased
following treatment with tamoxifen alone or in combination with higher concentrations
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of naringenin and quercetin. However, lower concentrations of naringenin and quercetin
increased the mRNA transcription of both cyclin D1 and cyclin E. Taken together, cell cycle
arrest induced by tamoxifen, naringenin and quercetin is positively correlated with the
activity inhibition of the G0/G1 and S phase-related genes in HepG2 cells.

3.4. Tamoxifen, Naringenin and Quercetin Regulated Cell Apoptosis

Apoptosis was performed concurrently to determine whether the growth was associ-
ated with apoptotic regulation. The flow cytometry analyses revealed enhanced apoptosis
following treatment with tamoxifen (20 µM), naringenin (200 µM) or quercetin (100 µM),
which was based on the formation of massive cellular aggregates with Annexin V-FITC
positive cells (Figures S4 and 5A–C) and sub-G1 DNA content (Figures S5 and 5D). From
Figure 5A–C, the number of apoptotic cells increased after treatment with tamoxifen
and high concentrations of naringenin and quercetin. Moreover, numerous cells were in
the apoptotic state, and the number of necrotic cells slightly increased (Figure S5). The
percentages of total cell apoptosis increased from 3.50 ± 0.06% for the control group to
6.96 ± 0.18%, 9.47 ± 0.33%, 11.57 ± 0.42%, 21.21 ± 0.20% and 36.94 ± 0.24%, following
exposure to tamoxifen (20 µM), naringenin (200 µM), quercetin (100 µM) and their combi-
nation, respectively, for 24 h. In contrast, the cell apoptosis ratios decreased in the presence
of lower concentrations of naringenin or quercetin (10 µM).
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Figure 5. Tamoxifen, naringenin and quercetin regulated cell apoptosis in HepG2 cells. Cells were
exposed to tamoxifen (20 µM), naringenin (10 and 200 µM) and quercetin (10 and 100 µM) either
alone or in combination for 24 h. (A–C) Percentage of cell population in the different apoptotic stages.
(D) Sub-G1 DNA content of cells analyzed with PI staining. Results are expressed as mean ± SD of
three independent experiments (n = 3). a–i: Different letters indicate significant differences (p < 0.05)
in cell apoptosis.
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DAPI staining also revealed the different degrees of cell shrinkage, nuclear condensa-
tion or fragmentation after the cells were exposed to tamoxifen, naringenin and quercetin
(Figure 6). Specifically, tamoxifen-induced apoptosis or damage was attenuated in the
presence of 10 µM naringenin or quercetin but was increased in the presence of naringenin
(200 µM) or quercetin (100 µM). Therefore, the cytotoxic effects of tamoxifen or higher
concentrations of naringenin and quercetin on HepG2 cells were closely associated with
the induction of cell apoptosis and even necrosis. Particularly, higher concentrations of
naringenin and quercetin combined with tamoxifen synergistically induced cell apoptosis,
but lower concentrations of them suppressed the tamoxifen-induced apoptosis. These
results are in accordance with the proliferative or apoptotic effects detected by the CCK-8
and RTCA assays.
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Figure 6. Representative fluorescence immunocytochemistry of HepG2 cells exposed to tamoxifen,
naringenin and quercetin. Cells were stained with DAPI after treatment with tamoxifen (20 µM),
naringenin (10 and 200 µM) and quercetin (10 and 100 µM) alone or in combination for 24 h. Then,
cells were scrutinized for nuclear morphology at 400× magnifications, and the white arrows (→)
indicate chromatin condensation and fragmentation in apoptotic cells.

Four common apoptosis-regulated genes, including p21, p53, Bcl-2 and Bax, were
further assessed using RT-qPCR. Bcl-2 is extensively considered a therapeutic target
for apoptosis-inducing anticancer approaches as it is often overexpressed in many
cancers [1,34]. In contrast, p21, p53 and Bax are considered the apoptosis-induced
genes [35]. As shown in Figure 7, the Bcl-2 expression was downregulated, but the
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expression of p21, p53 and Bax were upregulated after cells were treated with tamoxifen
alone or combined with higher concentrations of naringenin and quercetin. In contrast,
lower concentrations of naringenin and quercetin treatment decreased the mRNA
transcription of the p21 and p53 genes to some extent. Moreover, no significance was
observed in the expression of Bax, but the Bcl-2 and Bcl-2/Bax ratios were increased.
Taken together, cell growth arrest and death largely depend on the apoptotic activity
of higher concentrations of tamoxifen, naringenin and quercetin.
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Figure 7. Tamoxifen, naringenin and quercetin regulated the mRNA transcription of the typi-
cal apoptosis-related genes in HepG2 cells. (A) The mRNA transcription levels of p21 and p53.
(B) The mRNA transcription levels of Bcl-2 and Bax along with Bcl-2/Bax ratios. Results are ex-
pressed as mean ± SD of three independent experiments (n = 3). a–h: Different letters indicate
significant differences (p < 0.05) in cell apoptosis for 24 h.

