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Abstract

Objective: Daphnegiravone D (DGD), a prenylated flavonoid from Daphne giraldii Nitsche, a plant whose roots and stem are used
in Chinese medicine, exerts an inhibitory effect on liver cancer cells. The protein kinase ataxia telangiectasia-mutated and Rad3-
related (ATR) is an important component of the DNA damage response, and its inhibition enhances the sensitivity of some cancer
cells to DNA-damaging drugs. Oxaliplatin (OXA) is a third-generation, platinum-based anticancer drug that exerts its inhibitory
effects on liver cancer cells by inhibiting DNA synthesis. Owing to the fact that most patients develop drug resistance, finding novel
treatments for liver cancer is urgent. In a previous study, DGD was shown to exert anti-tumor effects as a potential ATR kinase
inhibitor. This study investigated the mechanism of action of DGD and its combination with OXA in liver cancer.

Methods: HepG2 and Hep3B cells were used to evaluate the inhibitory effects of DGD on liver cancer. Cellular thermal shift assay,
co-immunoprecipitation, and western blotting were used to confirm the impact of DGD on DNA damage. The methyl thiazolyl
tetrazolium (MTT) assay was performed, and the resulting data were used to calculate drug synergy scores. Acridine orange/
ethidium bromide staining, Annexin V/propidium iodide staining, reactive oxygen species—related staining, and western blotting
were performed to assess the efficacy of the combination of DGD and OXA. An in vivo tumor xenograft model in nude mice was
used to investigate the efficacy of this combination. Hematoxylin—eosin staining and immunohistochemistry were performed to
observe the condition of tissues in vivo.

Results: DGD inhibited liver cancer cells by affecting the formation of the ATR-ATRIP complex and downregulating the activator
protein TopBP1. We found that DGD and OXA showed synergistic growth-inhibitory effects in liver cancer cells in vitro. DGD
and OXA showed synergistic growth-inhibitory effects in liver cancer cells in vitro and showed lower cytotoxicity toward L-02
cells than an equi-effective higher concentration of OXA under the tested conditions in normal liver cells. The combination was
associated with enhanced apoptosis, mitochondrial dysfunction, and oxidative stress. Further experiments suggested that DGD
may enhance OXA-induced DNA damage, at least partly in association with suppression of ATR-related signaling. Consistent with
the above results, DGD enhanced the antitumor efficacy of OXA in vivo without causing overt additional toxicity under the present
experimental conditions.

Conclusion: Our findings indicate that DGD enhances the antitumor activity of OXA against liver cancer, with the in vitro synergistic
effect being associated, at least partly, with suppression of ATR-related signaling, enhanced DNA damage, and oxidative stress.
DGD also improved the antitumor efficacy of OXA in the xenograft model without overt additional toxicity.
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Introduction third-generation platinum-based agent, oxaliplatin
(OXA) exerts anti-tumor effects primarily by inducing
DNA inter- and intra-strand crosslinking, which results
in DNA damagel®*. Therefore, OXA-based chemother-

apeutic drugs, used alone or in combination with other

Liver cancer remains one of the most lethal malig-
nancies worldwide, with rising incidence and mor-
tality rates, and a particularly poor S5-year survival
rate among patients with advanced disease?l. As a
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agents, represent a treatment option for patients with
advanced liver cancer®l. However, its clinical efficacy
is often limited by side effects!”). In recent years, natural
products have become a major source of therapeutic
and preventive agents against various diseases, includ-
ing cancer!®l. Among phytopharmaceuticals, flavonoids
including quercetin, kaempferol, and luteolin have been
shown not only to enhance the anti-tumor activity
of chemotherapy drugs but also to reduce their toxic
side effects® . Therefore, the combination of suitable
natural products with conventional chemotherapeutic
agents holds significant promise for the treatment of
liver cancer.

Daphne giraldii Nitsche is a member of the
Thymelaeaceae family, whose roots and stems are used
as medicine, called ZuShiMa. In a previous study, it was
found that Daphnegiravone D (DGD), a prenylated fla-
vonoid from D. giraldii Nitsche, inhibits liver cancer
cells by inhibiting ataxia telangiectasia and Rad3-related
(ATR) kinasel'?,

ATR is a key protein kinase in the DNA damage
response, and regulates downstream factors to arrest the
cell cycle, stabilize replication forks, and promote DNA
repair, thereby suppressing apoptosis!'*'°l. In cancer
cells, defects in the acquired DNA damage response pro-
mote cell proliferation, tumorigenesis, and tumor pro-
gression. Moreover, chemotherapy insensitivity is often
linked to dysregulated DNA damage response path-
ways!!'*18, Given the central role of ATR in DNA dam-
age response signaling, ATR inhibitors hold substantial
therapeutic potential to improve oncological outcomes,
either as monotherapy or in combination with DNA-
damaging chemotherapeutic agents, ionizing radiation
(IR), immune checkpoint blockers, or poly ADP-Ribose
polymerase inhibitors!"-2!l. Therefore, this study aimed
to investigate the underlying molecular mechanism by
which DGD enhances the anti-liver cancer effects of
OXA.

