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Abstract: Objective: To investigate the effects of Angelica dahurica extract (ADE) on radiosensitivity of non-small-
cell lung cancer (NSCLC) cells and the JAK/STAT pathway. Methods: The viability and radiosensitivity of NSCLC cell
lines (A549, Calu-1, and H460 cells) were determined using CCK-8 and colony formation assays. Apoptosis was
measured using flow cytometry. The expression and phosphorylation levels of Janus kinase 1 (JAK1) and signal
transducer and activator of transcription 3 (STAT3) were measured using Western blot. In vivo, a Calu-1 cell-derived
xenograft tumor model in nude mice was constructed to determine the effect of ADE on radiosensitivity. Results:
ADE treatment significantly enhanced the radiosensitivity of NSCLC cell lines, as supported by increased apoptotic
rate in irradiation (IR)-induced NSCLC cells. After ADE treatment, the phosphorylation level of STAT3 in IR-induced
NSCLC cells was markedly decreased. Reactivation of STAT3 by co-administration of colivelin, a STAT3 activator,
abolished the radio-sensitizing effect of ADE on A549, Calu-1, and H460 cells. In vivo, the combination of ADE and
radiotherapy was well tolerated and significantly inhibited tumor growth. Compared with the control group and ra-
diation group, the radiation + ADE treatment group showed lower STAT3 phosphorylation level in the transplanted
tumor tissues. Conclusion: ADE exerts radio-sensitizing effects on NSCLC cells by blocking the JAK/STAT pathway.
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Introduction

Lung cancer (LC) is the second most com-
monly diagnosed cancer worldwide [1]. At pres-
ent, the most effective treatments yield 5-year
overall survival rates (OSRs) of only 6% for
small cell lung cancer (SCLC) and 16% for non-
SCLC (NSCLC) [2]. Such unfavorable results are
largely attributed to the inherent or acquired
resistance of LC to chemotherapy and radio-
therapy. Therefore, a comprehensive under-
standing of the molecular mechanisms under-
lying treatment resistance is of great impor-
tance for improving patient survival and identi-
fying effective treatment agents.

Angelica dahurica extract (ADE), a Chinese
herbal medicine, is frequently used in combina-
tion with other herbs to treat various diseases,
such as urinary disorders and inflammation [3].
Imperatorin, an active ADE compound, has
been shown to exert antioxidant effects and
alleviate hypertension through inhibition of the

mitogen-activated protein kinase (MAPK) path-
way and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activation [4, 5].
Moreover, isoimperatorin and imperatorin have
been identified as the principal active com-
ponents of ADE [6, 7]. Evidence indicates that
imperatorin has anti-cancer effects, including
the induction of apoptosis and restoration of
the chemosensitivity in cancer cells [8]. Simi-
larly, imperatorin has been reported to re-
sensitize doxorubicin-resistant leukemia cells
(K562/DOX) to DOX and enhance the antitu-
mor effect of DOX on K562/DOX xenograft
tumors in NOD/SCID mice [9]. Furthermore,
imperatorin exhibits protective effects on cul-
tured neural cells. Although the medicinal prop-
erties of ADE have been documented in the
Chinese Pharmacopeia, its underlying mecha-
nisms in NSCLC remain unclear.

The Janus kinase (JAK)-signal transducer and
activator of transcription (STAT) pathway medi-
ates cytokine signaling and plays critical roles
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in regulating immune responses and cellular
physiological processes [10]. Abnormal JAK-
STAT activation has been implicated in various
human malignancies. Constitutive activation of
JAK leads to persistent activation of STAT3, a
well-recognized oncogene [11]. Previous study
has reported that transfection with constitu-
tively activated STAT3 induces tumors in nude
mice [12]. Moreover, STAT3 activation has been
detected in various human cancers, including
NSCLC [13-15]. The 5-year overall survival (0S)
rate of NSCLC patients with high STAT3 expres-
sion was significantly lower than those with low
STAT3 expression [16], highlighting STAT3 as a
promising therapeutic target in NSCLC.