3.5. Tamoxifen, Naringenin and Quercetin Regulated the Leakage of LDH and Glutathione Content

LDH leakage was investigated as another indicator of cell toxicology [27]. Herein,
HepG2 cells exposed to tamoxifen and higher concentrations of naringenin and quercetin
caused a significant increase in the leakage of LDH, whereas lower concentrations of
naringenin and quercetin did not observably change the release of LDH (Figure 8A). In
addition, cotreatment cells with tamoxifen and higher concentrations of naringenin and
quercetin significantly induced the leakage of LDH in an additive manner, whereas lower
concentrations of naringenin and quercetin inhibited the tamoxifen-induced release of LDH.
From Figure 8B, a significant negative linear correlation curve was observed between cell
viability and LDH release (R2 = 0.9157) following treatment with different compounds.

High intracellular glutathione levels could oppose the apoptosis induced by xenobi-
otics [28]. Figure 8C shows that tamoxifen and higher concentrations of naringenin and
quercetin treatment significantly decreased the GSH content in HepG2 cells, but no obvious
changes were found when cells were exposed to lower concentrations of naringenin and
quercetin. A positive linear correlation curve was also observed between cell viability and
GSH content (R2 = 0.8568), as shown in Figure 8D. The above results demonstrate that the
increase in mitochondrial membrane permeability induced by tamoxifen, naringenin, or
quercetin is involved in cell death.
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Figure 8. Effects of tamoxifen, naringenin and quercetin on LDH release, GSH content and caspase
activity in HepG2 cells. Cells were treated with tamoxifen, naringenin and quercetin alone or in
combination for 24 h. LDH release in the culture medium (A) and GSH content (C) were measured using
an LDH cytotoxicity assay and glutathione reductase assay, respectively, according to the manufacturer
instructions. The relative correlations between cell viability and LDH release (B) or GSH content
(D) were depicted utilizing the linear fit. (E,F) The activities of caspase-3 and caspase-9 were measured
using colorimetric assay kits. Results are expressed as mean ± SD of three independent experiments
(n = 6). a–h: Different letters indicate significant differences (p < 0.05) in LDH release, GSH content and
caspase activity.
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3.6. Tamoxifen, Naringenin and Quercetin Regulated the Activation of Caspases

Caspases are considered important mediators of cell apoptosis and contribute to the
overall apoptotic morphology by cleaving various cellular substrates [36]. Caspase-3 is the
major downstream effector of caspase in the apoptotic pathway [18], so we compared its
activity with that of its upstream trigger, caspase-9, in treated and untreated control cells
(Figure 8E,F). As shown in the present work, although lower concentrations of naringenin
and quercetin did not observably change the activities of caspase-3 and caspase-9, they
were significantly increased to 57.02%, 74.81% and 82.84% for caspase-3 and 42.89%, 60.82%
and 71.87% for caspase-9, following treatment with tamoxifen (20 µM), naringenin (200 µM)
and quercetin (100 µM), respectively. Importantly, the caspase-3 and caspase-9 activities
were significantly increased after cells received combined treatment with tamoxifen and
higher concentrations of naringenin and quercetin. In contrast, the tamoxifen-induced acti-
vation of caspases was eliminated with lower concentrations of naringenin and quercetin.
These results indicate that apoptosis induced by tamoxifen and higher concentrations of
naringenin and quercetin depends on intrinsic apoptosis pathways and that the mitochon-
drial amplification step is important in tamoxifen-, naringenin- and quercetin-induced
cell apoptosis.

3.7. Tamoxifen, Naringenin and Quercetin Regulated ∆Ψm in HepG2 Cells

The depolarization of mitochondrial membrane potential (∆Ψm) is one of the hallmark
events of apoptosis [18]. As shown in Figures S6 and 9A,B, cells exposed to tamoxifen,
naringenin and quercetin alone, especially at higher concentrations, triggered mitochondrial
injury in HepG2 cells, and coadministration of tamoxifen and higher concentrations of
naringenin and quercetin caused an increase in the loss of ∆Ψm. In contrast, the ∆Ψm loss
induced by tamoxifen decreased more or less following treatment with lower concentrations
of naringenin and quercetin.