Materials and methods
Chemicals and reagents

DGD (purity >98%) was isolated from D. giral-
dii in our laboratory, with a molecular formula of
C,H, 0. OXA (51224) was purchased from
Selleck Chemicals (Houston, Texas, USA). Furthermore,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, M2128) was purchased from Sigma-
Aldrich Co., Ltd. (St. Louis, Missouri, USA). Fetal bovine
serum (FBS) was purchased from Zhejiang Tianhang
Biotechnology Co., Ltd. (Hangzhou, China). Dulbecco’s
modified Eagle’s medium (DMEM), phosphate-buffered
saline (PBS), and antibiotics (100 U/mL penicillin, 100
pg/mL streptomycin) were purchased from HyClone,
Inc. (Logan, Utah, USA). Dichlorofluorescein diace-
tate (H,DCF-DA, $1105S), Hoechst 33258 (C1011),
JC-1 (C2005), NP-40 lysis buffer (P0013F), radioim-
munoprecipitation assay lysis buffer (PO013B), com-
mercial caspase-3 assay kits (C1073S), and BCA assay
kits (P0009) were purchased from Beyotime (Shanghai,
China). Annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (PI) were purchased from Bimake
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(Houston, TX, USA). Polyvinylidene fluoride (PVDEF)
membranes (0.2 pm) were purchased from Millipore
(Middlesex, Massachusetts, USA). MitoSOX™ Red
mitochondrial superoxide indicator was purchased from
Molecular Probes (Eugene, Oregon, USA). Antibodies
against Bax, Bcl-xl (sc-8392), p38 (sc-7149), and
B-actin (sc-58673) were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). Antibodies
against ATR (13934), ATRIP (97687), p-CHK1
(Ser345) (2348), y-H,AX (Ser139) (2577), and p-p38
MAPK (Thr180/Tyr182) (4511) were purchased from
Cell Signaling Technology (Danvers, Massachusetts,
USA). Antibodies against TopBP1 (23340-1-AP) were
purchased from Proteintech (Rosemount, IL, USA).
Horseradish peroxidase-conjugated secondary antibod-
ies (goat anti-rabbit or goat anti-mouse) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture

Hep3B and HepG2 cells were used as the liver can-
cer cell lines. L-02 cells were used as normal human
liver cells. Hep3B and HepG2 cells were obtained from
the American Type Culture Collection (Manassas, VA,
USA). L-02 cells were obtained from the National
Collection of Authenticated Cell Cultures (Shanghai,
China). The cells were cultured in DMEM supple-
mented with 10% FBS and 1% antibiotics. Cells were
incubated at 37°C with 5% CO, in a humidified atmo-
sphere. All the experiments were performed using cells
grown logarithmically.

Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was performed
on cell lysates and intact cells. For CETSA of Hep3B
and HepG2 cell lysates, the cells were lysed with lysis
buffer supplemented with a protease inhibitor cocktail.
After centrifugation, the supernatant was aspirated into
a new tube, incubated with dimethyl sulfoxide or DGD
for 1 hour at room temperature, and heated for 3 min-
utes in a polymerase chain reaction (PCR) machine. The
heated lysates were centrifuged to separate the precip-
itated proteins from the soluble fractions. Finally, the
supernatant was loaded onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and
subjected to immunoblotting.

Cell proliferative assay

Cells were seeded in 96-well plates at a density of 5 x 103
cells/well before the addition of DGD, OXA, or their
combination. After incubation for 48 hours, MTT (5 mg/
mL) was added. The absorbance of the plates was mea-
sured at 450nm using a microplate reader (Molecular
Devices; Thermo, Waltham, Massachusetts, USA). The
SynergyFinder on-line software was used to calculate
drug synergy scores with the “inhibition index” by the
response surface model and zero interaction potency
(ZIP) calculation method. ZIP synergy scores greater
than 10 were considered strongly synergistic, and the
gradation of the red regions indicated the intensity of the
synergism?3-241,
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Western blot analysis

Cells were seeded in 6-well plates at a density of 2 x 10°
cells/well for 48 hours before adding DGD, OXA, or their
combination. After treatment, the Hep3B and HepG2
cells were harvested and washed with PBS. Total cellu-
lar protein was isolated using protein extraction buffer
and quantified using the BCA protein assay kit. Cell
lysates in 5x SDS sample buffer were boiled for 10 min-
utes. Subsequently, equal amounts of protein were frac-
tionated using 8% to 12% SDS-PAGE and transferred
to PVDF membranes. After blocking with phosphate-
buffered saline with Tween-20 (PBST) containing 5%
dried skimmed milk, the membranes were incubated
with primary antibodies at 4°C overnight. After washing
with PBS, the blots were incubated with the correspond-
ing horseradish peroxidase—conjugated goat anti-mouse
or anti-rabbit secondary antibodies, followed by detec-
tion using ECL Plus reagent.

Co-immunoprecipitation assays

Hep3B and HepG2 cells were inoculated in 10 cm Petri
dishes and treated with different concentrations of DGD
or vehicle as a control. Subsequently, 40 pL protein A/G
magnetic beads (purchased from Bimake, Houston,
Texas, USA) were incubated with an anti-ATR or anti-
ATRIP antibody at room temperature for 2 hours.
Subsequently, the supernatant was aspirated and the pre-
pared cell lysate was added for further rotation at room
temperature for 1 hour. The beads were washed three
times with lysis buffer, and the immune complexes were
eluted at 95°C for 5 minutes with 5x loading buffer. The
complexes were separated by SDS-PAGE and subjected
to Western blot analysis.