Although the anti-cancer effects of ADE have
been reported, its effect on the radiosensitivity
of NSCLC remains unclear. Therefore, this study
aimed to explore whether ADE enhances the
radiosensitivity of NSCLC cells and to elucidate
the underlying molecular mechanisms.

Materials and methods
Cell culture and irradiation

Calu-1, 95D, A549, NCI-H460, NCI-H1650, and
NCI-H1299 cell lines were obtained from the
Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences. RPMI-1640 and
McCoy’s 5A media were purchased from Sigma
Aldrich Co. (St Louis, MO, USA). Colivelin (CLN)
(@ selective STAT3 activator) was obtained
from Selleck Chemicals (Houston, TX, USA).

Calu-1 cells were cultured in McCoy’s 5A me-
dium, while 95D, A549 cells, NCI-H460, NCI-
H1650, and NCI-H1299 cells were cultured in
RPMI-1640 medium. All media were supple-
mented with 10% fetal bovine serum (FBS). The
cells were incubated at 37°C in a humidified
atmosphere with 5% CO,. Irradiation was con-
ducted using 6-MV X-ray energy (dose rate:
200 cGy/min, source-skin distance: 100 cm).
At 2.5 days after irradiation, the cells were
rinsed three times with phosphate buffered
saline (PBS) and then cultured in growth medi-
um containing ADE (100 uM) and/or CLN (50
uM) for 1 day.

Cell counting kit-8 (CCK)-8 assay
Cells were inoculated in 96-well plates at a

density of 2 x 102 cells/well. At days 2, CCK-8
reagent (10 pL; Shanghai Biyuntian Biotech-
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nology Co., Ltd., China) was added into each
well, followed with fresh medium (90 uL). The
cells were then cultured for 60 min. The opti-
cal density (OD) at 450 and 630 nm was mea-
sured using a microplate reader.

CellTiter-Glo test

Cell proliferation was tested using CellTiter-Glo
kit (Promega) according to the instructions of
manufacturer. Briefly, cells were seed in 96-well
plates at a density of 2 x 10° cells/well. On day
2, an equal volume of CellTiter-Glo reagent was
added to each well. Chemiluminescence was
detected using an Envision microplate reader.

Flow cytometry (FCM)

Apoptosis was determined using an Annexin
V-FITC/PI Kit (Biyuntian Biotechnology Co.,
Ltd.) according to the manufacturer’s instruc-
tions. Next, 100 uL of cell suspension was in-
cubated with Annexin V (5 uL), and propidium
iodide (PI; 1 pL) in 1 x Annexin V binding buffer
for 15 min at room temperature in the dark.
Annexin V binding buffer (400 ul) was added to
quench the reaction. The apoptosis rate was
measured using a flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ, USA).

Western blot analysis

Proteins were extracted from the cells using
RIPA buffer (Beyotime Biotechnology) at 4°C.
Protein samples were separated by SDS-PAGE
and transferred onto PVDF membranes. Mem-
branes were incubated with primary antibodi-
es against pJAK1 (1:1000, ab138005), JAK1
(1:1000, ab47435), pSTAT3 (1:200, ab30647),
STAT3 (1:1000, ab5073), and GAPDH (1:5000,
ab8245) (all from Abcam), followed by incuba-
tion with HRP-conjugated secondary antibodies
(goat anti-mouse or goat anti-rabbit; 1:1,000;
Beyotime Biotechnology). Protein bands were
visualized using enhanced chemiluminescen-
ce reagents (Millipore Sigma, Burlington, MA,
USA).

Xenograft mouse model

BALB/c nude mice (28 days old) were pur-
chased from VitalRiver and maintained at the
Laboratory Animal Center of Anhui Medical
University. All animal procedures were appro-
ved by the Research Ethics Committee of An-
ging Municipal Hospital.
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Figure 1. Angelica dahurica extract (ADE) enhanced the radiosensitivity of
radiation-treated NSCLC cells. A-F. Effects of ADE on the viability of radiation-
treated A549, Calu-1, H1299, H1650, H460, and 95D cells, as measured by
CCK-8 assay. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group; **P <
0.01 vs. IR group.
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Figure 2. The combination of Angelica dahurica extract (ADE) and irradiation
significantly inhibited the proliferation of radiation-treated NSCLC cells. A-C.
Effects of ADE on the viability of IR-treated A549, Calu-1, and H460 cells, as
measured using CellTiter-Glo test. *P < 0.05, **P < 0.01 vs. control group;
%P < 0.05, **P < 0.01 vs. IR group.

lated using the formula: (mm3)
= length x width?/2. Mice we-
re euthanized by cervical dis-
location on day 14 after tumor
inoculation, and tumor weight
was measured to evaluate the
anti-tumor effects.

