Int. J. Morphol.,
44(3)934-948, 2026.

The Anticancer Action of Bergenin in NNK-Induced Pulmonary
Cancer: Mechanisms Involving nAChR/Src/STAT3 Activation of
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SUMMARY: The renin—angiotensin (RA) system has been linked to lung cancer development, yet detailed mechanistic insights
remain limited. Bergenin, a traditional medicinal compound with demonstrated anti-tumor properties, was evaluated fts de effee
small cell lung cancer (NSCLC) using a mouse xenograft model. Fifty athymic nude mice were allocated into five grouplsgeupnan
untreated NSCLC group, a doxorubicin (DOX)—treated group, a Bergenin-treated group, and a Bergenin plus DOX combindiierggronp.
was administered orally at 50 mg/kg/day, while DOX was delivered intraperitoneally at 50 mg/kg on days 10, 20, and 30owWtimeagr
tracked by measuring size, volume, and weight, and survival was analyzed with Kaplan—Meier estimates. Biochemical amdogis@path
assessments showed that Bergenin modulated oxidative stress markers, attenuated inflammatory mediatorso(J LE68TAHg 11, IFN-y),
and impeded tumor progression. The treatment downregulated signaling pathways associated with tumor cell survival, mrelif@ratio
metastasis, including nAChR/Src/STAT3 and IGF-1R. Immunohistochemical analysis demonstrated reduced AGT expressionyithnsistent
diminished tumor cell proliferation. Molecular investigations supported Bergenin’s influence on critical apoptosis andesigiogtnvays.
In combination with DOX, Bergenin amplified therapeutic efficacy, indicating a potential synergistic interaction. Our uggelss that
Bergenin may serve as a therapeutic agent targeting nAChR/Src/STAT3 and IGF-1R/Akt related signaling cascades in NSCIgGa providi
promising complementary strategy to standard chemotherapy.
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INTRODUCTION

Lung cancer remains a leading cause of cancerchestrate oncogenic programs: a7-nAChR activation by
mortality worldwide, with an estimated 2.2 million new casenicotine can drive pro-proliferative pathways such as MAPK/
reported in 2020 and an overall five-year survival around IBRK, PI3K/AKT, and, in certain settings, STAT3, while Src
%, driven largely by the dominant non-small cell lung cancéiinases act as hubs that propagate signals from nAChRs,
(NSCLC) subtype. NSCLC accounts for roughly 85 % of caseEGFR, and IGF-1R to promote cell growth, invasion, and
while small cell lung cancer (SCLC) comprises about 15 #ngiogenesis (Boet al, 2023). STAT3, activated by JAKs
and tends to be more aggressive. Despite advances, therapeutit by Src, EGFR, and IGF-1R, upregulates anti-apoptotic
outcomes vary by stage, with localized NSCLC achievingnd cell-cycle—driving genes (e.g., BCL-2 family members
roughly 60 % five-year survival and distant metastasemd Cyclin D1) and pro-angiogenic factors (VEGF),
dropping to about 6 % (Sumgal, 2021). The A549 cell line, contributing to tumor progression and therapy resistance. IGF-
derived from a 58-year-old male patient, serves as a widelfR signaling further amplifies these networks through IRS—
used NSCLC model for mechanistic studies and preclinicRI3BK—-AKT and RAS-ERK axes, supporting metabolic
evaluations of anti-tumor strategies (Islatal, 2022). In adaptation and survival, with cross-talk among these pathways
this context, signaling networks centered on nicotinifrequently strengthening oncogenic signaling, particularly in
acetylcholine receptors (nAChRs) and Src family kinasesnoking-associated lung cancers (Salmieeal, 2021).
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Collectively, co-activation of N AChR/Src/STAT3 andMATERIAL AND METHOD
IGF-1R pathways fosters aggressive tumor phenotypes,
therapeutic resistance, and epithelial-to-mesenchymaiudy design
transition, underscoring these axes as compelling targets for
combination therapies. Pharmacodynamic biomarkers such  A549 and human umbilical vein endothelial
as phosphorylated SRC, STAT3, and IGF-1R, along wittHUVEC) cells were cultured in DMEM supplemented with
downstream effectors like Cyclin D1, VEGF, and MMPs10% fetal bovine serum and maintained af@7n a 5 %
provide readouts of pathway engagement and treatme®, atmosphere. When the cell monolayer reached more
response (Nikza@t al, 2025). Multi-target strategies— than 85 % confluence, passaging was performed using 0.25
pairing nAChR or Src inhibition with STAT3 or IGF-1R % trypsin to detach the cells for subculture.
blockade—hold promise for overcoming compensatory
signaling and achieving synergistic anti-tumor effects, All animal experiments were approved by the Ethics
particularly when patient selection is guided by moleculd&@ommittee of Wuhan Third Hospital and conducted in
signatures of these pathways to optimize NSCLC outcomegcordance with the National Institutes of Health guidelines
Clinically, patients contend with substantial morbidity fronfor the care and use of laboratory animals. Six-week-old
disease and treatment-related toxicities, and standamdle athymic nude mice, sourced from Wuhan Third
regimens often combine platinum-based agents with taxartésspital, Tongren Hospital of WuHan University, Wuhan
or gemcitabine, while anthracyclines like doxorubicirHubei, China were used. The animals were kept in a
(DOX) remain integral in many regimens, sometimes itemperature- and humidity-controlled facility on a 12-hour
combination with adjuncts that enhance efficacy and mitigalight/12-hour dark cycle witlad libitumaccess to food and
adverse effects (Dait al, 2025). water.