Apoptosis assay

Notably, Hep3B and HepG2 cells were each seeded at 2.5
x 107 cells per well in six-well plates, and after 12 hours,
DGD, OXA, or a combination of both were added, and
the plates were incubated for 48 hours. Cell apoptosis
was evaluated using the Annexin V-FITC/PI apoptosis
detection kit. Following the manufacturer’s instructions,
analysis was performed by flow cytometry and quan-
tified using Flow]JO software. Apoptosis was detected
using AO/EB and Hoechst 33258 staining. After incu-
bation, nuclear morphology was observed and photo-
graphed under different fluorescence wavelengths using
a fluorescence microscope. In addition, a phase-contrast
microscope was used to observe the cell morphology.

Quantification of caspase-3 activities

Caspase-3 kits were used to quantify the caspase activity.
HepG2 and Hep3B cells were seeded in six-well plates
and exposed to indicated concentrations of DGD, OXA,
or their combination. After 48 hours of treatment, the
cells were collected and analyzed according to the man-
ufacturer’s protocol, after which the absorbance values
were measured using a microplate reader at a wave-
length of 405nm. Caspase-3 activity is expressed as a
percentage of the control.
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Examination of mitochondrial function and oxidative stress

Hep3B and HepG2 cells were seeded in a six-well plate
and treated with different doses of DGD and OXA, either
alone or in combination. The cells were stained with
2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA)
for general intracellular reactive oxygen species (ROS)
levels in the dark at 37°C for 30 minutes. MitoSOX
staining was used to detect the level of superoxide anion
in mitochondria at 37°C for 10 minutes in the dark. JC-1
was used to measure the loss of mitochondrial membrane
potential (MMP) at 37°C for 20 minutes in the dark.
Dihydroethidium (DHE), ROS Green H,O,, hydroxy-
phenyl fluorescein (HPF), and C11-BODIPY 581/591
probe were used to detect different reactive oxygen spe-
cies and lipid peroxidation superoxide substances. After
10 minutes of incubation at 37°C, the samples were
rinsed twice with PBS. Subsequently, the generation of
intracellular superoxide, H,0,, -OH, and lipid peroxides
was examined sequentially by fluorescence microscopy.

Real-time PCR

RNA was extracted from Hep3B and HepG2 cells sub-
jected to various treatments using TRIzol reagent, and
the concentration and purity were measured. A Revert
Aid First Strand ¢cDNA Synthesis Kit (TaKaRa, Shiga,
Japan) was used to synthesize cDNA by reverse tran-
scription. The mRNA expression levels were evalu-
ated by real-time PCR according to the manufacturer’s
instructions. The primer sequences used were as follows:

ATR, forward primer, 5- CTATGGGAACAGAGGGT
CTTTT-3 ,reverseprimer,5-TGGTTTACTCCATTCCAC
AAGA-3;

ATRIP, forward primer, 5-TGCCACCTCCTGAGTAG
TAGTTCTG-3,reverse primer, 5 -ATTCCAGCCAAGGT
ACTGCCAAAC-3;

TopBP1, forward primer, 5-CCAGAAATGACAAAG
AACCGTT-3, reverse primer, S-TCAAAGACAACGC
CACTAAAAG-3;

CHK1, forward primer, 5-CTCAAGTTTTGGCGG
GAAAAG-3, reverse primer, 5- AAGTTGAACTTCTC
CATAGGCA-3}

In vivo anti-tumor activity

Male BALB/c athymic nude mice (4 weeks of age and
weighing approximately 20g) were purchased from
Beijing Huafukang Biotechnology Co., Ltd. (Beijing,
China) and maintained under standard pathogen-free
conditions in the Experimental Animal Center of
Shenyang Pharmaceutical University. Mice were
allowed to acclimatize for 7 days after arrival before
any experimental procedures, with free access to food
and water. Mice were housed in individually ventilated
cages under a 12 h light/dark cycle, at 25°C and 55%
relative humidity. Animal care and experimental proto-
cols were performed in accordance with the guidelines
established by the Shenyang Pharmaceutical University
Institutional Animal Care and Use Committee (ethical
approval number: SYPU-IACUC-52022-10.19-101).
Hep3B cells (1 x 107 cells) were subcutaneously injected
into the right flank of each mouse. Mice were randomly
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assigned to different treatment groups using a random
number generator after tumor volume reached 100 mm’.
Animals were randomly allocated to treatment groups
after tumor establishment using a computer-generated
randomization sequence. Tumor measurements,histolog-
ical evaluation and image quantification were performed
by investigators blinded to group allocation until the
analysis was completed. The mice were randomly divided
into control, DGD, OXA, and DGD-OXA combination
groups, 5 each group. The control group was treated with
0.1mL 5% glucose solution every 2 days. The DGD group
was treated with 0.1mL 5mg/kg DGD intraperitoneally
every 2 days. The OXA group was treated with 0.1mL
Smg/kg OXA intraperitoneally every 2 days. The DGD-
OXA combination group was treated with 0.1mL DGD
(Smg/kg) plus 0.1mL OXA (5mg/kg) intraperitoneally
every 2 days. Tumor growth and mouse weight mea-
surement were done by investigators unknown to group
assignment. Animal cages were identified only by number,
coded until unblinding after data analysis was completed.
Tumor growth and mouse weight were evaluated daily,
and tumor volume was calculated using the following
formula: V=L x W?x 0.5236, where V is the volume,
L is the length, and W is the width. Tumor growth and
body-weight data were analyzed using two-way ANOVA.
Animals were monitored daily for body weight, activity,
posture, grooming, food and water intake, and signs of
pain or distress. No pre-specified humane-endpoint cri-
teria were recorded in the available experimental doc-
umentation. The animals were euthanised at the end of
the planned experiment or earlier if severe clinical dete-
rioration occurred, in accordance with the approved
institutional protocol. Anaesthesia and euthanasia were
performed using isoflurane inhalation anaesthesia fol-
lowed by cervical dislocation, respectively, in accordance
with the approved institutional animal-use protocol.
The mice were euthanised after 2 weeks, after which the
tumors and major organs were immediately collected for
histological and immunohistochemical analysis.