Statistical analysis

Statistical analysis was per-
formed using SPSS 17.0, and
figure generation was per-
formed using GraphPad 5.0
(La Jolla, CA). Data were pre-
sented as the mean = SD
of three individual experi-
ments. Comparison between
two groups was conducted
using Student’s t-tests, while
comparison among multiple
groups were conducted using
one-way analysis of variance
(ANOVA) with Tukey post-hoc
test. P < 0.05 was considered
statistically significant.

Results

ADE treatment promoted
radiosensitivity of IR-treated
NSCLC cells

The effects of ADE on the via-
bility of NSCLC cells were first
evaluated using the CCK-8
assay. ADE treatment alone
did not significantly affect the
viability of most NSCLC cells,
except for NCI-H1650 and
95D cells (Figure 1A-F). After
irradiation, a sharp decrease

Calu-1 cells (5 x 10° cells in 100 yL of PBS)
were subcutaneously administered into the
nude mice. A total of 32 nude mice were ran-
domly divided into four groups (n = 8 per group):
Control, ADE, irradiation (IR), and IR + ADE
groups. ADE was administered at a dose of 10
mg/kg, once every three days for two weeks.
Radiotherapy was delivered at a total dose of
10 Gy (2 Gy/day for 5 consecutive days). The
schematics of model establishment is demon-
strated in Figure 7A. Body weight and tumor
sizes were measured every other day to confirm
successful modeling. Tumor sizes were calcu-
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was observed in the viability of all six NSCLC
cell lines. After the administration of ADE in
IR-treated NSCLC cells, the cell viability was
further reduced compared with that in the
IR-treated groups (Figure 1A-F).

Based on these results, A549, Calu-1, and
H460 cells were selected for further analysis.
Results from CellTiter-Glo test showed that the
proliferative capacity of these cells was not
changed after ADE treatment but was signifi-
cantly impaired following IR treatment (Figure
2A-C). Importantly, the combination of IR and
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Figure 3. The combination of Angelica dahurica extract (ADE) and irradiation robustly induced apoptosis in radia-
tion-treated NSCLC cells. A-C. Effects of ADE on the apoptosis of radiation-treated A549, Calu-1, and H460 cells, as
measured using flow cytometry. **P < 0.01, ***P < 0.001 vs. control group; *P < 0.05 vs. IR group.

ADE further reduced the proliferative capacity
of these cells. Collectively, these findings in-
dicate that ADE enhances the radiosensitivity
of NSCLC cells while exerting minimal effects
under non-irradiated conditions.

Radiotherapy combined with ADE promoted
apoptosis of NSCLC cells

The effect of ADE on apoptosis in IR-treated
NSCLC cells was further investigated. IR tre-
atment significantly increased apoptosis in
A549, Calu-1, and H460 cells, whereas ADE
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treatment alone had no significant effect on
apoptotic rates. Moreover, the combination of
radiotherapy and ADE treatment further incre-
ased apoptosis in these NSCLC cell lines, with
the most pronounced effect observed in A549
cells (Figure 3A-C).

