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Abstract. The present study aimed to investigate the
molecular mechanisms by which paeonol impedes DNA
damage repair, induces apoptosis and inhibits cell viability
via the mitogen-activated protein kinase (MAPK) pathway.
Firstly, normal human bronchial epithelial cells (BEAS-2B)
and non-small cell lung cancer cells (H1299) were employed
in the study as cellular models. Following cultivation, the
cells were divided into experimental and control groups,
and were treated with different concentrations of paeonol.
Subsequently, various techniques, including western blotting,
Cell Counting Kit-8, colony formation, TUNEL and comet
assays were conducted to evaluate the effects of paeonol on
cell viability, colony-forming ability, apoptosis levels and
DNA damage in H1299 cells. According to the experimental
results, paeonol significantly reduced the viability and
colony formation ability of H1299 cells, but substantially
increased apoptosis and DNA damage. These effects were
enhanced in response to higher concentrations of paeonol.
Furthermore, western blot analysis revealed that paeonol
treatment decreased the protein levels of B-cell lymphoma
2 and breast cancer susceptibility gene 1, while it increased
the expression levels of cleaved-PARP, cleaved-caspase 3,
vH2AX and P21. Additionally, the phosphorylated levels
of extracellular signal-regulated kinase 1, c-Jun N-terminal
kinase and P38 within the MAPK signaling pathway were
diminished. Collectively, the present study demonstrated that
paeonol may inhibit the metabolic activity and proliferative
capability of H1299 cells, and that it could promote apoptosis
and obstruct DNA damage repair by modulating the MAPK
signaling pathway.
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Introduction

Due to an aging population and changes in lifestyle, the global
burden of cancer is escalating, placing significant pressure
on health systems worldwide (1). Non-small cell lung cancer
(NSCLC), one of the most prevalent types of lung cancer,
is characterized by high incidence and mortality rates (2).
Compared with small cell lung cancer, NSCLC exhibits
fundamental differences in treatment and prognosis; therefore,
exploring novel compounds capable of effectively inhibiting
tumor proliferation and inducing apoptosis is of great impor-
tance for enhancing cancer treatment efficacy and improving
survival rates (3).

Paeonol, a phenolic compound discovered in plants
such as peonies, exhibits a broad range of biological activi-
ties, including analgesic, anti-inflammatory, antipyretic and
anti-allergic effects (4). In rat models of Alzheimer's disease,
paeonol increases antioxidant enzyme levels and reduces
pro-inflammatory factors in the hippocampus, helping to
alleviate cognitive impairments in Alzheimer's disease (5).
The potential of paeonol in the treatment of various tumors,
particularly through modulation of the mitogen-activated
protein kinase (MAPK) pathway, has become a focal point
in cancer treatment research. The MAPK pathway, which is
essential for cellular functions such as proliferation, differen-
tiation, migration, survival and apoptosis, involves a cascade
of protein kinases that sequentially activate downstream
molecules and ultimately affect gene expression. Based on the
core constituent protein kinases, the MAPK pathway consists
of several major branches, including extracellular signal-regu-
lated kinase 1 (ERK1), c-Jun N-terminal kinase (JNK) and
P38 MAPK pathways, which each serve a role in various
physiological and pathological processes. Under normal
physiological conditions, the MAPK pathway assists cells in
adapting to external stimuli, maintaining cellular function and
tissue homeostasis. However, in pathological conditions such
as cancer, abnormal activation or inhibition of this pathway
can lead to uncontrolled cell proliferation, suppression of
apoptosis, and enhanced tumor invasion and metastasis (6).
Therefore, understanding the regulatory mechanisms of the
MAPK pathway is essential for developing new therapeutic
strategies.