3.8. Tamoxifen, Naringenin and Quercetin Regulated ROS Generation

Although ROS has been considered an inducer of cell death in several studies [18], it
can also act as a growth stimulator to promote cell survival and proliferation by regulating
signaling cascades [27]. Namely, a moderate increase in ROS generation is involved in cell
proliferation, but excessive production of ROS would cause cytotoxicity and genotoxic
effects on cells. As illustrated in Figure 9C,D, only 19.24% of the DCFH-DA positive
cell populations were detected in the control group, whereas cells exposed to tamoxifen
and higher concentrations of naringenin and quercetin either alone or in combination
significantly increased the proportion of DCFH-DA positive cell populations. Interestingly,
cells treated with 10 µM naringenin and quercetin and their combination induced ROS
generation by 32.29%, 26.66% and 36.53%, respectively, suggesting a moderate increase in
ROS generation by flavonoids is involved in cell proliferation. Similar phenomena have
also been found in a previous study [27]. Moreover, tamoxifen combined with higher
concentrations of naringenin and quercetin synergistically induced ROS generation, but
low concentrations of naringenin and quercetin could eliminate the tamoxifen-induced
ROS generation. In addition, naringenin and quercetin induced ROS generation in an
additive manner at both lower and higher concentrations. These results suggest that
tamoxifen-, naringenin- and quercetin-induced cell apoptosis is also associated with
ROS accumulation.
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Figure 9. Tamoxifen, naringenin and quercetin regulated mitochondrial membrane potential and reac-
tive oxygen species generation in HepG2 cells. Cells were exposed to tamoxifen (20 µM), naringenin
(10 and 200 µM) and quercetin (10 and 100 µM) either alone or in combination for 24 h. (A) Percentage
of mitochondrial membrane potential loss by JC-1 staining is represented as a bar diagram. (B) Loss
of ∆Ψm was monitored with JC-1 dye using fluorescence microscopy at a magnification of 200×.
(C) Representative flow cytometry images showed that tamoxifen, naringenin and quercetin regulated
ROS generation compared with the untreated control group. (D) The percentage of the cell population
of DFCH-DA positive is represented as a bar diagram. Results are expressed as mean ± SD of three
independent experiments (n = 3). a–h: Different letters indicate significant differences (p < 0.05) in the
loss of ∆Ψm and ROS generation.

4. Discussion

The present study shows for the first time that low concentrations of naringenin and
quercetin can stimulate the proliferation of HepG2 cells and then inhibit their proliferation.
In addition, they show contradictory cytoprotective and cytotoxic effects on tamoxifen-
induced antiproliferation in human hepatic cancer HepG2 cells. Although the cell model
used in the present study is different, these results are consistent with our previous stud-
ies on breast cancer cell lines [14]. To elucidate the conflicting roles of naringenin and
quercetin on HepG2 growth, we investigated several specific molecular signaling pathways
associated with cell proliferation and antiproliferation.
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Consistent with these proliferative or inhibitory effects, high concentrations of tamox-
ifen, naringenin and quercetin alone or in combination significantly reduced adherent cell
numbers, normal morphology and cell migration/invasion capacity compared with the
individual treatment group, whereas lower concentrations of naringenin and quercetin had
no significant influence on cell migration and invasion, only slightly promoting them. An
increase in the number of dead or plasma membrane-damaged cells promotes LDH release
in the culture supernatant [37]. Herein, higher concentrations of tamoxifen, naringenin
and quercetin alone or in combination significantly increase LDH release, whereas lower
concentrations of naringenin and quercetin can counteract the fractional effects induced by
tamoxifen. Therefore, cell membrane damage may be involved in cell survival.

Cell cycle arrest and apoptosis are considered two important mechanisms involved in
cancer therapy [17,32,38]. In the present study, higher concentrations of tamoxifen, narin-
genin and quercetin arrest cells in the G0/G1 or S phase, whereas lower concentrations of
them promote the progression of cell cycles into the G2/M phase. p53 is redox-sensitive and
regulates multiple cellular responses, such as cell survival and cell death, by blocking cell
cycle progression in response to DNA damage [39]. Specifically, p53 activation contributes
to the induction of cell cycle arrest in both the G1 and G2/M phases [35,40]. Cyclin D1 is
considered a proto-oncogene for its ability to promote cell proliferation [15]. Herein, higher
concentrations of naringenin and quercetin decrease the expression of cyclin D1 and cyclin
E, therefore arresting cells in the G0/G1 and S phases. These results are consistent with the
findings of previous studies [15,17,18]. Nonetheless, other studies reported naringenin and
quercetin induced cell apoptosis by interrupting cell cycles in the G2/M phase [35]. These
differences may be related to the different cell lines or specific culture conditions used in
our experiments. In particular, the use of CS-FBS-supplemented medium could promote
the transition of G1-S phase to some extent.

Likewise, the results obtained from both Annexin V-FITC/PI and DAPI straining
assays show a significant increase in cell apoptosis induction when cells were treated with
higher concentrations of tamoxifen, naringenin and quercetin alone or in combination.
Similarly, they were previously identified to induce significant cytotoxicity in different
cell types, such as MCF-7 [14,41], HepG2 [16,35] and human leukemic U937 cells [36].
Additionally, tamoxifen combined with higher concentrations of naringenin or quercetin
synergistically induced HepG2 apoptosis. Instead, lower concentrations of naringenin and
quercetin can inhibit tamoxifen-induced apoptosis.