Effects of ADE on JAK1/STAT3 signaling in ir-
radiated NSCLC cells

The expression and phosphorylation levels of

JAK1 and STAT3 in NSCLC cells were detected
using western blotting. ADE treatment alone

Am J Transl Res 2026;18(2):949-958
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Figure 4. Effects of ADE and IR on JAK1/STAT3 activation in NSCLC cells.
A-C. Western blotting was performed to determine the expression and phos-
phorylation of JAK1 and STAT3 in IR-treated A549, Calu-1, and H460 cells.
Relative band densities are shown in the right panel. *P < 0.05, **P < 0.01

vs. control group; *P < 0.05 vs. IR group.

did not significantly change the expression and
phosphorylation of JAK1 and STAT3 in non-IR-
treated A549, Calu-1, and H460 cells. However,
IR treatment significantly increased phosphory-
lated JAK1/total JAK1 ratio and phosphorylat-
ed STAT3/total STAT3 ratio in NSCLC cells, sug-
gesting that the JAK1/STAT3 pathway was acti-
vated after IR treatment. Furthermore, com-
bined ADE and IR treatment markedly reduced
the phosphorylated STAT3/total STAT3 ratio
but did not change the phosphorylated JAK1/
total JAK1 ratio (Figure 4A-C), indicating that
ADE selectively inhibited the phosphorylation
of STAT3 without affecting the phosphorylation
of JAK1 in IR-treated NSCLC cells.

STAT3 reactivation by CLN in ADE- and IR-
treated NSCLC cells

We hypothesized that ADE-induced STAT3 de-
activation contributes to the radio-sensitizing
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liferation capacity of NSCLC
cells was markedly restored
after the co-treatment with
ADE and CLN (Figure 6A-C).

Moreover, FCM was conduct-

ed to detect apoptosis of
IR-treated NSCLC cells. ADE treatment further
increased the apoptosis of IR cells. However,
the co-administration of ADE and CLN revers-
ed this pro-apoptotic effect of ADE (Figure
6D-F). These findings suggest that STAT3 deac-
tivation contributes to the ADE-facilitated radio-
sensitivity in NSCLC cells.

Combined treatment of radiotherapy and ADE
in mice with calu-1 cells

Consistent with the in vitro results, ADE alone
showed no marked effect on the JAK1/STAT3
pathway-related molecules in xenograft tis-
sues. The expression levels of total and phos-
phorylated JAK1 and STAT3 proteins markedly
improved after radiotherapy. However, IR com-
bined with ADE treatment markedly suppress-
ed STAT3 phosphorylation (Figure 7B). Compar-
ed with the control group, radiotherapy mark-
edly inhibited tumor growth, whereas ADE treat-
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Figure 5. Effects of colivelin on Angelica dahurica extract (ADE)-deactivated
JAK1/STAT3 pathway in NSCLC cells. Irradiation-induced cells were co-ad-
ministered with ADE and/or CLN for 24 h. A-C. Western blotting was con-
ducted to determine the expression and phosphorylation of JAK1 and STAT3
in radiation-treated A549, Calu-1, and H460 cells. Relative band densities
are shown in the right panel. *P < 0.05, **P < 0.01 vs. IR group; *P < 0.05,

$P < 0.01 vs. IR+ADE group.

ment did not lead to any significant changes.
Compared with radiotherapy alone, the com-
bination of radiotherapy and ADE treatment
resulted in a significantly greater reduction in
tumor growth compared with radiotherapy al-
one (Figure 7C, 7D), indicating a synergistic
antitumor effect in vivo.

Discussion

LC remains a life-threatening disease world-
wide. Radiotherapy is a key treatment for pa-
tients with NSCLC, particularly in those with
advanced-stage disease. However, the 5-year
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cules interact through reci-
procal SH2 domain engage-
ment, forming dimers that
translocate to the cell nucle-
us, where they bind DNA and
regulate the transcription of
genes such as Bcl2, BclXL,
and Mcl-1 [22]. Multiple stud-
ies have shown that STAT3 overexpression
enhances NSCLC proliferation, survival, and
resistance to radiotherapy [23]. NSCLC pa-
tients with high STAT3 expression had a signifi-
cantly lower 5-year OS rate than those with low
STAT3 expression [24], highlighting STAT3 as
a potential therapeutic target in NSCLC. More-
over, STAT3 plays a crucial role in the develop-
ment of cancer radio-resistance by promoting
the expression of anti-apoptotic genes [25, 26].
In this study, we found that ADE selectively
inhibited STAT3 phosphorylation without direct-
ly affecting the phosphorylation of upstream
proteins such as JAK1. Furthermore, ADE