Bergenin, a bioactive benzopyran glycoside derived Following a two-week acclimation, each mouse
from plants such aBelamcanda chinensendGaertnera received a subcutaneous injection ok 1L A549 cells
vaginatg has emerged as a multi-targeted anti-cancer agantspended in a 1:1 mixture with Matrigel (Biomatrix/
with anti-inflammatory, antioxidant, and immunomodulatonBiosciences, San Jose, CA, USA) into the right flank to
properties. Across preclinical models, Bergenin inhibitestablish xenografts.
proliferation, promotes apoptosis, and suppresses metastasis
and angiogenesis, potentially by dampening oxidative stress  Five days post-implantation, forty tumor-bearing
and inflammatory signaling and by modulating keymice were randomly assigned (n = 10 per group) alongside
oncogenic pathways (Pandetyal, 2025). Mechanistically, ten tumor-free BALB/c nude controls and observed for 40
Bergenin can downregulate NdB—driven inflammatory days. The experimental groups were: (i) Sham, non-tumor-
mediators, reduce pro-survival and pro-angiogenic factobgaring mice receiving daily gavage withjg0saline; (ii)
like VEGF, and influence apoptotic regulators such as BCI&A549, tumor-bearing mice without treatment; (iii) DOX,

2 family proteins; in lung cancer models, it has been linkedmor-bearing mice receiving 50 mg/kg doxorubicin
to reduced cell growth, cell-cycle arrest, and enhancéutraperitoneally on days 10, 20, and 30; (iv) Bergenin,
chemosensitivity (Ju Hwareg al, 2019). Pharmacokinetic tumor-bearing mice given 50 mg/kg/day Bergenin by gavage;
data remain limited and largely preclinical, with ongoingnd (v) Bergenin + DOX, tumor-bearing mice treated with
efforts to improve bioavailability and delivery. Given its50 mg/kg DOX intraperitoneally on days 10, 20, and 30 and
broad target spectrum and relative safety in traditional ussf) mg/kg/day Bergenin by gavage (Ekinci Akdestiral,
Bergenin is being explored as a complementary agent2025; Maet al., 2022).

cancer therapy, including NSCLC, where it may synergize

with conventional chemotherapies or targeted therapies ymor size measurement

attenuating tumor-promoting inflammation, oxidative stress,

and survival signaling (Kumaat al,, 2025). Robust in vivo Tumor growth was monitored weekly by calculating
validation, mechanism-focused studies, and well-designgdlume with the formula:

clinical trials are needed to define its therapeutic potential,

optimal formulations, and safety profile in humans. Thi¥lume (mnf) = [(width) x length] / 2.

study explores whether combining Bergenin with

doxorubicin can suppress A549 lung cancer cells in athymic Survival outcomes were analyzed using the Kaplan-
nude mice by targeting the nAChR/Src/STAT3 axis, ReninMeier method. At study end or when humane endpoints were
Angiotensin System activation, and IGF-1R signalingeached, mice were anesthetized and euthanized with
pathway. ketamine (10 % solution, 15 mg/kg, intraperitoneally) and

935



CHENG, Q.; YANG, T. & CHEN, C. The anticancer action of Bergenin in NNK-induced pulmonary cancer: Mechanisms involving NnAChR/Src/STAT3 activation of éngiceimsin system and
IGF-1R signalingInt. J. Morphol., 44(3p34-948, 2026.

xylazine (2 % solution, 80 mg/kg, intraperitoneally)100 mM potassium phosphate buffer andu2®f 0.1 M
Tissues and samples were collected for downstredi#202 were mixed, then 36L of serum was added. After

analyses (Akbaribazmt al, 2020). a 20-minute incubation in the dark, . of Purpald
(chromogen) and 3QL of 40 mM KOH were added,
Serum cytokine and Ang Il levels followed by a second 20-minute dark incubation. Finally,