In recent years, growing research has focused on the
inhibitory effects of natural products on tumor cells, with
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paeonol attracting attention for its demonstrated antitumor
activity in various cancer models. By intervening with the
MAPK pathway, paconol may affect cell cycle regulation,
DNA damage repair processes and activation of apoptotic
signaling, thereby exhibiting a dual inhibitory effect on tumor
cells. Particularly by hindering DNA damage repair mecha-
nisms, paeonol may enhance the sensitivity of tumor cells to
chemotherapeutic drugs, offering a new strategy for cancer
treatment (7,8). Numerous studies have also shown that paconol
exhibits broad-spectrum anticancer effects through multiple
molecular pathways, including PI3K/AKT (9), NF-«B (10),
Wnt/B-catenin (11), MAPK (12) and TGF-p/Smad (13), and
several microRNAs, such as miR-126-5p, miR-139-5p and
miR-665 (14-16). These pathways contribute to inhibiting cell
proliferation, invasion and migration, inducing apoptosis and
cell cycle arrest, and modulating immune suppression and
inflammatory responses within the tumor microenvironment,
further highlighting the anticancer potential of paeonol.

The present study aimed to explore the molecular mecha-
nisms by which paeonol may inhibit DNA damage repair,
induce apoptosis and suppress proliferation through the
MAPK pathway. In addition, the present study evaluated the
differential impacts of paeonol at various doses on H1299
cells. The findings of the present study may provide a scientific
foundation for the application of paeonol in cancer therapy.

Materials and methods

Cell culture and treatment. BEAS-2B normal human bron-
chial epithelial cells were supplied by Beyotime Institute of
Biotechnology, and H1299 NSCLC cells were provided by
Wuhan Pricella Biotechnology Co., Ltd. BEAS-2B cells were
cultured in Bronchial Epithelial Growth Medium (Lonza Group,
Ltd.) supplemented with 2.0 mg/l bovine pituitary extract
(Gibco; Thermo Fisher Scientific, Inc.), 0.5 mg/I hydrocorti-
sone, 0.5 mg/l human epidermal growth factor (Sigma-Aldrich;
Merck KGaA), 0.5 mg/1 epinephrine and 0.5 mg/I transferrin.
H1299 cells were cultured in Roswell Park Memorial Institute
1640 Medium (Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (Sigma-Aldrich; Merck KGaA),
1% penicillin-streptomycin, 10.0 mg/1 glycine, 1.0 mg/1 folic
acid and 100.0 mg/1 calcium nitrate. The cell culture conditions
were maintained at 37°C and 5% CO,.

Paeonol (MedChemExpress) was dissolved in a
solution consisting of dimethyl sulfoxide and 20%
sulfobutylether-f3-cyclodextrin (MedChemExpress) in saline
(10/90, v/v). To assess the cytotoxic effects of paeonol,
BEAS-2B and H1299 cells were allocated into six groups
and exposed to increasing concentrations of paeonol (0, 20,
40, 60, 80 and 100 ug/ml) for at 37°C for 24 h. For further
analysis, H1299 cells were specifically grouped and treated
with different concentrations of paeonol at 37°C for 24 h; the
groups were as follows: i) Control group: H1299 cells treated
with O yg/ml paeonol; ii) 20 yg/ml group: H1299 cells treated
with 20 pug/ml paeonol; iii) 40 ug/ml group: H1299 cells
treated with 40 pg/ml paeonol; iv) 80 pg/ml group: H1299
cells treated with 80 pg/ml paeonol.

Cell Counting Kit (CCK)-8 assay. The CCK-8 assay kit
(Beyotime Institute of Biotechnology) was employed to assess

cell viability and cytotoxicity. Briefly, BEAS-2B and H1299
cells were seeded at an appropriate density of 5x10° cells/well
in 96-well plates. Subsequently, 10 1 CCK-8 solution was
added to each well and the plates were incubated in a cell
culture incubator at 37°C and 5% CO, for 2 h until a noticeable
color change occurred in the wells. The optical density was
then determined at a wavelength of 450 nm using a microplate
reader (Thermo Fisher Scientific, Inc.) to evaluate cell viability
or cytotoxicity (17).

Cell colony formation assay. After culturing H1299 cells to
80-90% confluence, they were detached and converted into a
single-cell suspension through trypsin digestion. Subsequently,
the cells were diluted to an appropriate density of 500 cells/well
and cultured at 37°C and 5% CO, until visible colonies formed.
Upon removal of the culture medium, the cells were fixed with
100% methanol at room temperature for 20 min and stained
with 1 ml Giemsa stain (Beyotime Biotechnology, China) at
room temperature for 30 min. Finally, visible colonies were
counted under a light microscope, where colonies were defined
as clusters containing >50 cells. Both the number and size of
the colonies were recorded to assess the colony formation
ability of H1299 cells.