Histopathological and immunohistochemical examinations

The major mouse organs were embedded in paraffin,
cut into 4-pm sections, stained with hematoxylin and
eosin, and then observed under a light microscope for
the evaluation of the potential toxicity of the drug to
the organ. For immunohistochemical staining, tumor tis-
sues were embedded in paraffin and cut into 4-pm slices.
Subsequently, the paraffin-embedded tumor sections
were deparaffinized, rehydrated, and subjected to anti-
gen retrieval. Next, sections were incubated with primary
antibodies against ATR and Ki67 overnight at 4°C. After
incubation with secondary antibodies, the tissue mor-
phology of the sections was analyzed under a microscope.

Statistical analysis

All data were analyzed using GraphPad Prism 9.0
(GraphPad Software, Boston, Massachusetts, USA).
Biological replicates were set up for all experiments. Every
experiment was performed at least three times (the specific
number of replicates was indicated in each figure legend),
and the results are expressed as mean = standard deviation
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(SD). Data normality was assessed using the Shapiro-Wilk
test. For two-group comparisons, an unpaired two-tailed
Student ¢ test was used. For multi-group comparisons,
one- or two-way analysis of variance (ANOVA) was per-
formed followed by Tukey’s post hoc test. Nonparametric
tests were applied for non-normally distributed data: the
Mann-Whitney U test for two-group comparisons and
the Kruskal-Wallis test with Dunn’s post hoc analysis for
three or more groups. For multiple measurements from
the same mouse, two-way repeated-measures ANOVA
with a single pooled variance was used, applying Tukey’s
correction for data normality within groups. P values of
<0.05 were considered statistically significant.

Results

DGD affects ATR-ATRIP complex formation in liver cancer
cells

As the first step in exploring how DGD targets ATR to
inhibit liver cancer cells, its suppressive effect on liver can-
cer cells was investigated. DGD exhibited potent cytotox-
icity in a concentration-dependent manner against HepG2
and Hep3B cells with 50% inhibitory concentration (IC_)
values of 7.78 £ 0.89 and 1.68 + 0.48 pM, respectively,
and no obvious effect on normal human hepatic cells
(L-02 cells) (Figure 1A). Next, we explored the ability of
DGD to bind ATR. The CETSA results supported cellular
target engagement between DGD and ATR (Figure 1B).
DGD showed a good binding affinity with ATR (PDB
ID:9143) through molecular docking, with a docking
score of -8.6 (Figure 1C). These docking results suggest a
potential interaction between DGD and ATR.

On DNA damage from either endogenous or exoge-
nous sources, ATR is recruited to the damaged site, where
it binds to the ATR-interacting protein (ATRIP) to form
a complex®). This ATR-ATRIP complex undergoes a
conformational change upon interaction with topoisom-
erase II-binding protein 1 (TopBP1), leading to the phos-
phorylation of the downstream checkpoint kinase CHK1
and ultimately promoting cell survival®?¢-8l. Therefore, a
co-immunoprecipitation (Co-IP) assay was used to mea-
sure the effect of DGD on ATR-ATRIP complex for-
mation. The results suggested that DGD inhibited the
interaction between ATR and ATRIP in a concentration-
dependent manner (Figure 2A, B). Western blotting
revealed significant downregulation of TopBP1 pro-
tein expression upon DGD treatment, with a concom-
itant reduction in CHK1 phosphorylation (Figure 2C,
D). Taken together, these data indicate that DGD may
inhibit the recruitment of the activator TopBP1 and its
downstream regulators by affecting the stability of the
ATR-ATRIP complex, thereby limiting the adequate
activation of ATR in DNA damage response.