Am J Transl Res 2026;18(2):949-958
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Figure 6. Effects of colivelin (CLN) on Angelica dahurica extract (ADE)-mediated regulation of proliferation and apop-
tosis in radiation-treated NSCLC cells. A-C. Effects of CLN on the proliferation of irradiated A549, Calu-1, and H460
cells treated with ADE, as measured using CellTiter-Glo test. D-F. Effects of CLN on the apoptosis in irradiated A549,
Calu-1, and H460 cells treated with ADE, as measured using flow cytometry. *P < 0.05, **P < 0.01 vs. IR group;

%P < 0.01 vs. IR+ADE group.
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Figure 7. Effects of Angelica dahurica extract (ADE) treatment in mice with
Calu-1 cells. A. Tumor model establishment and treatment scheme. Approxi-
mately 5 x 10° Calu-1 cells were subcutaneously administered to the mice.
After 10 days, ADE (10 mg/kg, once daily) was administered and radiothera-
py was performed for 14 days. Two groups were treated with 10 Gy radiation
(2 Gy X/day, 5 times). The mice were euthanized one day following the final
administration, and tumor sizes were calculated to evaluate anti-tumor ef-
fects. B. The expression and phosphorylation levels of JAK1 and STAT3 in the
tumor tissue were measured using western blotting. C. Tumorigenesis was
assessed every other day for two weeks. Tumor size was measured. D. Rep-
resentative image of tumors in each group (n = 8). *P < 0.05, **P < 0.01,
*%*P < 0,001 vs. control group; *P < 0.05 vs. IR group.

Angelica dahurica Radix is a
traditional herbal medicine
with anti-cancer properties.
However, the mechanisms
underlying its anti-cancer ac-
tivities are incompletely un-
derstood. Zheng et al. report-
ed that Angelica dahurica
Radix significantly decreased
the expression of p53, Bcl,
Bax and induced apoptos-
is through caspase cascade
and cell cycle arrest in colon
cancer cells. The ethanol-eth-
yl acetate fraction showed
anti-cancer activities in HT-29
cancer cells [28]. Another
study by Lee et al. indicat-
ed that a chloroform-soluble
fraction of the Angelica dah-
urica roots inhibited IR-indu-
ced migration NSCLC A549
cells at a non-cytotoxic con-
centration (50 uyM), which is
consistent with our findings
[29]. Our study indicated that
ADE, alone or in combination
with radiation therapy, signifi-
cantly improved the radiosen-
sitivity of Calu-1 xenografts
in mice. Compared with ADE
treatment alone, the combi-
nation treatment resulted in a
significant decrease in tumor

enhanced IR-triggered apoptosis of NSCLC
cells, but had no effect on the non-radiation-
treated NSCLC cells, suggesting that ADE may
prevent radiation-induced activation of the
JAK1/STAT3 pathway in LC cells, thereby res-
toring radio-sensitivity of resistant NSCLC cell
lines, consistent with a previous report that
RNAi-mediated STAT3 depletion improved the
radiosensitivity of A549 cells and counteracted
the radioresistance of A549-IRR cells by down-
regulating Bcl2/Bcl-XL [27]. These findings sug-
gest that the STAT3-related pathway plays an
important role in the acquisition of radioresis-
tance and may serve as a treatment target.
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burden. Consistent with the in vitro experi-
ments, ADE also blocked IR-induced JAK1/
STAT3 activation, leading to enhanced apopto-
sis of tumor cells.

Conclusion

ADE enhances the radiosensitivity of NSCLC
cells by inhibiting STAT3 phosphorylation, and
reactivation of STAT3 attenuates the radiosen-
sitizing effects of ADE on NSCLC cell lines.
Nevertheless, several limitations to this work
should be acknowledged. First, the precise
molecular mechanisms by which ADE affects
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STAT3 activation is still unclear, warranting
further proteomic analysis. Second, how JAK/
STAT activation is linked to the proliferation and
apoptosis of NSCLC cell lines remains to be fur-
ther elucidated. Despite these limitations, our
findings provide novel mechanistic insights into
the anti-cancer effects of ADE and confirm its
potential in radiotherapy for NSCLC.
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