2 uL of catalase potassium periodate was added and
Four sterile 50QuL vials were prepared, eachincubated for 20 min. Absorbance was read at 540 nm using
containing 20QuL of dilution buffer and labeled as standarda spectrophotometer, with results reported in U/mL,
numbers 1 through 4. To generate standard number 5, #€luding standards and blanks (Tekin & Seven, 2022).
uL of dilution buffer was added to the parent standard (CN:
KPG-MI6S) and incubated for 15 min at room temperatur&0OD assay
yielding a concentration of 500 pg/mL. Subsequently, 100
WL from standard 5 was transferred into standard 4, mixed, Serum superoxide dismutase (SOD) activity was
and incubated for 3 min; this dilution step was repeatepliantified using a commercial ELISA kit (E-EL-R1424,
sequentially down to standard 1, producing concentratioi$abscience, Cambridge, MA, USA) per the
of 6.166 pg/mL (standard 4), 5.55 pg/mL (standard 3), 5.18anufacturer’s protocol, with detection on a microplate
pg/mL (standard 2), and 6.1 pg/mL (standard 1). reader. Each well received 2pQ of WST SOD buffer
and 20uL of working enzyme, followed by 10QL of
For the assay, 50L of diluted primary antibodies serum sample. After 37C incubation for 20 min,
targeting IL-6, Ang Il, IL-8, IFNy, and TNFa absorbance was measured at 450 nm on a
(BioLegend, USA) were added to each well of a 96-we#ipectrophotometer (Shimadzu UV-1800, Japan) and
microplate, which were then covered and incubated witeported in U/mL (Tekin & Seven, 2022).
gentle shaking at 300 rpm overnight. The wells were
washed three times with the washing solution (KPG-WBEPx assay
after which 30QuL of blocking solution (FBS) was added
and incubated for an additional hour with shaking. After GPx activity in serum was measured with the
another wash, 5QL of standards or samples (diluted asgkandox ELISA kit (Cat. No. RS504). The assay follows
needed) and a control dilution were added to each w#ie GPx-catalyzed oxidation of GSH to GSSG, with GSSG
and incubated with shaking for 2 hours. subsequently reduced back to GSH by glutathione
reductase (GR) using NADPH, whose conversion to
Following a further wash, 5QL of the diluted NADP+ is monitored by absorbance at 340 nm. Serum
secondary antibody—HRP—-Avidin complex (KPG-HA) wasamples were prepared by diluting 0 of serum with
added, the plate covered, and incubated for 2 hours wit@0 pL of buffer, then centrifuging and transferring the
shaking. After washing again, %0 of diluted enzyme supernatant to a 96-well plate containing buffers,
(KPG-EB) was added, covered, and incubated for 20 misubstrates, and NADPH. Background and positive controls
The wells were washed once more before addind.58f were included. After adding Cumene Hydroperoxide,
dye solution (TMB) and allowing color development inrabsorbance was read at two time points, &#840/min
the dark for 15 min. The reaction was halted by adding 2#as calculated as [A340(Time 2) - A340(Time 1)|/(Time 2
uL of stopping solution (KPG-ST), and absorbance wasTime 1). GPx activity was derived a&AB40|/min+
read at 450 nm with an ELISA reader. Standard absorbariz8037x 8.5x% 0.5x sample dilution. Results were reported
values were used to construct a standard curve, enablingJ/mL (Tekin& Seven, 2022).
concentration calculations for samples; all measurements
were conducted in duplicate for standards, samples, aderum nitric oxide (NO) levels
controls, and averaged (Peerlal, 2018).
NO levels were not measured directly due to the

Serum SOD, CAT, and GPx activity instability of nitric oxide. Instead, nitrite and nitrate
concentrations in various fluids were used as surrogate
CAT assay indicators of NO production. In the assay, #0®f serum

was deproteinized by adding 6 mg of zinc sulfate, followed
Serum catalase (CAT) activity was determined usingy centrifugation at 12,008 g for 15 min. From the
another commercial ELISA kit (ab100764, Abcamsupernatant, 100L were mixed with 10QiL of vanadium
Michigan, USA) based on a colorimetric reaction of excegBI) chloride solution and the Griess reagent (consisting of
H202 with a chromogen. In a 96-well plate, J@0of sulfanilamide and N-(1-naphthyl) ethylenediamine
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dihydrochloride) and incubated at €7 for 30 min. (10 mg) were finely ground. RNA was isolated after
Absorbance was read at 450 and 630 nm, and nitrite/nitragmoving genomic DNA using a homogenization spin-
concentrations were determined by interpolation on @lumn, followed by RNA binding and elution with an

standard curve prepared with sodium nitrate ranging froRNA-binding spin-column according to the kit protocol

0 to 200uM (Mohanaet al, 2023). (Farajiet al, 2025).

