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Abstract: Recent studies have shown that diaporine, a novel fungal metabolic product, has a strong
in vitro and in vivo anticancer effect on human non-small-cell lung and breast cancers. In this study,
three human hepatocarcinoma cell lines (HepG2, Hep3B, and Huh7) were used to evaluate the efficacy
of diaporine alone and in combination with the standard cytotoxic drugs oxaliplatin and doxorubicin
for the treatment of liver cancer. We demonstrated that diaporine, oxaliplatin, and doxorubicin
triggered a concentration- and time-dependent decrease in the number of HepG2 cells. Diaporine at
a concentration of 2.5 µM showed almost 100% inhibition of cell counts at 72 h. Similar effects were
observed only with much higher concentrations (100 µM) of oxaliplatin or doxorubicin. Decreases in
cell numbers after 48 h treatment with diaporine, oxaliplatin, and doxorubicin were also demonstrated
in two additional hepatoma cell lines, Hep3B and Huh7. The combination of these drugs at low
concentration for 48 h in vitro noticeably showed that diaporine improved the inhibitory effect on
the number of cancer cells induced by oxaliplatin or doxorubicin. Additionally, this combination
effectively inhibited colony growth in vitro. We found that inhibition of phosphorylation of ERK1/2
significantly increased when diaporine was used in combination with other agents. In addition,
we also found that when diaporine was used in combination with doxorubicin or oxaliplatin, their
proapoptotic effect greatly increased. We further revealed that the induction of apoptosis in hepatoma
cells after treatment is due, at least in part, to the inhibition of phosphorylation of AKT, leading to the
activation of caspase-3, inactivation of poly (ADP-ribose) polymerase (PARP), and subsequently to
DNA damage, as indicated by the increased level of H2AX. Based on these findings, we suggest that
diaporine in combination with the standard cytotoxic drugs oxaliplatin and doxorubicin may play a
role in the treatment of liver cancer.
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1. Introduction

Cancer is a devastating disease. Regardless of the development of disease diagnosis,
treatment, and preventive measures, it is one of the main causes of death and morbidity
in the world [1–3]. Moreover, the number of cases is increasing, which is estimated to
reach 21 million by 2030 [4]. Hepatocellular carcinoma (HCC) is a kind of cancer that
originates from the liver and is an invasive tumor that often occurs in the context of
chronic liver disease and cirrhosis. Primary liver cancer is the fifth most common cancer
in men, the seventh most common cancer in women, and the third largest cancer-related
death cause in the world [5,6]. The incidence of liver cancer in the USA is rising, reaching
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4.5/100,000 per year in 2005 [7]. Chemotherapy is one of the most imperative treatments for
advanced liver cancer. In the past decade, the survival rate of patients with metastatic liver
cancer has increased with the application of targeted drugs such as sorafenib, nivolumab,
and cabozantinib [8]. Presently, several new joint programs including these drugs are being
developed. Although the treatment of liver cancer has progressed, it is still one of the most
stubborn cancers to treat. The recurrence of liver cancer is still the main problem after
radical treatment, and the incidence rate is over 70% after 5 years [9].

At present, cancer treatment methods mainly include tumor surgery, radiotherapy,
immunotherapy, chemotherapy, cancer vaccination, photodynamic therapy, stem cell trans-
formation, or their combination. These methods are often accompanied by serious side
effects. The shortcomings of these treatments include damage to normal tissues, limited
bioavailability, toxicity, nonspecificity, quick clearance, etc. [10,11]. Plants are repositories
of new chemicals, which provide a promising route for cancer research. For decades, pa-
tients, oncologists, and scientists have expressed interest in employing natural compound
drugs because the overall results and side effects of current cytotoxic drugs and targeted
therapy are disappointing. Natural products provide abundant resources for developing
new anticancer drugs. In particular, it was reported that over 50% of modern anticancer
drugs originated from natural products [12], and natural products will continue to be
the source of new lead compounds [13]. Endophytic fungi in host plants are abundant
sources of bioactive natural products [14,15]. Diaporine is an extraordinary symmetric
polyketone compound extracted from endophytic fungi, and its structure was explored
via broad spectroscopic analysis [16]. In previous studies, it has been found that diaporine
is not only a modulator of macrophage differentiation [16] but also hinders the growth
of non-small-cell lung cancer (NSCLC) by regulating the miR-99a/mTOR signaling path-
way [17]. Nonetheless, there are no reports about the toxicological characteristics of this
natural product and its killing effect on liver cancer cells.

We know from clinical trials and clinical practice that single-drug therapy seldom
brings clinical benefits to cancer patients, while combined therapy is essential for the
effective treatment of tumors. In this study, we investigated the potential anticancer effects
of diaporine alone and in combination with standard cytotoxic drugs oxaliplatin and
doxorubicin in the treatment of liver cancer.