Generally, apoptosis can be divided into an initiation stage and an executive stage.
With respect to the initiation stage, cytochrome C is released from mitochondria to dimerize
with apoptotic protease activating factor 1, thereby promoting apoptosis [23,36]. In the
execution phase, caspase (i.e., caspase-9, caspase-8, caspase-7 and caspase-3) as the central
components of apoptosis response are generated [23]. The caspase activity, therefore, was
used as a marker for cell apoptosis [27]. In the present study, the activation of caspase-9
and caspase-3 was significantly increased after exposing HepG2 cells to high concentra-
tions of tamoxifen, naringenin and quercetin. As suspected, the ∆Ψm also markedly
decreased. Based on our data, such apoptosis induction is associated with mitochondrial-
mediated pathways.

Mitochondria-mediated apoptosis, of course, is regulated by the Bcl-2 protein family,
which induces apoptosis by promoting the expression of the proapoptotic gene Bax or by
inhibiting the expression of the antiapoptotic gene Bcl-2 [23,42]. A previous report indicated
that Bcl-2 overexpression inhibited the induction of cell apoptosis in response to various
chemical agents, including naringenin in several breast cancer cell lines [14]. The p53 gene,
its downstream gene p21 and the p53/p21 complex have also been reported to upregulate
Bax but downregulate Bcl-2 [23,43,44]. Herein, cells treated with higher concentrations
of tamoxifen, naringenin and quercetin alone or in combination significantly increased
the gene expression of p21, p53 and Bax but the opposite for Bcl-2, which are following
the values reported in the literature [17,19,35,36]. In contrast, lower concentrations of
naringenin and quercetin alone or combined with tamoxifen exposure resulted in an
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increase in Bcl-2 expression but decreases in p21, p53 and Bax expression. In addition, Bcl-2
overexpression or dropping rates of Bcl-2/Bax can block cytochrome C release from the
mitochondria into the cytosol and then suppress the caspase activation of the downstream
mitochondria to inhibit apoptosis [45]. For instance, naringenin-mediated apoptosis can be
attenuated by Bcl-2 expression upregulation in U937 cells, but it was restored by a small
molecule Bcl-2 inhibitor [36], which is in line with our present study in HepG2 cells.

ROS is essential for various biological processes in normal cells [28]. Specifically,
human pathogenesis, including cancer, occurs when the redox balance is abnormal [1,46].
As mitochondria are sensitive targets of oxidative damage, impaired mitochondrial function
is critical for ROS-triggered apoptotic pathways. Various in vivo or in vitro studies suggest
that the toxic effects of exogenous biological products may be due to oxidative stress
caused by the excessive production of reactive oxygen species [44,47]. Excess ROS results
in the opening of the mitochondrial permeability transition pores, loss of MMPs and
subsequent release of cytochrome C from mitochondria into the cytoplasm [23]. Previous
reports have linked naringenin, quercetin and tamoxifen to ROS-mediated cell proliferation
in several human carcinoma cells, such as breast cancer MCF-7 [14], epidermoid cancer
A431 [18] and pancreatic cancer SNU-213 cells [47]. In fact, the antioxidant defense enzyme
system plays a vital role in preventing oxygen-related damage and further preventing
tumorigenesis [46]. Herein, obvious increases in intracellular ROS, LDH release and
GSH depletion are observed following treatment with higher concentrations of tamoxifen,
naringenin and quercetin. Clearly, a modest increase in ROS production can act as growth
stimuli to regulate the signaling cascade [27], resulting in cell survival and proliferation.
Similar results are also certified in our present study as lower concentrations of naringenin
and quercetin inhibit cell apoptosis through a slight increase in ROS generation.

5. Conclusions

Collectively, naringenin and quercetin exhibit contradictory cytoprotective and cy-
totoxic effects on tamoxifen-induced antiproliferation in human hepatic cancer HepG2
cells. In particular, higher concentrations of both tamoxifen and phytoconstituent exposure
stimulate ROS production and trigger mitochondria-mediated apoptosis. These apop-
tosis signaling pathways are involved in cell migration/invasion suppression, cell cycle
arrest in the G0/G1 and S phases, loss of ∆Ψm and the activation of caspases. Tamoxifen
combined with higher concentrations of naringenin or quercetin synergistically induced
cell apoptosis. Attractively, quercetin shows stronger antitumor activity than naringenin.
In contrast, lower concentrations of naringenin or quercetin can partly compensate for
tamoxifen-induced antiproliferative effects. Further research, of course, is needed to clar-
ify the precise targets of the combination of phytoconstituents and tamoxifen in hepatic
cancer cells.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nu14245394/s1. Figure S1: Tamoxifen, naringenin and quercetin changed
the cellular morphology and adhering capacity; Figure S2: Representative bright-field photographs of
wound closure for cell migration determination; Figure S3: Representative flow cytometry images with
PI staining for cell cycle determination; Figure S4: Representative flow cytometry images with Annexin
V-FITC/PI double staining for cell apoptosis determination; Figure S5: Representative flow cytometry
images with PI staining for cell apoptosis determination; Figure S6: Representative flow cytometry
images with JC-1 staining for ∆Ψm determination; Table S1: Nucleotide sequences of primers used for
RT-qPCR analysis; Table S2: IC50 (µM) of tamoxifen, naringenin and quercetin at different exposure
times were determined using the CCK-8 assay.