DGD promotes OXA-induced apoptosis in liver cancer cells

ATR inhibition sensitizes cancer cells to DNA-damaging
agents and IR>3%, Accordingly, ATR inhibitors are fre-
quently combined with DNA-damaging chemotherapeu-
tics in clinical settings to improve treatment outcomest3!=2l,
Given that earlier data indicated that DGD may act as a
modulator of ATR-related signaling in liver cancer, we
investigated whether it could enhance the efficacy of
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Figure 1. ATR is a target for DGD to exert anti-tumor effects. (A) Cytotoxicity after treatment with various DGD concentrations in HepG2, Hep3B,
and L-02 cells for 48h. The data are presented as the mean + SD of three independent experiments. (B) The stabilization effect of DGD on ATR
at different temperatures was assessed via cellular thermal shift assay (n = 3). (C) The molecular docking and docking score of DGD with ATR.
ATR: Ataxia telangiectasia and Rad3-related kinase; DGD: Daphnegiravone D; DMSO: Dimethyl sulfoxide; IC,: 50% inhibitory concentration; SD:

Standard deviation.

chemotherapy. To evaluate the combined effect, liver cancer
cells were co-treated with DGD and OXA. Cell viability
was assessed using the MTT assay, and drug ZIP synergy
scores were calculated using the SynergyFinder on-line soft-
ware. As shown in Figure 3A and B, the average ZIP scores
indicated a significantly strong synergistic anti-tumor effect
in the majority of the DGD-OXA combination treatments
(ZIP synergy scores >10 indicated synergism). The combi-
nation index (CI) values of the combination of DGD and
OXA (1:1) in Hep3B and HepG2 cells were determined
using CalcuSyn2.1 software. At low concentrations, the
combination therapy showed better inhibitory effects than
monotherapy (CI <1) (Figure 3C). When 50% of the liver
cancer cells were inhibited, the CI values were all <1, indi-
cating a good synergistic effect (Figure 3D). In addition, we
observed that OXA (4.5 pM) and DGD (6 pM) had the
same inhibitory effect on HepG2 cells as 10 pM OXA, and
the toxicity to L-02 was significantly decreased compared
with 10 pM OXA (Figure 3E). The combination therapy
significantly reduced OXA-induced toxicity.

OXA-induced apoptosis is an important mechanism
underlying its anti-tumor effects. Phase-contrast micros-
copy was used to observe morphological changes in liver
cancer cells. As shown in Figure 4A, the treated cells pre-
sented the typical morphology of apoptotic cells, such
as rounding and wrinkling. Hoechst 33258 and AO/EB
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staining demonstrated that combination treatment sig-
nificantly increased chromatin condensation and nuclear
fragmentation (Figure 4A). Furthermore, flow cytom-
etry revealed that DGD combined with OXA markedly
induced apoptosis compared to the untreated cells and
the single-drug group (Figure 4B). Caspase-3 is the most
frequently activated death protease during the early stages
of apoptosis, and is an important marker of apoptosis!>3,
Therefore, apoptosis triggered by OXA and DGD was
further confirmed by the detection of caspase-3 activity
and western blot analysis of Hep3B and HepG2 cells. The
results showed that the DGD-OXA combination enhanced
caspase-3 activity and the expression of the pro-apoptotic
protein Bax, while the combination reduced the expres-
sion of the anti-apoptotic protein Bcl-xI (Figure 2C-E). In
summary, the combination of DGD and OXA synergisti-
cally induces apoptosis in liver cancer cells.

DGD combined with OXA enhanced mitochondrial damage
and oxidative stress in liver cancer cells

OXA exerts its inhibitory effect on tumor cells by accumu-
lating in the mitochondria and inducing oxidative stress,
resulting in excessive ROS production®35l. Therefore,
we used a JC-1 fluorescent probe to detect changes in
MMP. DGD combined with OXA significantly reduced
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Figure 2. Effect of DGD on the ATRIP complex in liver cancer cells. (A, B) Co-immunoprecipitation analysis of the effect of DGD on the ATR-ATRIP
complex (n =3). (C, D) western blotting was performed to detect the levels of ATR, ATRIP, TopBP1, and p-CHK1 in different treatment groups
(n=3). *P <0.05, **P < 0.01, **P < 0.001 vs. control group. ATR: Ataxia telangiectasia and Rad3-related kinase; ATRIP: ATR-ATR-interacting
protein; DGD: Daphnegiravone D.

MMP compared to the drug-only group. To examine the
level of superoxide in the mitochondria, the fluorescent
probe MitoSOX™ Red was used, and red fluorescence
was found to be strongly enhanced in the co-administra-
tion group (Figure SA).
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Oxidative stress results from an
ROS generation and the antioxida
It has been found to be associated

imbalance between
nt defense systems.
with DNA damage

and apoptosis induction3¢37l. Therefore, we measured
the intracellular ROS levels using the oxidation-sensitive
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Figure 3. Combined effects of DGD and OXA on liver cancer. (A) Combined cytotoxicity after treatment with various concentrations of DGD and
OXA for 48h. (B) ZIP synergy plot of the drug combination responses. (C) Cl values of the combination of DGD and OXA in liver cancer cells using
CalcuSyn software. (D) Cl values at ED,, of DGD and OXA. (E) Cytotoxicity after treatment with combined OXA (4.5 uM) with DGD (6 uM) and various
OXA concentrations in HepG2 and L-02 cells for 48h. The data are presented as the mean + SD of three independent experiments. *P < 0.05,
P < 0.01, #*P < 0.001 vs. 0 uM group in HepG2 or 40 pM group in L-02, ##P < 0.001 vs. OXA 10 uM group. Cl: Combination index; DGD:
Daphnegiravone D; ED,: Median effective dose; OXA: Oxaliplatin; SD: Standard deviation; ZIP: Zero interaction potency.