2. Materials and Methods
2.1. Cell Culture and Reagents

The human liver cancer cell line HepG2 was originally obtained from the American
Type Culture Collection (Manassas, VA, USA). Hep3B and Huh7 cells were from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco, Shanghai, China) supplemented with
10% fetal bovine serum (FBS), nonessential amino acids, and antibiotics. In all experiments
using the trypan blue dye exclusion method, the cell survival rate was higher than 99%.
Oxaliplatin and doxorubicin were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Phospho-AKT and phospho-ERK1/2 antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). Cleaved caspase-3 (Asp175) and cleaved poly (ADP-ribose)
polymerase (PARP) were purchased from Bioworld (Nanjing, Jiangsu, China), AKT anti-
body from Abcam, phospho-histone H2AX antibody from Millipore, and the ERK2 and
β-actin antibodies from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Diaporine was
extracted from endophytic fungi; prior to each experiment, it was dissolved in dimethyl
sulfoxide (DMSO).

2.2. Effect of Diaporine, Oxaliplatin, Doxorubicin and Their Combination on the Number of Liver
Cancer Cells

Cells were seeded into 6-well plates at a density of 50,000 cells per well. After 24 h,
the cells were treated with 0.1–5 µM diaporine, 1–100 µM oxaliplatin, or 1–100 µM doxoru-
bicin for another 24, 48, and 72 h. The control cultures were incubated with 0.1% DMSO
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(vehicle). In another set of experiments, cells were treated with a combination of diapor-
ine/oxaliplatin or diaporine/doxorubicin. The effect of these combinations on the number
of cells was measured at the specified time using Scepter 2.0 Handheld Automated Cell
Counter (Millipore). By comparing drug-treated with DMSO-treated cells (the number of
cells was assumed to be 100%), the data are expressed as a proportional number of cells (%).

2.3. Analysis of Drug Interactions

To quantify drug interactions between diaporine and oxaliplatin or doxorubicin,
CompuSyn software was used. All simulations were conducted assuming that the two
drugs were combined in a nonfixed ratio of doses with a fixed concentration of diaporine
(Drug A) and variable concentrations of oxaliplatin or doxorubicin (Drug B). CompuSyn
(ComboSyn, Inc., New York, NY, USA) was employed to determine the combination index
(CI), a quantitative representation of pharmacological interactions. This reference model is
based on the unified theory introduced by Chou and Talalay [18]. The CI was plotted on
the Y axis as a function of the effect level (Fa) on the X axis to evaluate the drug synergism
between drug combinations. CI < 1 indicates a synergistic effect, CI = 1 indicates an additive
effect, and CI > 1 indicates an antagonistic effect.

2.4. Effect of Different Treatments on Colony Growth in Matrigel Matrix

A layer of Matrigel (150 µL) was transferred to the wells of a 24-well cell culture dish
and allowed to stand at 37 ◦C for 30 min. A second layer (300 µL), consisting of 150 µL of
Matrigel dissolved in a growth medium (150 µL) containing 1.5 × 103 cells, was placed
on top of the first layer in a humidified incubator at 37 ◦C for 30 min. About 0.5 mL of
growth medium was added to the top of the second layer. The cells were then cultured in
a humidified incubator at 37 ◦C for 14 days and then treated with diaporine, oxaliplatin,
doxorubicin, or a combination thereof for another 7 days. The control cells were treated
with 0.1% DMSO. The medium was refreshed two times per week. At the end of the
experiment, the colonies were stained with Giemsa (2%) for 1 h and incubated overnight
with PBS to eliminate extra Giemsa staining. The colonies were photographed and scored,
and the percentage of colonies greater than 100 µm was measured. The data obtained were
used to compare drug-treated with DMSO-treated colonies. Colonies greater than 100 µm
are expressed as a percentage of the total number of colonies counted and were compared
with the DMSO-treated control groups.

2.5. Quantification of Apoptosis

Apoptosis was determined using Annexin V/7-aminoactinomycin D (7-AAD) double-
staining assay according to the manufacturer’s instructions of the Muse® Annexin V &
Dead Cell Kit (MCH100105, EMD Millipore, Billerica, MA, USA). Briefly, the HepG2 cells
were incubated with or without each drug alone or in combination for 48 h. Cells were
collected and stained with Annexin V-FITC and 7-AAD according to the Guava® Muse®

Cell Analyzer protocol. Fluorescence intensity was measured by flow cytometry using
a Muse™ Cell Analyzer (EMD Millipore), and the cells were sorted into live (annexin
V-/7-AAD-), early apoptotic (annexin V+/7-AAD-), late apoptotic (annexin V+/7-AAD+),
and necrotic (annexin V-/7-AAD+) cells. The sum of the early and late apoptotic cells was
calculated as the total number of apoptotic cells.

2.6. Effects of Diaporine, Oxaliplatin, Doxorubicin, and Their Combination on Expression and
Phosphorylation of Proapoptotic and Antiproliferative Proteins

The cells were inoculated in a 100 mm petri dish with 2 × 106 cells per dish for
24 h, then treated with diaporine (0.5 µM), oxaliplatin (10 µM), doxorubicin (10 µM), or a
combination of diaporine/oxaliplatin or diaporine/doxorubicin for another 24 h. Control
groups were incubated with 0.1% DMSO (vehicle). In the second group of experiments, the
cells were exposed to an increasing concentration of diaporine (0.5–2.5 µM) for 2 h. The total
proteins of the vehicle- and drug-treated cells were isolated using a standard RIPA buffer.
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The cell lysate was recovered through centrifuging at 14,000 rpm for 20 min at 4 ◦C to
eliminate the insoluble substance, and the protein concentration of the lysate was measured
by a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Proteins (20 µg)
were separated by SDS-PAGE gel to detect the expression and phosphorylation levels of
different proapoptotic and antiproliferative proteins. After electrophoresis, the proteins
were transferred to nitrocellulose (NC) membranes, blocked with 5% nonfat milk at room
temperature for 2 h, and incubated overnight at 4 ◦C with specific primary antibodies
and β-actin (1:1000). The blots were washed, incubated with the corresponding secondary
antibodies, and visualized with the ECL system (Thermo Fisher Scientific, Waltham, MA,
USA). Membrane stripping was carried out via incubating the membrane in stripping
buffer (Thermo Fisher Scientific) based on the manufacturer’s instructions. Densitometry
analysis was carried out with an HP Deskjet F4180 Scanner (HP Development Company,
Palo Alto, CA, USA) and ImageJ software.