TUNEL assay. The TUNEL assay kit (Beyotime Institute of
Biotechnology) was utilized to evaluate apoptosis. Specifically,
H1299 cells were fixed with 4% formaldehyde solution
at room temperature for 15-30 min, followed by washing
with PBS. After treatment with proteinase K, the samples
were incubated with a mixture of biotinylated deoxyuridine
triphosphate and terminal deoxynucleotidyl transferase under
suitable reaction conditions at 37°C for 1 h. After incubation,
4',6-diamidino-2-phenylindole was added at a concentration
of 1 ug/ml for staining, and the samples were incubated
at room temperature for 5-10 min. Next, the samples were
analyzed using a fluorescence microscope (Thermo Fisher
Scientific, Inc.) to assess the level of apoptosis. A minimum
of five fields of view were observed to determine the number
of TUNEL-positive cells, which indicate significant DNA
fragmentation, evident through enhanced fluorescence or color
development (18).

Comet assay. The comet assay kit (Beyotime Institute of
Biotechnology) was employed to assess the DNA damage in
H1299 cells. Briefly, the cells were collected at a density of
1x10° cells/ml and embedded in low melting point agarose. The
cells embedded in agarose were then pipetted onto a micro-
scope slide precoated with a layer of agarose, and were overlaid
with a third layer of agarose to encapsulate the cells. Upon
solidification, the slides were immersed in lysis solution at 4°C
to lyse the cells, thereby removing the cell membrane and part
of the nuclear proteins to release the DNA. After lysis, the
slides were transferred to an electrophoresis tank and subjected
to electrophoresis, under alkaline conditions. During this
process, fragmented DNA and relaxed DNA migrated towards
the anode, forming a ‘comet tail’. After electrophoresis, the
slides were washed with water or alcohol and then stained with
20 pg/ml ethidium bromide at room temperature for 15 min for
visualization. Under a fluorescence microscope, the DNA in
the comet's head (unaltered DNA) and tail (damaged DNA) was
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Figure 1. Effects of Pae on cell viability and proliferation. (A) Chemical structure of Pae. Determination of the effect of Pae on the viability of (B) BEAS-2B
and (C) H1299 cells, as determined by Cell Counting Kit-8 assay. (D) Effects of Pae on the proliferative ability of H1299 cells, as determined by cell colony

formation assay. n=3. “P<0.01 vs. control group. Pae, paeonol.

observed, analyzed and images were captured. The percentage
of tail DNA (%) and tail moment were calculated using special-
ized software (Comet Assay Software Version 1.2.3; Trevigen,
Inc.; Bio-Techne), where tail DNA (%) was determined by the
ratio of the fluorescence intensity in the tail to the total fluores-
cence intensity, and tail moment was calculated as the product
of the tail length and the percentage of DNA in the tail.

Western blotting. The cells were lysed with RIPA lysis buffer
(Beyotime Institute of Biotechnology) and proteins were quan-
tified using the Bradford protein assay kit (Beyotime Institute of
Biotechnology). The proteins (40 pg/lane) were then separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on a 10 or 12% gel, followed by transfer onto polyvinylidene
fluoride membranes. After blocking with 5% non-fat milk at
room temperature for 2 h, the membranes were incubated with
specific primary antibodies overnight at 4°C: B-cell lymphoma
2 (Bcl-2; 1:1,000; cat. no. ab194583), cleaved-PARP (1:1,000;
cat. no. ab4830), PARP (1:1,000; cat. no. ab32064), caspase
3 (1:5,000; cat. no. ab32351), cleaved-caspase 3 (1:5,000;
cat. no. ab214430), yYH2AX (1:1,000; cat. no. ab243906),
H2AX (1:1,000; cat. no. ab229914), breast cancer suscepti-
bility gene 1 (BRCA1; 1:1,000; cat. no. ab90528), P21 (1:1,000;
cat. no. ab109199), JNK (1:2,000; cat. no. ab124956), phos-
phorylated (p)-JNK (1:2,000; cat. no. ab124956), P38 (1:1,000;