fluorescent probe H,DCF-DA (Figure 5B). Flow cytome-
try and staining results showed that cells co-treated with
DGD and OXA exhibited significantly increased ROS
production. Moreover, based on the results of DHE,
ROSGreen H,0,, and HPF fluorescence staining, DGD
and OXA co-treatment increased the accumulation of
superoxide anions (O,’), hydrogen peroxide (H,0,), and

hydroxyl radicals (-OH), respectively. DGD in combina-
tion with OXA substantially elevated intracellular lipid
peroxidation levels, as assessed by C11 BODIPY 581/591
staining (Figure 5C). In addition, the inhibitory effects
of DGD, OXA alone, and DGD-OXA combination on
liver cancer cells were reversed after N-acetyl-L-cysteine
(NAC) treatment (Figure 5D). These results suggest that
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Figure 4. DGD and OXA synergistically induce apoptosis in liver cancer cells. (A) Phase-contrast microscopy and Hoechst 33258 and AO/EB
staining were used to detect the effects of DGD and OXA alone or in combination on apoptosis in Hep3B (DGD = 0.5 pM, OXA = 1 uM) and HepG2
(DGD = 6 uM, OXA = 4.5 uM) cells for 48h (n = 3). White arrows indicate apoptotic cells. Scale bar represents 50 pm. (B) Hep3B and HepG2 cells
were stained with Annexin V-FITC and Pl probes to estimate cell apoptosis using flow cytometry (n = 3). (C) Caspase-3 activity was detected using a
caspase-3 kit assay in Hep3B and HepG2 cells (n = 3). (D, E) Protein expression levels of Bax and Bcl-xl in Hep3B and HepG2 cells were estimated
by western blotting (n = 3). The data are presented as the means + SD of three independent experiments (*P < 0.05, **P < 0.01, **P < 0.001
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DGD enhances OXA-induced mitochondrial damage
and oxidative stress in liver cancer cells.

DGD increased OXA sensitivity in association with
suppression of ATR-related signaling

To decipher the mechanism by which DGD synergizes
with OXA, western blotting was performed to detect the
expression of ATR-related proteins in liver cancer cells.
Our results showed that the expression levels of ATR,
ATRIP, TopBP1, and p-CHK1 were significantly reduced
in the combination group compared to the OXA alone
group (Figure 6A, B). We also detected changes in mRNA

‘ ‘ HM9_V6N3.indb 379

379

levels using real-time PCR and obtained similar results
(Figure 6C). Phosphorylated H,AX histone (y-H,AX) is a
marker of DNA double-strand breaks, and its quantifica-
tion has become a standard method for quantifying DNA
damage levels in experimental and clinical settings!>¢).
Western blotting showed that y-H,AX protein levels were
robustly upregulated in the treated Hep3B and HepG2
cells (Figure 6A, B). This suggests that DNA damage lev-
els further increased when DGD and OXA were used in
combination. During cellular stress responses and DNA
damage repair, p38 mitogen-activated protein kinase (p38
MAPK) and ATR signaling pathways interact and coop-
erate to maintain normal cellular physiological functions.
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Figure 5. DGD enhances OXA-induced mitochondrial dysfunction and oxidative stress in liver cancer cells. (A) Fluorescence microscopic analysis
of mitochondrial membrane potential, mitochondrial superoxide production, and ROS in Hep3B and HepG2 cells using fluorescent probes JC-1,
MitoSOX™ Red, and H,DCF-DA, respectively (n = 3). (B) Intracellular ROS levels were measured by H,DCF-DA staining and flow cytometry (n = 3).
The data are presented as mean + SD of three independent experiments, *P < 0.05, **P < 0.01, ***£ < 0.001 vs. control, *P < 0.05, #P < 0.01,
P < 0.001 vs. OXA group. (C) DHE, H,0,, HPF, and C11-BODIPY 581/591 staining were used to detect the effect of the combined drugs on
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Figure 6. Effect of drug combination on the ATR signaling pathway. (A, B) The expression levels of ATR, ATRIP, TopBP1, p-CHK1, y-H,AX, p-p38,
and p38 proteins were detected by western blotting (n = 3). (C) The effect of the combination therapy on the mRNA levels of ATR, ATRIP, TopBP1,
and CHK1 was examined using RT-PCR (n = 3). All data are presented as the mean + SD of three independent experiments, *P < 0.05, **P < 0.01,
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Previous studies have demonstrated that activation of the
p38 protein promoted DGD-induced apoptosis and oxi-
dative stressi?>%], Next, we examined the effects of the
combination of DGD and OXA on the p38 pathway. As
shown in Figure 6A and B, the activation of p38 (p-p38)
was significantly upregulated after co-treatment with
DGD and OXA. Taken together, These results suggest that
suppression of ATR-related signaling may contribute, at
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least in part, to the enhanced sensitivity of liver cancer
cells to OXA following DGD treatment.