2.7. Statistics

The results are expressed as the means ± SEM of the data presented. Differences
between test and control values were calculated with ANOVA followed by Dunnett’s post
hoc multiple comparison test. *** p < 0.001, ** p < 0.01, and * p < 0.05 indicate that the
difference was statistically significant.

3. Results
3.1. Effect of Diaporine, Oxaliplatin, and Doxorubicin on Cell Numbers

As shown in Figure 1, diaporine (0.1–5 µM), oxaliplatin (1–100 µM), and doxorubicin
(1–100 µM) reduced the number of HepG2 cells in a concentration- and time-dependent
manner within 24, 48, and 72 h (Figure 1A–C). The dose-dependent effects of diaporine,
oxaliplatin, and doxorubicin were also confirmed on two other liver cancer cell lines, Hep3B
and Huh7 (Figure 1D–F). The IC50 concentration (48 h) of diaporine in the HepG2 cells
was 0.5 µM and about 0.76 µM in both Hep3B and Huh7 cells (Figure 1G). The IC50 of
oxaliplatin and doxorubicin was much higher than that of diaporine (Figure 1G).

3.2. Diaporine Improved the Antitumor Activity of Oxaliplatin and Doxorubicin against
HEPG2 Cells

Treatment of the HepG2 cells with diaporine (0.5 µM) at the IC50 concentration for
48 h significantly enhanced the inhibitory effect of oxaliplatin (1–10 µM) (Figure 2A) and
doxorubicin (0.5–2.5 µM) (Figure 2B) on cell growth. To quantify the drug interactions
between diaporine and oxaliplatin or doxorubicin, we estimated the combination index
(CI) using CompuSyn software. The CI values of the diaporine/oxaliplatin combination
were lower than one (Figure 2C), suggesting that the combination of these compounds has
a synergistic effect on the growth inhibition of HepG2 cells. The same behavior was seen
for combinations involving diaporine and doxorubicin (Figure 2D). The results obtained
using CompuSyn software are summarized in Table 1.

Next, we studied the effects of these combinations on the growth of the HEPG2
colonies that had formed. First, the HepG2 cells were allowed to grow and form noticeable
colonies without any treatment. After 2 weeks of culture, with DMSO as a control, diaporine
(0.5 µM), oxaliplatin (10 µM), doxorubicin (10 µM) or their combination was added to the
colonies for 1 week. While the number of colonies acquired in each treatment did not
seem to change, we noticed that the size of the colonies significantly decreased. Although
large colonies accounted for about 70% of the total number of colonies in the control, they
only accounted for 25% and 35% of the total number of colonies treated with oxaliplatin
(Figure 3A) and doxorubicin (Figure 3B) alone, respectively. Compared with oxaliplatin
or doxorubicin alone, diaporine did not cause significant colony growth inhibition, but
when used in combination, it significantly enhanced oxaliplatin (Figure 3A) or doxorubicin-
mediated colony growth inhibition (Figure 3B). We speculate that the effects of these drugs
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on colony growth when used alone or in combination may be caused by cell death or
inhibition of cell proliferation.

Table 1. The nature of drug interactions in HepG2 cells treated with diaporine and combined with
oxaliplatin or doxorubicin.