Author Contributions: Z.X.: conceptualization, data curation, writing—original draft and funding
acquisition. Y.J.: investigation, methodology, writing—original draft. J.L.: methodology, validation
and writing—original draft. X.R.: resources, software and visualization. X.Y.: investigation and
writing—review and editing. X.X.: supervision and writing—review and editing. X.P.: conceptualiza-
tion, supervision, writing—review and editing and funding acquisition. All authors have read and
agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/nu14245394/s1
https://www.mdpi.com/article/10.3390/nu14245394/s1


Nutrients 2022, 14, 5394 17 of 18

Funding: This study was sponsored by the National Natural Science Foundation of China (Grant no.
21567014) and the China Postdoctoral Science Foundation (Grant no. 2019M653846XB).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available upon request.

Acknowledgments: We acknowledge our research team for the thought-provoking discussions on
this subject.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hejazi, I.I.; Khanam, R.; Mehdi, S.H.; Bhat, A.R.; Rizvi, M.M.A.; Thakur, S.C.; Athar, F. Antioxidative and anti-proliferative

potential of Curculigo orchioides Gaertn in oxidative stress induced cytotoxicity: In vitro, ex vivo and in silico studies. Food Chem.
Toxicol. 2018, 115, 244–259. [CrossRef] [PubMed]

2. Weng, C.J.; Yen, G.C. Flavonoids, a ubiquitous dietary phenolic subclass, exert extensive in vitro anti-invasive and in vivo
anti-metastatic activities. Cancer Metastasis Rev. 2012, 31, 323–351. [CrossRef] [PubMed]

3. Kim, J.H.; Kang, J.W.; Kim, M.S.; Bak, Y.; Park, Y.S.; Jung, K.Y.; Lim, Y.H.; Yoon, D.Y. The apoptotic effects of the flavonoid N101-2
in human cervical cancer cells. Toxicol. Vitr. 2012, 26, 67–73. [CrossRef] [PubMed]

4. Marino, M.; Pellegrini, M.; La Rosa, P.; Acconcia, F. Susceptibility of estrogen receptor rapid responses to xenoestrogens:
Physiological outcomes. Steroids 2012, 77, 910–917. [CrossRef] [PubMed]

5. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

6. Simonetti, R.G.; Liberati, A.; Angiolini, C.; Pagliaro, L. Treatment of hepatocellular carcinoma: A systematic review of randomized
controlled trials. Ann. Oncol. 1997, 8, 117–136. [CrossRef]

7. Di Bisceglie, A.M.; Osmack, P.; Brunt, E.M. Chemoprevention of hepatocellular carcinoma: Use of tamoxifen in an animal model
of hepatocarcinogenesis. J. Lab. Clin. Med. 2005, 145, 134–138. [CrossRef] [PubMed]

8. Nichols, H.B.; DeRoo, L.A.; Scharf, D.R.; Sandler, D.P. Risk-benefit profiles of women using tamoxifen for chemoprevention.
J. Natl. Cancer Inst. 2015, 107, dju354. [CrossRef]

9. Brandt, S.; Heller, H.; Schuster, K.D.; Grote, J. Tamoxifen induces suppression of cell viability and apoptosis in the human
hepatoblastoma cell line HepG2 via down-regulation of telomerase activity. Liver Int. 2004, 24, 46–54. [CrossRef]

10. Chow, P.K. Tamoxifen does not improve overall survival in people with advanced-stage hepatocellular carcinoma. Cancer Treat.
Rev. 2005, 31, 491–495. [CrossRef] [PubMed]

11. Villa, E.; Colantoni, A.; Grottola, A.; Ferretti, I.; Buttafoco, P.; Bertani, H.; De Maria, N.; Manenti, F. Variant estrogen receptors and
their role in liver disease. Mol. Cell. Endocrinol. 2002, 193, 65–69. [CrossRef] [PubMed]

12. Kalra, M.; Mayes, J.; Assefa, S.; Kaul, A.K.; Kaul, R. Role of sex steroid receptors in pathobiology of hepatocellular carcinoma.
World J. Gastroenterol. 2008, 14, 5945–5961. [CrossRef] [PubMed]

13. Yeh, Y.T.; Chang, C.W.; Wei, R.J.; Wang, S.N. Progesterone and related compounds in hepatocellular carcinoma: Basic and clinical
aspects. Biomed. Res. Int. 2013, 2013, 9. [CrossRef] [PubMed]