cat. no. ab316937), p-P38 (1:1,000; cat. no. ab4822), ERK1
(1:1,000; cat. no. ab32537), p-ERK (1:1,000; cat. no. ab201015)
and GAPDH (1:10,000; cat. no. ab181603) (all from Abcam).
The membranes were then incubated with horseradish peroxi-
dase-labeled secondary antibodies (1:5,000; cat. no. ab205718;
Abcam) at room temperature for 1 h. By adding an enhanced
chemiluminescence substrate (cat. no. 32109; Thermo Fisher
Scientific, Inc.), a chemiluminescent reaction was triggered,
producing luminescent signals that were detected via fluo-
rescence imaging system. Semi-quantitative analysis of the
protein bands was conducted based on their intensity using
ImageJ 5.0 software (National Institutes of Health) (19).

Statistical analysis. Statistical analysis was performed using
SPSS 26.0 software (IBM Corporation). The data are presented
as the mean + standard deviation and each experiment was
repeated at least three times. Group differences were evaluated
using one-way ANOVA followed by Tukey's post hoc test for
multiple comparisons. P<0.05 was considered to indicate a
statistically significant difference.

Results

Effects of paeonol on cell viability and proliferation. The
effects of paeonol (Fig. 1A) on viability and proliferation were
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Figure 2. Pae promotes the apoptosis of H1299 cells. (A) Apoptosis of H1299 cells was determined by TUNEL assay. (B) Protein expression levels of Bcl-2,
cleaved-PARP, PARP, cleaved-caspase 3 and caspase 3 in H1299 cells were determined by western blot analysis. (C) Semi-quantification of relative protein
expression levels for Bel-2, cleaved-PARP, PARP, cleaved-caspase 3 and caspase 3 in H1299 cells. n=3. “P<0.01 vs. control group. Bcl-2, B-cell lymphoma 2;

Pae, paeonol.

evaluated through CCK-8 and cell colony formation assays.
The results of CCK-8 assay (Fig. 1B) indicated that paeonol
did not exhibit significant cytotoxicity to BEAS-2B cells
within the concentration range of 0-80 pg/ml, as cell viability
remained comparable to the control. However, paeonol treat-
ment significantly decreased the viability of H1299 cells in a
dose-dependent manner (P<0.01; Fig. 1C), suggesting a toxic
effect on these cells. Additionally, the cell colony formation
assay (Fig. 1D) further confirmed the inhibitory effect of
paeonol on the proliferative capability of H1299 cells. While
the CCK-8 assay primarily reflected overall cell viability and
survival, the colony formation assay directly measured the
proliferative capacity of cells. The results showed a significant
dose-dependent reduction in colony formation ability of H1299
cells treated with paeonol (P<0.01), indicating that paeonol
effectively reduced the proliferative capacity of these cells.
These findings suggested that paconol exerted a toxic effect on
H1299 cells, primarily by inhibiting their proliferative capacity.

Paeonol promotes the apoptosis of HI299 cells. Subsequently,
TUNEL assays and western blot analysis were performed to
investigate the pro-apoptotic effects of paeonol on H1299 cells.
The TUNEL assay results revealed a concentration-dependent
increase in apoptosis levels among H1299 cells treated with
paeonol compared with the control group (P<0.01; Fig. 2A).
Western blot analysis further supported these findings, demon-
strating significant dose-dependent increases in the expression
levels of apoptosis-inducing proteins (cleaved-PARP and
cleaved-caspase 3) (P<0.01), with no significant changes

in the expression of PARP and caspase 3 (Fig. 2A and B).
Additionally, there was a significant decrease in the expres-
sion levels of the anti-apoptotic protein Bcl-2 (P<0.01). These
changes in protein expression suggested that paeonol effec-
tively regulated apoptotic signals.

Paeonol inhibits DNA damage repair in HI299 cells. The
comet assay was used to assess the impact of paconol on DNA
damage in H1299 cells. According to the assay results, there
was a significant increase in DNA damage across all concen-
trations of paeonol, as evidenced by enhanced comet tail
DNA content and length (P<0.01; Fig. 3A-C). Furthermore,
western blot analysis was employed to measure the expres-
sion levels of proteins associated with DNA damage and cell
cycle regulation. The analysis results showed a significant
increase in the expression levels of the DNA damage marker
YH2AX/H2AX and cell cycle inhibitor P21 in H1299 cells,
alongside a significant decrease in the expression levels of the
DNA repair protein BRCA1 (P<0.01; Fig. 3D and E). These
changes suggested that paeonol induced cell cycle arrest and
diminished DNA damage repair capacity in H1299 cells.