Drug A Dose A
(µM) Drug B Dose-B

(µM) Effect (Fa) CI Value Interaction

Diaporine 0.5 Oxaliplatin

1.0 0.5624 0.56 Synergism
2.5 0.7032 0.39 Synergism

10.0 0.8211 0.31 Synergism
50.0 0.9134 0.26 Synergism

100.0 0.9512 0.18 Synergism

Diaporine 0.5 Doxorubicin

1.0 0.6512 0.39 Synergism
2.5 0.7018 0.35 Synergism

10.0 0.8011 0.25 Synergism
50.0 0.9023 0.17 Synergism

100.0 0.9612 0.06 Synergism
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Figure 1. Comparison of the inhibitory effect of diaporine on the number of hepatocellular carcinoma
cells with oxaliplatin and doxorubicin. Exponentially growing HepG2 cells were incubated with
vehicle (0.1%DMSO), diaporine (A), oxaliplatin (B), and doxorubicin (C) at the indicated concentration
for 24–72 h. The effects of these three drugs on the other two hepatoma cell lines, Hep3B and HuH7,
were confirmed at 48 h (D–F). Cell counts were performed as described in the Materials and Methods.
(G). IC50 (µM) of diaporine compared with those of oxaliplatin and doxorubicin at 48 h of treatment.
All the experiments were independently repeated 3 times. The data are presented as SEM. * p < 0.05;
** p < 0.01; *** p < 0.001.
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Figure 2. Diaporine augments the inhibition of HepG2 cell numbers by (A) oxaliplatin (1–10 µM)
and (B) Doxorubicin (0.5–2.5 µM). Cells were treated with the indicated drugs for 48 h, and all
experiments were repeated at least 3 times. The data are presented as SEM. ** p < 0.01; *** p < 0.001;
ns, not significant. Diaporine has synergic cytotoxic effects with oxaliplatin (C) or doxorubicin (D)
in HepG2 cells. Combination index (CI) plots (Fa-CI plot) were generated by CompuSyn software
(ComboSyn Inc., Paramus, NJ, USA) according to the Chou–Talalay method. Synergy is present when
CI < 1.0 Fa: inhibitory effect, CI: combination index.
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Figure 3. Diaporine enhances the inhibitory effects of (A) oxaliplatin (10 µM) and (B) doxorubicin
(10 µM) on colony growth. The data are displayed as the mean percentage histogram of macrocolony
growth ± SEM. (C) Diaporine can enhance the inhibition of oxaliplatin and doxorubicin on ERK
phosphorylation in HepG2 hepatoma cells. Densitometry analysis of p-ERK from 3 independent
experiments (upper panel). B-actin was used as an internal control at protein level. * p < 0.05;
** p < 0.01; *** p < 0.001; ns, not significant.
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The MAPK signaling pathway is primarily involved in regulating cell proliferation,
and blocking this pathway can inhibit the growth of liver tumors [19]. ERK1 and ERK2 are
the ultimate effectors of the MAPK pathway. They are activated by phosphorylation, which
leads to the activation of various substrates, thus inducing cell proliferation. Therefore,
we decided to study the activation of ERK1/2 when diaporine was used alone or in
combination with oxaliplatin and doxorubicin. Intriguingly, although we observed that a
single drug had an obvious inhibitory effect on ERK1/2 phosphorylation, the combined
drugs enhanced this inhibitory effect (Figure 3C).

3.3. Diaporine Combined with Doxorubicin or Oxaliplatin Promotes Apoptosis of HepG2
Hepatoma Cells

Next, we studied whether the further decrease in HepG2 cell number resulted from the
increase in apoptotic cell death when diaporine was used in combination with doxorubicin
or oxaliplatin. For this purpose, the HepG2 liver cancer cells were treated with diaporine
(0.5 µM) alone or in combination with oxaliplatin (10 µM) or doxorubicin (10 µM) for 48 h.
The apoptotic rate was detected by Annexin V/7-AAD staining, as illustrated in Figure 4.
The combination of diaporine and oxaliplatin increased the level of apoptosis compared
with either drug alone. In addition, we observed that the combination of diaporine and
doxorubicin resulted in more apoptosis. The number of apoptotic cells increased from 22%
when using diaporine (0.5 µM) alone and 24% when using doxorubicin (10 µM) alone to
66% when used in combination, indicating that, at these concentrations, there may be a
synergy between diaporine and doxorubicin (Figure 5).
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Figure 5. Diaporine augments apoptotic cell death induced by doxorubicin in HepG2 liver cancer
cells. (A) HepG2 cells were incubated with diaporine (0.5 µM) and doxorubicin (10 µM) separately
and in combination for 48 h. The cells were stained with Annexin V/7-aminoactinomycin D (7-AAD)
according to Guava® Muse® Cell Analyzer protocol. (B) Data are presented as the mean ± SEM of
3 independent experiments. * p < 0.05 vs. Control; # p < 0.05 vs. doxorubicin.

3.4. Effects of Diaporine, Oxaliplatin, and Doxorubicin Alone or in Combination on Survival,
Apoptosis Pathway, and DNA Damage

When the three drugs were used alone, they all significantly inhibited the phosphory-
lation of Akt. Nevertheless, no further decreases in phosphorylation levels were observed
with the combination of the three drugs (Figure 6A). As expected, none of these treatments
affected the level of AKT total protein (Figure 6A). Previous studies have suggested that
downregulation of AKT phosphorylation can induce caspase-3-dependent apoptosis [20,21].
Consistent with these reports, oxaliplatin-induced dephosphorylation of Akt resulted in
the accumulation of caspase-3 cleavage [22]. We previously found that diaporine induces
caspase-3 cleavage in breast cancer cells (unpublished data). In this context, the apoptosis
induced by diaporine alone and in combination with oxaliplatin and doxorubicin was
further evaluated by detecting caspase-3 activation and subsequent cleavage and inacti-
vation of PARP. Treatment with diphorine (0.5 µM), oxaliplatin (10 µM), and doxorubicin
(10 µM) for 24 h activated caspase-3, a crucial step in inducing apoptosis. When diapor-
ine was combined with oxaliplatin or doxorubicin, this activation was further marginally
enhanced (Figure 6A). Activation of caspase-3 resulted in cleavage and inactivation of
downstream PARP, a nuclear protein implicated in DNA repair and apoptosis. Similarly,
downstream PARP cleavage was also detected in the HEPG2 cells treated with single and
combined drugs.
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result suggests that the inhibition of ERK/Akt signaling was an early event in response to 
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Figure 6. Effects of diaporine, oxaliplatin, doxorubicin, or their combinations on the AKT phosphory-
lation, caspase-3 activation, cleaved Poly (ADP-ribose) polymerase (PARP), and H2AX phosphory-
lation. (A) HepG2 cells were incubated with the indicated concentrations of diaporine, oxaliplatin,
doxorubicin, or their combinations for 24 h. The whole lysates were analyzed using Western blotting
with indicated antibodies. Densitometry analysis was from 3 independent experiments (upper panel).
Compared with the control sample, which was considered to be equal to 100%, the normalized band
density is expressed as a percentage change. (B) Changes in p-AKT, p-ERK and p-H2AX levels after
diaporine treatment (0.5–2.5 µM) for 2 h.