14. Xu, Z.; Huang, B.; Liu, J.; Wu, X.; Luo, N.; Wang, X.; Zheng, X.; Pan, X. Combinatorial anti-proliferative effects of tamoxifen and
naringenin: The role of four estrogen receptor subtypes. Toxicology 2018, 410, 231–246. [CrossRef]

15. Zhou, J.; Fang, L.; Liao, J.; Li, L.; Yao, W.; Xiong, Z.; Zhou, X. Investigation of the anti-cancer effect of quercetin on HepG2 cells
in vivo. PLoS ONE 2017, 12, e0172838. [CrossRef] [PubMed]

16. Guo, R.; Huang, Z.; Shu, Y.; Jin, S.; Ge, H. Tamoxifen inhibits proliferation and induces apoptosis in human hepatocellular
carcinoma cell line HepG2 via down-regulation of survivin expression. Biomed. Pharmacother. 2009, 63, 375–379. [CrossRef]

17. Arul, D.; Subramanian, P. Naringenin (citrus flavonone) induces growth inhibition, cell cycle arrest and apoptosis in human
hepatocellular carcinoma cells. Pathol. Oncol. Res. 2013, 19, 763–770. [CrossRef]

18. Ahamad, M.S.; Siddiqui, S.; Jafri, A.; Ahmad, S.; Afzal, M.; Arshad, M. Induction of apoptosis and antiproliferative activity
of naringenin in human epidermoid carcinoma cell through ROS generation and cell cycle arrest. PLoS ONE 2014, 9, e110003.
[CrossRef]

19. Tan, J.; Wang, B.; Zhu, L. Regulation of Survivin and Bcl-2 in HepG2 Cell Apoptosis Induced by Quercetin. Chem. Biodivers. 2009,
6, 1101–1110. [CrossRef]

20. Xu, Z.; Liu, J.; Jianxin, C.; Yongliang, Z.; Pan, X. 17β-Estradiol inhibits testosterone-induced cell proliferation in HepG2 by
modulating the relative ratios of 3 estrogen receptor isoforms to the androgen receptor. J. Cell. Biochem. 2018, 119, 8659–8671.
[CrossRef]

21. Xin, L.; Wang, J.; Zhang, L.W.; Che, B.; Dong, G.; Fan, G.; Cheng, K. Development of HSPA1A promoter-driven luciferase reporter
gene assays in human cells for assessing the oxidative damage induced by silver nanoparticles. Toxicol. Appl. Pharmacol. 2016,
304, 9–17. [CrossRef] [PubMed]

http://doi.org/10.1016/j.fct.2018.03.013
http://www.ncbi.nlm.nih.gov/pubmed/29545143
http://doi.org/10.1007/s10555-012-9347-y
http://www.ncbi.nlm.nih.gov/pubmed/22314287
http://doi.org/10.1016/j.tiv.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22056764
http://doi.org/10.1016/j.steroids.2012.02.019
http://www.ncbi.nlm.nih.gov/pubmed/22410438
http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1023/A:1008285123736
http://doi.org/10.1016/j.lab.2005.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15871304
http://doi.org/10.1093/jnci/dju354
http://doi.org/10.1111/j.1478-3231.2004.00887.x
http://doi.org/10.1016/j.ctrv.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16214294
http://doi.org/10.1016/S0303-7207(02)00097-7
http://www.ncbi.nlm.nih.gov/pubmed/12161003
http://doi.org/10.3748/wjg.14.5945
http://www.ncbi.nlm.nih.gov/pubmed/18932272
http://doi.org/10.1155/2013/290575
http://www.ncbi.nlm.nih.gov/pubmed/23484104
http://doi.org/10.1016/j.tox.2018.08.013
http://doi.org/10.1371/journal.pone.0172838
http://www.ncbi.nlm.nih.gov/pubmed/28264020
http://doi.org/10.1016/j.biopha.2008.09.010
http://doi.org/10.1007/s12253-013-9641-1
http://doi.org/10.1371/journal.pone.0110003
http://doi.org/10.1002/cbdv.200800141
http://doi.org/10.1002/jcb.27111
http://doi.org/10.1016/j.taap.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/27211842


Nutrients 2022, 14, 5394 18 of 18

22. Pinti, M.; Troiano, L.; Nasi, M.; Ferraresi, R.; Dobrucki, J.; Cossarizza, A. Hepatoma HepG2 cells as a model for in vitro studies on
mitochondrial toxicity of antiviral drugs: Which correlation with the patient? J. Biol. Regul. Homeost. Agents 2003, 17, 166–171.
[PubMed]

23. Xu, D.; Li, L.; Liu, L.; Dong, H.; Deng, Q.; Yang, X.; Song, E.; Song, Y. Polychlorinated biphenyl quinone induces mitochondrial-
mediated and caspase-dependent apoptosis in HepG2 cells. Environ. Toxicol. 2015, 30, 1063–1072. [CrossRef]