Paeonol inhibits the MAPK pathway in HI299 cells. Western
blot analysis was applied to evaluate the effect of paeconol on
the MAPK signaling pathway in H1299 cells. The analysis
focused on the levels of p-ERKI1/ERKI1, p-JNK/INK and
p-P38/P38, comparing cells treated with various concentra-
tions of paeonol to the control group. The analysis results
indicated that paeonol treatment led to a significant decrease



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY LETTERS 28: 560, 2024

B
A 100 C 150+
Control Pae-20 pg/ml  Pae-40 ug/ml  Pae-80 pug/ml < 80+ I (:;: .. B
< - = 100 -
3 001 5
2 40- £
© g 504
_ i F 20- = =
20 pm | 20 pm = '— _
O by
5 S LT LE &F
S = 3 = S El= Sl
O o o o O o o o
S a4 ¥ ©
= = = g 3 8
£ £ £ c & &
()] ()] ()]
= =% =
T § 8§ 8
D A T T E
© - e o Control
5 Pae-20 ug/ml
2AX Cm— Gm—— o _ -
H 19 kDa §10 ” - Pa-40 ug/mi
Hoax (D GHED G & | 5 . s 81 "1 Pae-80 ug/ml
cef |
BRCA1 | w— 208 kDa % 4 -
= ~ &
P21 | 18 kDa 'g 24 .
© ™ T - T
s -
kD [} T T T
GAPDH (D TIPS GNP S |36 kDa o JHRAX/H2AX BRCA P

Figure 3. Pae inhibits DNA damage repair in H1299 cells. (A) Determination of the impact of Pae on DNA damage in H1299 cells, as determined by comet
assay (magnification, x400). (B) Comet tail DNA content in H1299 cells. (C) Comparison of tail moment in H1299 cells. (D and E) Protein expression
levels of YH2AX/H2AX, BRCAI and P21 in H1299 cells were detected by western blotting. n=3. "P<0.05, “P<0.01 vs. control group. BRCA1, breast cancer
susceptibility gene 1; Pae, paeonol.
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in the phosphorylation of ERK1, JNK and P38 at all tested
concentrations compared with the control group (P<0.01), with
no notable changes in the expression of total proteins (ERK1,
JNK and P38) (Fig. 4A and B). We assessed one of the splice
variants of JNK, along with its phosphorylation state, which
corresponded to molecular weights of 46 and 54 kDa, respec-
tively. These outcomes suggested that paeonol effectively

inhibited activation of the MAPK pathway, potentially leading
to the apoptosis and reduced proliferation of H1299 cells.

Discussion

Previous studies have demonstrated that paeonol has various
anticancer mechanisms in NSCLC and lung adenocarcinoma,
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including upregulation of tumor suppressor genes, regulation
of glycolytic reprogramming, disruption of key signaling path-
ways and enhancement of radiosensitivity (20-22). Notably,
paeonol has been shown to inhibit the in vitro migration and
invasion of A549 lung cancer cells, and to reduce the secretion
of inflammatory cytokines (23-25). In NSCLC cells, paconol
has been reported to exhibit significant anticancer activity by
upregulating the expression of the tumor suppressor genes
TNNCI or SCARAS, leading to inactivation of the AKT
signaling pathway (23-25). Additionally, paconol may regulate
glycolytic reprogramming and proliferation in A549 cells
through m6A modification of ACADM (23-25). Paeonol can
also effectively inhibit the proliferation, migration and inva-
sion of NSCLC cells by disrupting the STAT3 and NF-xB
signaling pathways, suggesting its potential as a promising
anti-metastatic agent for cancer chemotherapy (21). Moreover,
paeonol has been reported to enhance radiation-induced
apoptosis and inhibit the PI3K/Akt pathway, demonstrating
radiosensitizing effects in lung adenocarcinoma (26).