Inhibition of PARP with PARP inhibitors is known to enhance the level of H2AX phos-
phorylation associated with DNA damage [23]. Phosphorylated H2AX histone (γH2AX)
is a very important marker of DNA double strand break. It has been reported that dox-
orubicin can induce DNA damage in liver cancer cells [24,25]. To verify whether the cell
death induced by diaporine, oxaliplatin, and doxorubicin is related to DNA damage, these
drugs were applied, individually or in combination, to HepG2 cells, and the expression of
γ-H2AX in the total protein was detected. We observed that cells treated with the three
drugs alone suffered DNA damage. Remarkably, the combination of these drugs further
increased the level of DNA damage in the treated cells (Figure 6A). To ascertain if diaporine
mediates its effects by DNA damage, inhibition of the ERK1/2 and Akt signaling pathway,
or a combination of both, we carried out an experiment to detect DNA damage, p-Akt, and
p-ERK1/2 levels after treatment with diaporine (0.5–2.5 µM) for 2 h. Figure 6B shows that
the 0.5 µM diaporine used in this study had no effect on DNA damage, but it significantly
mitigated the levels of phosphorylated AKT and ERK. The DNA damage occurred at very
low levels only at very high doses of diaporine. Therefore, this result suggests that the
inhibition of ERK/Akt signaling was an early event in response to diaporine treatment
and that DNA damage was a late event, possibly due to excessive DNA damage caused by
active apoptosis. Our results demonstrate that the combined use of diaporine promotes the
antiproliferative and proapoptotic effects of oxaliplatin and doxorubicin.
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4. Discussion

Diaporine is a new fungal metabolite with an unprecedented symmetrical polyketone
structure [16]. This study found, for the first time, that diaporine treatment can significantly
impede the proliferation of liver cancer cells and induce their apoptosis. When diaporine is
used in combination with DNA-damaging agents oxaliplatin or doxorubicin, the effect of
inhibiting HepG2 cell proliferation and inducing apoptosis, thus inhibiting the growth of
HepG2 colony, is better than that of using any cytotoxic drug alone.

Our results show that the inactivation of proliferation (ERK) and survival-promoting
(Akt) pathways, the activation of caspase-3, cleavage of PARP, and resultant DNA damage
at least partially explain the anticancer effect of diaporine. In addition, combination
treatment with oxaliplatin or doxorubicin promoted these effects, further elucidating the
ability of diaporine to augment the apoptosis mainly induced by doxorubicin. The data
also show that the inhibition of ERK1/2 phosphorylation by single therapy and its elevated
suppression under combined conditions indicate a potential effect of the treatments on the
proliferation of hepatocellular carcinoma cells.

The double inhibitory effect of our treatment on the PI3K/AKT and Raf/MEK/ERK
pathways is consistent with the interaction between these two pathways previously re-
ported [26–32]. Here, we prove that inhibiting phosphorylation of AKT and ERK is the key
to the antitumor activity of diaporine. These results are consistent with those of previous
studies indicating that bioactive substances derived from fungi target signaling machinery
such as the PI3K/Akt signaling pathway, etc., in various cancer cells [33–36].

A previous study [37] assessed the sensitivity of diaporine to several cancer cells and
showed that diaporine can inhibit the proliferation of cancer cells, especially breast cancer
cells. Furthermore, it can impair the morphology and viability of breast cancer cells and
also damage their migration and invasion ability. Further research showed that diaporine
can effectively prompt strong cell cycle arrest in breast cancer cells, especially in the G2
phase, which eventually leads to the apoptosis of cancer cells. The mechanism of diaporine
mediating breast cancer cell death is related to its ability to induce the increase in ROS
levels in these cells.

This study provides a theoretical basis for in vivo studies to substantiate the relevance
of combined therapy. We think that diaporine combined with standard cytotoxic drugs such
as oxaliplatin and doxorubicin can improve the therapeutic effect of liver cancer treatment.
Plant chemistry is a research field with broad prospects. The active natural product
compound diaporine described in this study should be further studied in clinical trials to
evaluate their possible application, toxicology, and special genotoxicity characteristics for
various cancers in vitro or in vivo.

Author Contributions: Data curation, K.W.; funding acquisition, J.V.V. and Y.W.; investigation, S.T.,
R.S., K.W., X.Z. and Y.W.; methodology, K.W.; resources, S.T., R.S., K.W. and J.V.V.; validation, S.T.;
writing—original draft, Y.W.; writing—review and editing, Y.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported in part by NIH-NIMHD U54MD007598, NIH/NCI1U54CA14393,
U56 CA101599-01; Department of Defense Breast Cancer Research Program grant BC043180, NIH/NCATS
CTSI UL1TR000124 to J.V. Vadgama; Accelerating Excellence in Translational Science Pilot Grants
G0812D05, NIH/NCI SC1CA200517; and 9 SC1 GM135050-05 to Y. Wu.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Compliance with ethical standard.