24. Ke, N.; Wang, X.; Xu, X.; Abassi, Y.A. The xCELLigence system for real-time and label-free monitoring of cell viability. Methods
Mol. Biol. 2011, 740, 33–43. [PubMed]

25. Grada, A.; Otero-Vinas, M.; Prieto-Castrillo, F.; Obagi, Z.; Falanga, V. Research techniques made simple: Analysis of collective cell
migration using the wound healing assay. J. Investig. Dermatol. 2017, 137, e11. [CrossRef]

26. Guo, M.; Suo, Y.; Gao, Q.; Du, H.; Zeng, W.; Wang, Y.; Hu, X.; Jiang, X. The protective mechanism of Ginkgolides and Ginkgo
flavonoids on the TNF-α induced apoptosis of rat hippocampal neurons and its mechanisms in vitro. Heliyon 2015, 1, e00020.
[CrossRef]

27. Lei, B.; Xu, J.; Peng, W.; Wen, Y.; Zeng, X.; Yu, Z.; Wang, Y.; Chen, T. In vitro profiling of toxicity and endocrine disrupting effects
of bisphenol analogues by employing MCF-7 cells and two-hybrid yeast bioassay. Environ. Toxicol. 2017, 32, 278–289. [CrossRef]

28. Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 2000,
5, 415–418. [CrossRef]

29. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2− ∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef]

30. Guo, R.; Wang, T.; Shen, H.; Ge, H.M.; Sun, J.; Huang, Z.H.; Shu, Y.Q. Involvement of mTOR and survivin inhibition in
tamoxifen-induced apoptosis in human hepatoblastoma cell line HepG2. Biomed. Pharmacother. 2010, 64, 249–253. [CrossRef]

31. Ebersohn, K.; Coetzee, P.; Venter, E.H. An improved method for determining virucidal efficacy of a chemical disinfectant using an
electrical impedance assay. J. Virol. Methods 2014, 199, 25–28. [CrossRef] [PubMed]

32. Stewart, Z.A.; Westfall, M.D.; Pietenpol, J.A. Cell-cycle dysregulation and anticancer therapy. Trends Pharmacol. Sci. 2003,
24, 139–145. [CrossRef] [PubMed]

33. Li, Q.; Wang, Y.; Zhang, L.; Chen, L.; Du, Y.; Ye, T.; Shi, X. Naringenin exerts anti-angiogenic effects in human endothelial cells:
Involvement of ERRα/VEGF/KDR signaling pathway. Fitoterapia 2016, 111, 78–86. [CrossRef]

34. Maji, S.; Panda, S.; Samal, S.K.; Shriwas, O.; Rath, R.; Pellecchia, M.; Emdad, L.; Das, S.K.; Fisher, P.B.; Dash, R. Chapter
Three—Bcl-2 Antiapoptotic Family Proteins and Chemoresistance in Cancer. In Advances in Cancer Research; Tew, K.D., Fisher, P.B.,
Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 37–75.

35. Tanigawa, S.; Fujii, M.; Hou, D.X. Stabilization of p53 is involved in quercetin-induced cell cycle arrest and apoptosis in HepG2
cells. Biosci. Biotechnol. Biochem. 2008, 72, 797–804. [CrossRef] [PubMed]

36. Jin, C.Y.; Park, C.; Lee, J.H.; Chung, K.T.; Kwon, T.K.; Kim, G.Y.; Choi, B.T.; Choi, Y.H. Naringenin-induced apoptosis is attenuated
by Bcl-2 but restored by the small molecule Bcl-2 inhibitor, HA 14-1, in human leukemia U937 cells. Toxicol. In Vitro 2009,
23, 259–265. [CrossRef]

37. Wójtowicz, A.K.; Szychowski, K.A.; Wnuk, A.; Kajta, M. Dibutyl phthalate (DBP)-induced apoptosis and neurotoxicity are
mediated via the aryl hydrocarbon receptor (AhR) but not by estrogen receptor alpha (ERalpha), estrogen receptor beta (ERbeta),
or peroxisome proliferator-activated receptor gamma (PPARgamma) in mouse cortical neurons. Neurotox. Res. 2017, 31, 77–89.