Building on these aforementioned findings, the present
study investigated the effects of paeonol on the viability,
apoptosis and DNA damage of H1299 cells. Due to the lack of
existing data on paeonol in H1299 cells, the doses were selected
based on preliminary experimental results and dose-response
curves. Our preliminary experiments assessed the effects of
different concentrations of paeonol on cell viability, prolif-
eration and apoptosis, helping to determine the dose range
(20, 40 and 80 pg/ml) used in the present study. The present
findings demonstrated that paeonol inhibited the viability and
induced the apoptosis of H1299 cells. Additionally, paeonol
effectively disrupted DNA repair, which may increase cell
sensitivity to DNA damage. In addition, paeonol suppressed
the MAPK pathway, potentially contributing to its anti-prolif-
erative and pro-apoptotic effects, with these effects showing a
clear concentration dependency.

Previous research has shown that paeonol can directly
target tumor cells, inhibiting cell division and prolif-
eration during the G,/G, or G,/M phases, and triggering
apoptosis through both intrinsic and extrinsic pathways (23-25).
Consistent with previous findings, the present study further
validated the potential value of paeonol in modulating apop-
tosis-related proteins and suppressing anti-apoptotic factors,
such as Bcl-2 (20,21,27). Additionally, the MAPK pathway,
comprising ERK1, JNK and P38 MAPK, has been reported to
serve a pivotal role in various biological functions, including
cell growth, cell cycle regulation, stress responses and apop-
tosis (28-30). The current study confirmed that paconol was
effective in inhibiting activation of the MAPK signaling
pathway, which is considered one of the crucial cellular signal
transduction pathways.

The present results not only corroborated the estab-
lished antitumor activity of paeonol but also improved
the understanding of its underlying mechanisms (31). For
example, alterations in protein expression, such as down-
regulation of Bcl-2, and upregulation of cleaved-PARP and
cleaved-caspase 3, indicated the apoptosis pathways influ-
enced by paeonol. In terms of DNA damage repair, paeonol
was observed to enhance the expression of the DNA damage
marker YH2AX/H2AX and reduce the levels of the DNA
repair protein BRCAI, which suggested a weakened DNA

damage repair capability (22,32). Such effects could position
paeonol as a promising chemosensitizer (14,33). The present
study not only confirmed the antitumor activity of paeonol
and revealed its potential molecular mechanisms, but also
offered novel insights into regulation of the MAPK signaling
pathway and its implications for other cancer types reliant on
this pathway (16,34-36).

Despite the present study highlighting the antitumor
potential of paeonol in H1299 cells, it is important to note
that BEAS-2B is a normal human bronchial epithelial cell
line, whereas H1299 is a NSCLC cell line. The differences in
sensitivity to paconol between BEAS-2B and H1299 cells may
be attributed to inherent genetic and metabolic differences
between normal and cancer cells. Additionally, cancer cells
such as H1299 often exhibit dysregulated signaling pathways,
including those involved in cell proliferation and apoptosis,
which may make them more susceptible to the effects of
paeonol.

The current study primarily utilized in vitro cell models
(BEAS-2B and H1299 cells) to demonstrate the effects of
paeonol. However, to further validate these findings, it is
necessary to assess the variability in responses to paeonol
among different types of NSCLC cells, and to conduct
in vivo studies and clinical trials. Since this study used only
one NSCLC cell line (H1299), it limits the comprehensive
understanding of the efficacy of paeonol across various
cancer subtypes. Although the impact of paeonol on the
MAPK signaling pathway was identified, other signaling
pathways or molecular mechanisms may also contribute to its
antitumor effects, which require further investigation. Given
these limitations, future research should aim to validate
the antitumor effects of paeonol using in vivo models, and
explore its safety profile and pharmacokinetics. In addition,
attention should be given to testing the long-term effects and
potential toxicity of paeonol. This will help to comprehen-
sively understand the potential and application prospects of
paeonol in cancer therapy.

In conclusion, the present study indicated that paeonol
can effectively inhibit the metabolic activity and proliferative
capacity of H1299 cells, promote apoptosis and impede DNA
damage repair processes, which could be achieved through
modulation of the MAPK signaling pathway. Furthermore,
the present study improves the understanding of the mecha-
nisms underlying the antitumor effects of paeonol, and lays a
scientific foundation for further investigation of its anticancer
activity in vivo and its potential application in clinical cancer
treatment.
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