Conflicts of Interest: The authors declare that they have no conflict of interest.



J. Pers. Med. 2022, 12, 1318 11 of 12

References
1. Zhang, L.Q.; Lv, R.W.; Qu, X.D.; Chen, X.J.; Lu, H.S.; Wang, Y. Aloesin Suppresses Cell Growth and Metastasis in Ovarian Cancer

SKOV3 Cells through the Inhibition of the MAPK Signaling Pathway. Anal. Cell. Pathol. 2017, 2017, 8158254. [CrossRef] [PubMed]
2. He, L.; Gu, J.; Lim, L.Y.; Yuan, Z.X.; Mo, J. Nanomedicine-Mediated Therapies to Target Breast Cancer Stem Cells. Front. Pharmacol.

2016, 7, 313. [CrossRef] [PubMed]
3. Qin, W.; Huang, G.; Chen, Z.; Zhang, Y. Nanomaterials in Targeting Cancer Stem Cells for Cancer Therapy. Front. Pharmacol. 2017,

8, 1. [CrossRef] [PubMed]
4. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30. [CrossRef] [PubMed]
5. Ferlay, J.; Shin, H.R.; Bray, F.; Forman, D.; Mathers, C.; Parkin, D.M. Estimates of worldwide burden of cancer in 2008: GLOBOCAN

2008. Int. J. Cancer 2010, 127, 2893–2917. [CrossRef]
6. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA Cancer J. Clin. 2011, 61, 69–90.

[CrossRef]
7. Altekruse, S.F.; McGlynn, K.A.; Reichman, M.E. Hepatocellular carcinoma incidence, mortality, and survival trends in the United

States from 1975 to 2005. J. Clin. Oncol. 2009, 27, 1485–1491. [CrossRef]
8. Ikeda, M.; Morizane, C.; Ueno, M.; Okusaka, T.; Ishii, H.; Furuse, J. Chemotherapy for hepatocellular carcinoma: Current status

and future perspectives. Jpn. J. Clin. Oncol. 2018, 48, 103–114. [CrossRef]
9. Llovet, J.M.; Schwartz, M.; Mazzaferro, V. Resection and liver transplantation for hepatocellular carcinoma. Semin. Liver Dis. 2005,

25, 181–200. [CrossRef]
10. Patra, C.R.; Mukherjee, S.; Kotcherlakota, R. Biosynthesized silver nanoparticles: A step forward for cancer theranostics?

Nanomedicine 2014, 9, 1445–1448. [CrossRef]
11. Mukherjee, S.; Patra, C.R. Therapeutic application of anti-angiogenic nanomaterials in cancers. Nanoscale 2016, 8, 12444–12470.

[CrossRef] [PubMed]
12. Newman, D.J.; Cragg, G.M.; Snader, K.M. The influence of natural products upon drug discovery. Nat. Prod. Rep. 2000, 17,

215–234. [CrossRef] [PubMed]
13. Cragg, G.M.; Newman, D.J. Natural products: A continuing source of novel drug leads. Biochim. Biophys. Acta 2013, 1830,

3670–3695. [CrossRef] [PubMed]
14. Wang, L.W.; Zhang, Y.L.; Lin, F.C.; Hu, Y.Z.; Zhang, C.L. Natural products with antitumor activity from endophytic fungi. Mini

Rev. Med. Chem. 2011, 11, 1056–1074. [CrossRef] [PubMed]
15. Ge, M.H.; Zhang, W.Y.; Ding, G.; Saparpakorn, P.; Song, Y.C.; Hannongbua, S.; Tan, R.X. Chaetoglobins A and B, two unusual

alkaloids from endophytic Chaetomium globosum culture. Chem. Commun. 2008, 45, 5978–5980. [CrossRef]
16. Wu, H.C.; Ge, H.M.; Zang, L.Y.; Bei, Y.C.; Niu, Z.Y.; Wei, W.; Feng, X.J.; Dind, S.; Ng, S.W.; Shen, P.P.; et al. Diaporine, a novel

endophyte-derived regulator of macrophage differentiation. Org. Biomol. Chem. 2014, 12, 6545–6548. [CrossRef]
17. Song, Y.; Dou, H.; Wang, P.; Zhao, S.; Wang, T.; Gong, W.; Zhao, J.; Li, E.; Tan, R.; Hou, Y. A novel small-molecule compound

diaporine A inhibits non-small cell lung cancer growth by regulating miR-99a/mTOR signaling. Cancer Biol. Ther. 2014, 15,
1423–1430. [CrossRef]

18. Chou, T.C. Drug combination studies and their synergy quantification using the Chou-Talalay method. Cancer Res. 2010, 70,
440–446. [CrossRef]

19. Sebolt-Leopold, J.S.; Dudley, D.T.; Herrera, R.; Van Becelaere, K.; Wiland, A.; Gowan, R.C.; Tecle, H.; Barrett, S.D.; Bridges, A.;
Przybranowski, S.; et al. Blockade of the MAP kinase pathway suppresses growth of colon tumors in vivo. Nat. Med. 1999, 5,
810–816. [CrossRef]