Combined treatment with DGD and OXA was effective in
treating liver cancer in vivo

Based on the above in vitro findings, the anti-tumor effects
of DGD and OXA were examined in a Hep3B xenograft
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Figure 7. DGD enhances the in vivo efficacy of OXA. Hep3B cells were injected into nude mice, which were subsequently administered 5mg/kg
DGD and/or 5mg/kg OXA (five mice per group). (A, B) Representative photographs of tumor-xenografted nude mice and tumors (n =5). (C, D)
Changes in tumor volume and weight were monitored (n = 5). (E) Body weight changes in tumor-bearing nude mice were monitored during the
experiments (n = 5). (F-J) Index of the heart, liver, spleen, lung, and kidney obtained from Hep3B human xenograft mice after receiving different
treatments (n = 5). (K) H&E staining was used to evaluate the major organs and brain of mice (n = 5). (L) Levels of Ki67 and ATR proteins in the
indicated xenograft tumors were determined by immunohistochemical staining (n = 5). Scale bar represents 50 um. All data are presented as
means + SD, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control, *P < 0.05, #P < 0.01, #P < 0.001 vs. OXA group. ATR: Ataxia telangiectasia and
Rad3-related kinase; DGD: Daphnegiravone D; H&E: Hematoxylin and eosin; OXA: Oxaliplatin; SD: Standard deviation.

model in vivo. As shown in Figure 7A-D, compared mice compared with either monotherapy. Concurrently,
with tumor growth in the control group (glucose-treated  the combined treatment showed no significant influence
group), DGD and OXA alone had a slight inhibitory  on body weight or the heart, liver, lung, spleen, kidney, or
effect on tumor growth, and the combination of OXA  brain in nude mice, suggesting low or no systemic toxic-
and DGD remarkably enhanced anti-tumor activity in ity of the combination therapy (Figure 7E-K). Moreover,
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a significant decrease in spleen index was observed in
the OXA treatment group. However, the spleen index
was upregulated after co-treatment with DGD and OXA
compared to that in the OXA group (Figure 7H). This
indicates that DGD moderated some of the side effects
caused by OXA. Immunohistochemical analysis of the
tumor tissues further verified that the combination of
DGD and OXA inhibited the expression of ATR and
Ki67, a cell proliferation-associated protein (Figure 7L).
Taken together, these results indicate that DGD enhanced
the antitumor efficacy of OXA in vivo, accompanied by
reduced ATR expression in xenograft tumors.

Discussion

Liver cancer is a vascular tumor with a poor prognosis.
Despite great progress in the treatment of liver cancer,
combination chemotherapy remains the main treatment
of choice for patients with unresectable metastatic or
recurrent liver cancer®!. It has been reported that icariin
could exacerbate mitophagy and synergize with doxo-
rubicin to induce cell death in liver cancer. Silibinin
has also been reported to enhance the growth-inhibitory
effects of gefitinib and sorafenib on liver cancer cells™ =3,
Furthermore, Xie et al.*¥ demonstrated that a combina-
tion of chrysophanol and VP-16 synergistically inhibited
the viability of HepG2 cells. Moreover, it has been shown
that flavonoids, isomorellin, and forbesione in combina-
tion with doxorubicin had a synergistic effect on growth
inhibition and apoptosis induction in tumor cells!*.

The DNA damage response in tumor cells differs from
that in normal cells, as it can limit the efficacy of cyto-
toxic chemotherapeutic agents and radiotherapy and pro-
mote DNA repair, which leads to tumor cell survival#=7,
DNA damage response is regulated by two homologous
protein kinases: ataxia telangiectasia—-mutated (ATM)
and Rad3-related (ATR)"8. Therefore, targeting multiple
DNA damage response pathways is an important strategy
for improving the efficacy of DNA-damaging anticancer
drugs'*!. Currently, eight ATR inhibitors have been eval-
uated in multiple early-stage clinical trials, and the major-
ity of clinical trials with ATR inhibitors are combination
studies, especially with platinum-based drugs, antimetab-
olites, and radiotherapy®-*!. Studies have shown that
ATR inhibition sensitizes cancer cells to chemotherapy,
such as in pancreatic cancer (with gemcitabine) and
lung cancer (with cisplatin, OXA, and gemcitabine)2-4,
However, few studies have investigated the combined use
of ATR inhibitors and chemotherapeutic drugs for liver
cancer. Based on previous studies, we found that DGD
may target and inhibit ATR!"?, The primary goal of the
present study was to investigate whether DGD could
potentiate the anti-tumor potential of OXA in liver can-
cer cells. In this study, we found that the combination of
DGD and OXA was cytostatic and exhibited low cyto-
toxicity. Moreover, our results showed that DGD com-
bined with OXA exhibited a synergistic inhibitory effect
on tumor growth iz vivo. We also found that DGD atten-
uated the side effects induced by OXA in vivo, which
might improve patient compliance with OXA.