38. Holder, A.L.; Goth-Goldstein, R.; Lucas, D.; Koshland, C.P. Particle-induced artifacts in the MTT and LDH viability assays. Chem.
Res. Toxicol. 2012, 25, 1885–1892. [CrossRef]

39. Cunha-Oliveira, T.; Ferreira, L.L.; Coelho, A.R.; Deus, C.M.; Oliveira, P.J. Doxorubicin triggers bioenergetic failure and p53
activation in mouse stem cell-derived cardiomyocytes. Toxicol. Appl. Pharmacol. 2018, 348, 1–13. [CrossRef]

40. Taylor, W.R.; Stark, G.R. Regulation of the G2/M transition by p53. Oncogene 2001, 20, 1803–1815. [CrossRef]
41. Hatkevich, T.; Ramos, J.; Santos-Sanchez, I.; Patel, Y.M. A naringenin-tamoxifen combination impairs cell proliferation and

survival of MCF-7 breast cancer cells. Exp. Cell Res. 2014, 327, 331–339. [CrossRef]
42. Adams, J.M.; Cory, S. The Bcl-2 protein family: Arbiters of cell survival. Science 1998, 281, 1322–1326. [CrossRef] [PubMed]
43. Kim, E.M.; Jung, C.-H.; Kim, J.; Hwang, S.-G.; Park, J.K.; Um, H.-D. The p53/p21 complex regulates cancer cell invasion and

apoptosis by targeting Bcl-2 family proteins. Cancer Res. 2017, 77, 3092–3100. [CrossRef] [PubMed]
44. Dong, X.; Fu, J.; Yin, X.; Qu, C.; Yang, C.; He, H.; Ni, J. Induction of apoptosis in HepaRG cell line by aloe-emodin through

generation of reactive oxygen species and the mitochondrial pathway. Cell. Physiol. Biochem. 2017, 42, 685–696. [CrossRef]
[PubMed]

45. Ola, M.S.; Nawaz, M.; Ahsan, H. Role of Bcl-2 family proteins and caspases in the regulation of apoptosis. Mol. Cell. Biochem.
2011, 351, 41–58. [CrossRef]

46. Liou, G.-Y.; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479–496. [CrossRef]
47. Park, H.J.; Choi, Y.J.; Lee, J.H.; Nam, M.J. Naringenin causes ASK1-induced apoptosis via reactive oxygen species in human

pancreatic cancer cells. Food Chem. Toxicol. 2017, 99, 1–8. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/14518717
http://doi.org/10.1002/tox.21979
http://www.ncbi.nlm.nih.gov/pubmed/21468966
http://doi.org/10.1016/j.jid.2016.11.020
http://doi.org/10.1016/j.heliyon.2015.e00020
http://doi.org/10.1002/tox.22234
http://doi.org/10.1023/A:1009616228304
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1016/j.biopha.2009.06.007
http://doi.org/10.1016/j.jviromet.2013.12.023
http://www.ncbi.nlm.nih.gov/pubmed/24389126
http://doi.org/10.1016/S0165-6147(03)00026-9
http://www.ncbi.nlm.nih.gov/pubmed/12628359
http://doi.org/10.1016/j.fitote.2016.04.015
http://doi.org/10.1271/bbb.70680
http://www.ncbi.nlm.nih.gov/pubmed/18323654
http://doi.org/10.1016/j.tiv.2008.12.005
http://doi.org/10.1021/tx3001708
http://doi.org/10.1016/j.taap.2018.04.009
http://doi.org/10.1038/sj.onc.1204252
http://doi.org/10.1016/j.yexcr.2014.05.017
http://doi.org/10.1126/science.281.5381.1322
http://www.ncbi.nlm.nih.gov/pubmed/9735050
http://doi.org/10.1158/0008-5472.CAN-16-2098
http://www.ncbi.nlm.nih.gov/pubmed/28377455
http://doi.org/10.1159/000477886
http://www.ncbi.nlm.nih.gov/pubmed/28618413
http://doi.org/10.1007/s11010-010-0709-x
http://doi.org/10.3109/10715761003667554
http://doi.org/10.1016/j.fct.2016.11.008

	Introduction 
	Materials and Methods 
	Biological and Chemical Materials 
	Cell Culture and Chemical Treatment 
	Cell Proliferation and Cytotoxicity Evaluation 
	Wound Healing Assay 
	Transwell Assay 
	Cell Cycle and Apoptosis Assessment Using Flow Cytometry 
	Fluorescence Microscopy 
	Determination of LDH Leakage, GSH Content and Caspase Activity 
	ROS Determination 
	m Determination 
	RNA Extraction and RT-qPCR 
	Statistical Analysis 

	Results 
	Tamoxifen, Naringenin and Quercetin Induced Morphological Changes and Regulated Cell Viability 
	Tamoxifen, Naringenin and Quercetin Regulated Cell Migration and Invasion 
	Tamoxifen, Naringenin and Quercetin Regulated Cell Cycle Progression 
	Tamoxifen, Naringenin and Quercetin Regulated Cell Apoptosis 
	Tamoxifen, Naringenin and Quercetin Regulated the Leakage of LDH and Glutathione Content 
	Tamoxifen, Naringenin and Quercetin Regulated the Activation of Caspases 
	Tamoxifen, Naringenin and Quercetin Regulated m in HepG2 Cells 
	Tamoxifen, Naringenin and Quercetin Regulated ROS Generation 

	Discussion 
	Conclusions 
	References