20. Moon, D.O.; Park, S.Y.; Choi, Y.H.; Kim, N.D.; Lee, C.; Kim, G.Y. Melittin induces Bcl-2 and caspase-3-dependent apoptosis
through downregulation of Akt phosphorylation in human leukemic U937 cells. Toxicon 2008, 51, 112–120. [CrossRef]

21. Weng, H.Y.; Hsu, M.J.; Chen, C.C.; Chen, B.C.; Hong, C.Y.; Teng, C.M.; Pan, S.L.; Chiu, W.T.; Lin, C.H. Denbinobin induces human
glioblastoma multiforme cell apoptosis through the IKKalpha-Akt-FKHR signaling cascade. Eur. J. Pharmacol. 2013, 698, 103–109.
[CrossRef] [PubMed]

22. Shiragami, R.; Murata, S.; Kosugi, C.; Tezuka, T.; Yamazaki, M.; Hirano, A.; Yoshimura, Y.; Suzuki, M.; Shuto, K.; Koda, K.
Enhanced antitumor activity of cerulenin combined with oxaliplatin in human colon cancer cells. Int. J. Oncol. 2013, 43, 431–438.
[CrossRef] [PubMed]

23. Dale Rein, I.; Solberg Landsverk, K.; Micci, F.; Patzke, S.; Stokke, T. Replication-induced DNA damage after PARP inhibition
causes G2 delay, and cell line-dependent apoptosis, necrosis and multinucleation. Cell Cycle 2015, 14, 3248–3260. [CrossRef]

24. Lee, T.K.; Lau, T.C.; Ng, I.O. Doxorubicin-induced apoptosis and chemosensitivity in hepatoma cell lines. Cancer Chemother.
Pharmacol. 2002, 49, 78–86. [CrossRef] [PubMed]

25. Qiao, X.; van der Zanden, S.Y.; Wander, D.P.A.; Borràs, D.M.; Song, J.-Y.; Li, X.; van Duikeren, S.; van Gils, N.; Rutten, A.; van
Herwaarden, T.; et al. Uncoupling DNA damage from chromatin damage to detoxify doxorubicin. Proc. Natl. Acad. Sci. USA
2020, 117, 15182–15192. [CrossRef]

26. McCubrey, J.A.; Steelman, L.S.; Franklin, R.A.; Abrams, S.L.; Chappell, W.H.; Wong, E.W.; Lehmann, B.; Terrian, D.M.; Basecke, J.;
Stivala, F.; et al. Targeting the RAF/MEK/ERK, PI3K/AKT and p53 pathways in hematopoietic drug resistance. Adv. Enzym.
Regul. 2007, 47, 64–103. [CrossRef]

http://doi.org/10.1155/2017/8158254
http://www.ncbi.nlm.nih.gov/pubmed/28702312
http://doi.org/10.3389/fphar.2016.00313
http://www.ncbi.nlm.nih.gov/pubmed/27679576
http://doi.org/10.3389/fphar.2017.00001
http://www.ncbi.nlm.nih.gov/pubmed/28149278
http://doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://doi.org/10.1002/ijc.25516
http://doi.org/10.3322/caac.20107
http://doi.org/10.1200/JCO.2008.20.7753
http://doi.org/10.1093/jjco/hyx180
http://doi.org/10.1055/s-2005-871198
http://doi.org/10.2217/nnm.14.89
http://doi.org/10.1039/C5NR07887C
http://www.ncbi.nlm.nih.gov/pubmed/27067119
http://doi.org/10.1039/a902202c
http://www.ncbi.nlm.nih.gov/pubmed/10888010
http://doi.org/10.1016/j.bbagen.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23428572
http://doi.org/10.2174/138955711797247716
http://www.ncbi.nlm.nih.gov/pubmed/21861806
http://doi.org/10.1039/b812144c
http://doi.org/10.1039/C4OB01123F
http://doi.org/10.4161/cbt.29925
http://doi.org/10.1158/0008-5472.CAN-09-1947
http://doi.org/10.1038/10533
http://doi.org/10.1016/j.toxicon.2007.08.015
http://doi.org/10.1016/j.ejphar.2012.10.029
http://www.ncbi.nlm.nih.gov/pubmed/23123054
http://doi.org/10.3892/ijo.2013.1978
http://www.ncbi.nlm.nih.gov/pubmed/23754252
http://doi.org/10.1080/15384101.2015.1085137
http://doi.org/10.1007/s00280-001-0376-4
http://www.ncbi.nlm.nih.gov/pubmed/11855756
http://doi.org/10.1073/pnas.1922072117
http://doi.org/10.1016/j.advenzreg.2006.12.013


J. Pers. Med. 2022, 12, 1318 12 of 12

27. Liu, X.; Zhang, L.; Yang, L.; Cui, J.; Che, S.; Liu, Y.; Han, J.; An, X.; Cao, B.; Song, Y. miR-34a/c induce caprine endometrial
epithelial cell apoptosis by regulating circ-8073/CEP55 via the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways. J. Cell
Physiol. 2020, 235, 10051–10067. [CrossRef]

28. Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Kempf, C.R.; Long, J.; Laidler, P.; Mijatovic, S.; Maksimovic-Ivanic, D.; Stivala, F.;
Mazzarino, M.C.; et al. Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity
to therapy-implications for cancer and aging. Aging 2011, 3, 192–222. [CrossRef]

29. De Luca, A.; Maiello, M.R.; D’Alessio, A.; Pergameno, M.; Normanno, N. The RAS/RAF/MEK/ERK and the PI3K/AKT
signalling pathways: Role in cancer pathogenesis and implications for therapeutic approaches. Expert Opin. Ther. Targets 2012,
16 (Suppl. 2), S17–S27. [CrossRef]

30. Steelman, L.S.; Pohnert, S.C.; Shelton, J.G.; Franklin, R.A.; Bertrand, F.E.; McCubrey, J.A. JAK/STAT, Raf/MEK/ERK, PI3K/Akt
and BCR-ABL in cell cycle progression and leukemogenesis. Leukemia 2004, 18, 189–218. [CrossRef]

31. Won, J.K.; Yang, H.W.; Shin, S.Y.; Lee, J.H.; Heo, W.D.; Cho, K.H. The crossregulation between ERK and PI3K signaling pathways
determines the tumoricidal efficacy of MEK inhibitor. J. Mol. Cell. Biol. 2012, 4, 153–163. [CrossRef] [PubMed]

32. Dworakowska, D.; Wlodek, E.; Leontiou, C.A.; Igreja, S.; Çakır, M.; Teng, M.; Prodromou, N.; Góth, M.I.; Grozinsky-Glasberg, S.;
Gueorguiev, M.; et al. Activation of RAF/MEK/ERK and PI3K/AKT/mTOR pathways in pituitary adenomas and their effects
on downstream effectors. Endocr. Relat. Cancer 2009, 16, 1329–1338. [CrossRef] [PubMed]

33. Lin, X.; Farooqi, A.A.; Ismail, M. Recent progress in fungus-derived bioactive agents for targeting of signaling machinery in
cancer cells. Drug Des. Dev. Ther. 2015, 9, 1797–1804.

34. Deng, Q.; Yu, X.; Xiao, L.; Hu, Z.; Luo, X.; Tao, Y.; Yang, L.; Liu, X.; Chen, H.; Ding, Z.; et al. Neoalbaconol induces energy
depletion and multiple cell death in cancer cells by targeting PDK1-PI3-K/Akt signaling pathway. Cell Death Dis. 2013, 4, e804.
[CrossRef] [PubMed]

35. Li, Y.X.; Himaya, S.W.; Dewapriya, P.; Zhang, C.; Kim, S.K. Fumigaclavine C from a marine-derived fungus Aspergillus fumigatus
induces apoptosis in MCF-7 breast cancer cells. Mar. Drugs 2013, 11, 5063–5086. [CrossRef] [PubMed]

36. Xu, W.; Huang, J.J.; Cheung, P.C. Extract of Pleurotus pulmonarius suppresses liver cancer development and progression through
inhibition of VEGF-induced PI3K/AKT signaling pathway. PLoS ONE 2012, 7, e34406. [CrossRef] [PubMed]

37. Feng, X.; Yu, W.; Zhou, F.; Chen, J.; Shen, P. A novel small molecule compound diaporine inhibits breast cancer cell proliferation
via promoting ROS generation. Biomed. Pharmacother. 2016, 83, 1038–1047. [CrossRef]

http://doi.org/10.1002/jcp.29821
http://doi.org/10.18632/aging.100296
http://doi.org/10.1517/14728222.2011.639361
http://doi.org/10.1038/sj.leu.2403241
http://doi.org/10.1093/jmcb/mjs021
http://www.ncbi.nlm.nih.gov/pubmed/22561840
http://doi.org/10.1677/ERC-09-0101
http://www.ncbi.nlm.nih.gov/pubmed/19620247
http://doi.org/10.1038/cddis.2013.324
http://www.ncbi.nlm.nih.gov/pubmed/24052072
http://doi.org/10.3390/md11125063
http://www.ncbi.nlm.nih.gov/pubmed/24351905
http://doi.org/10.1371/journal.pone.0034406
http://www.ncbi.nlm.nih.gov/pubmed/22470568
http://doi.org/10.1016/j.biopha.2016.08.029

	Introduction 
	Materials and Methods 
	Cell Culture and Reagents 
	Effect of Diaporine, Oxaliplatin, Doxorubicin and Their Combination on the Number of Liver Cancer Cells 
	Analysis of Drug Interactions 
	Effect of Different Treatments on Colony Growth in Matrigel Matrix 
	Quantification of Apoptosis 
	Effects of Diaporine, Oxaliplatin, Doxorubicin, and Their Combination on Expression and Phosphorylation of Proapoptotic and Antiproliferative Proteins 
	Statistics 

	Results 
	Effect of Diaporine, Oxaliplatin, and Doxorubicin on Cell Numbers 
	Diaporine Improved the Antitumor Activity of Oxaliplatin and Doxorubicin against HEPG2 Cells 
	Diaporine Combined with Doxorubicin or Oxaliplatin Promotes Apoptosis of HepG2 Hepatoma Cells 
	Effects of Diaporine, Oxaliplatin, and Doxorubicin Alone or in Combination on Survival, Apoptosis Pathway, and DNA Damage 

	Discussion 
	References