Activation of the ATR pathway is an extremely com-
plex process. When DNA damage occurs, ATR and its
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functional partner ATRIP are recruited to the site of
DNA damage, forming an active signaling complex!®,
Simultaneously, ATR recruits TopBP1, which stimulates the
kinase activity of ATR and activates downstream factors
such as CHK1 to promote genomic stability in response
to DNA damage, cell cycle arrest, and stabilization of
replication forks®*®l. It is well known that OXA exerts an
anti-tumor effect through its effects on DNA. However, it
also induces a chemotherapy-protective signaling pathway,
which may cause chemotherapy resistance. Iwata et al.’”!
demonstrated that ATR is associated with OXA resistance.
The addition of an ATR inhibitor reverses the activation of
ATR and CHK1 by OXA, thereby synergistically inhibit-
ing tumor cell proliferation. It has also been reported that
OXA induces the activation of the ATR-CHK1 pathway
but increases DNA damage when combined with an ATR
inhibitor*®!, In our study, we found that combination treat-
ment with DGD and OXA was associated with suppres-
sion of ATR-related signaling and CHK1 phosphorylation,
similar to the results of other studies®*¢"l, Furthermore, iz
vivo, DGD combined with OXA effectively reduced ATR
activity in tumor tissues, which is consistent with the in
vitro results. However, the lack of investigation on the level
of related proteins such as p-CHK1 and y-H2AX i vivo
is a limitation of this study. Overall, isopentenyl flavones
are expected to provide a new strategy for combination
therapy by disrupting the damage response and reversing
or preventing OXA resistance. However, the inhibitory
effect of the DGD-OXA combination in OXA-resistant
cell models remains unknown.

Platinum-based compounds have been reported to
induce anti-tumor activity through oxidative stress and
may contribute to ROS production!®-?l, Several recent
studies have shown reduced anti-tumor effects when OXA
is combined with NAC or a superoxide dismutase mimic,
indicating that ROS generation plays a crucial role in
OXA-treated cancer cells. In addition, it has been shown
that piperlongumine in combination with OXA enhanced
the inhibitory effect on colorectal cancer cells by inducing
ROS-mediated mitochondrial dysfunction!¢!. The present
findings suggest that suppression of the DNA damage
response and oxidative stress-associated mitochondrial
dysfunction may represent complementary mechanisms
contributing to the enhanced effect of DGD/OXA. Their
precise hierarchical relationship remains unclear.

The MAPK signaling pathway plays a crucial role in
various cellular responses!®l. P38, an important mem-
ber of the MAPK family, is commonly associated with
stress response, cell differentiation, and apoptotic cell
death, and has been shown to play a vital role in the
formation, development, and therapeutic response of
tumors. It has been reported that OXA-induced DNA
damage and oxidative stress ROS can simultaneously
activate ATR and p38, and the functions of the two
are antagonistic to each other. When ATR is inhibited,
it promotes the pro-apoptotic effect of the P38 MAPK
signaling pathway!®3-%l. A previous study reported that
rutin and OXA synergistically induce apoptosis in gas-
tric cancer cells by activating the p38 signaling path-
wayl®®l In addition, recent studies have shown that some
natural products, such as alantolactone and piperlongu-
mine, can induce apoptotic cell death through activation
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of the p38 signaling pathway via ROS accumulation,
thereby enhancing the anti-tumor effects of OXA7-681,
DGD upregulates the protein levels of p38. In a previous
study, cell viability was clearly reduced after treatment
with DGD, and this effect was abolished by SB203580
(a p38/MAPK-specific inhibitor)!2. OXA also upreg-
ulated the protein level of p38, inhibiting liver cancer
cells. Similarly, our data suggest that DGD combined
with OXA may enhance anticancer effects by activating
the p38 pathway.

Regarding the mechanism of toxicity, OXA often
causes chronic neurotoxicity in patients, which is the
main obstacle to its clinical application. This mechanism
involves multiple pathological processes such as oxi-
dative stress and neuroinflammation!®*7°. Isopentenyl
flavonoids have shown great potential in preclinical
studies, as they exert neuroprotective effects by targeting
these key pathways”!. In addition, DGD was isolated
from D. giraldii Nitsche, the original plant of ZuShiMa,
which has been used to treat traumatic injuries and has
obvious anti-inflammatory effects. Therefore, we spec-
ulated that DGD protects normal cells through anti-
inflammatory mechanisms. The combined use of OXA
and DGD reduced the effective dose of OXA, thereby
alleviating its toxicity.

Limitation

Despite compelling evidence that DGD improved
the anti-tumor effect of the chemotherapeutic drug
OXA on liver cancer, our study has limitations. First,
drug resistance is a major cause of treatment failure.
Current evidence supports chemosensitization, not
reversal of established resistance. The inhibitory effect
of the DGD-OXA combination should be evaluated in
OXA-resistant hepatocellular carcinoma cell models.
In addition, pharmacokinetic and pharmacodynamic
studies are needed to study the mechanism in vivo,
optimize treatment plans, and ensure medication safety.
Therefore, future studies should focus on addressing
these questions.

Conclusion

In summary, our data demonstrated that DGD greatly
enhanced the anti-tumor effect of the chemotherapeutic
drug OXA on liver cancer both iz vitro and in vivo. This
synergism probably resulted from the fact that DGD sup-
pressed the ATR-CHK1 signaling pathway by inhibiting
the activation of the ATR protein, which in turn restrained
the DNA damage response process induced by OXA.
DGD also potentiated the inhibitory effects of OXA on
liver cancer cells by increasing mitochondrial functional
impairment and oxidative stress. Taken together, the
current study supports the concept that an OXA-based
regimen in combination with DGD can result in a more
powerful anti-liver cancer effect, revealing a promising
new approach for the treatment of liver cancer. This war-
rants further evaluation in future clinical settings.
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