Tumor tissue thiobarbituric acid reactive cDNA Synthesis
substances (TBARS), thiol, and ferric reducing
antioxidant power (FRAP) levels After confirming the integrity of the total RNA, 1
g of RNA was reverse-transcribed into complementary
This assay relies on tissue capacity to reduce Fe(IDNA (cDNA) using the PrimeScript™ RT Reagent Kit
to Fe(ll) in the presence of the Fe(ll)-TPTZ compleXPerfect Real Time) from Takara Bio Inc. (Japan, Cat. No.
(FRAP reagent). To perform the assay,80of FRAP RRO037A). The cDNA synthesis was prepared on ice in a
working solution was combined with 200L of 10pL reaction volume containingl. PrimeScript buffer,
homogenized tumor tissue and incubated for 4 min at 8% uL each of Random Hexamers (30d) and Oligo(dT)
°C. Antioxidants in the sample reduce the Fe(ll)-TPTZ50 uM), 0.5uL PrimeScript RT Enzyme Mix, and 1 mg
complex to the blue Fe(Il)-TPTZ product, detectable abtal RNA, with RNase-free distilled water added to reach
593 nm. After incubation, the mixture was centrifuged fotO mL. The mixture was incubated at 37 for 15 min
10 min at 15,008 g, and the absorbance of the supernataand then heat-inactivated briefly at 85 for 5 s.
was measured against a blank at 593 nm. A standard curve
was generated using Fes€andards ranging from 0 to Quantitative real-time PCR was performed using TB
1000 uM, enabling calculation of the sample ferricGreen® Premix Ex Taqg™ (Takara Bio Inc., Japan, Cat.
reducing antioxidant power (FRAP) values. No. RR420A). For the gPCR setup on the Applied
Biosystems StepOne Real-Time PCR System, the reaction
Lipid peroxidation in tumor tissue was assessetbnsisted of 1L TB Green Premix Ex Taq, 0dL of
using the TBARS assay. A 1@ homogenate was mixed each primer, 0.4L ROX Reference Dye, andiL template
with 50 pL thiobarbituric acid, 2uL butylated in a final volume of 2QL, brought to volume with sterile
hydroxytoluene (BHT), and 50L phosphoric acid, then purified water. GAPDH served as the housekeeping gene,
incubated at 37C for 30 min. The reaction mixture’s and gene expression was analyzed usingtté ghethod.
absorbance was measured at 532 nm with a Stat Fax ELISA
reader. TBARS concentrations were expressed as nmol  Primers for the target genes were designed with
malondialdehyde (MDA) per mg protein. AllelelD software (v7.5, Premier Biosoft, USA) and
validated with NCBI Primer-BLAST (https://
For thiol quantification, a 50 mg homogenate was/ww.ncbi.nlm.nih.gov/tools/primer-blast/). The
diluted with 250QuL of Tris-EDTA and incubated at 2& expression levels of Src, nAChR, STAT3, Akt, AGT, and
for 10 min. The initial absorbance (A) was read at 412 nitsF-1R were measured to evaluate tumor cell proliferation,
(a) using a Stat Fax ELISA reader. Thenu2®f DTNB  angiogenesis, survival, and differentiation. The primer
(Ellman’s reagent) was added, and the mixture incubatsdquences used in this study are provided in Table I.
for an additional 20 min at 2&. The final absorbance (b)
was recorded at 412 nm, and the absorbance of the DTNB Table I. Primer sequences.

blank @) was measured as well. The total thiol Gene Sequences {53)
concentration was calculated as: GAPDH Foward: AGGTCGGAGTCAACGGATTTG
Reverse: TRCCAGGATGCCCTTCTCC
AGT Forward: ATGGAAGGAGGCTGAGGTTG

Total thiol UM) = (B - a - 1) x 1.07 / 6.8 (Cuellar-Rufino Reverse: TCAGGAGGAGGAGGAGGTTG
etal, 2022). IGF-1R  Fomward: ATGGCTGCTGCTGAGGACAA
Reverse: TCACTGCTCAGGCTTCTGGT
Real-time PCR Src Fomward: ATGGCAGCAGCAGCAGGTTG
Reverse: TCACTGCTCAGGCTGCTGGT
RNA Extraction nAChR Foward: ATGGTGCTGCTGCTGCTGTT

Reverse: TCACTGCTCAGGCTGCTGGT
STAT3 Foward: ATGGCTGCTGCTGCTGCTGTT

Total RNA was extracted with the GeneMATRIX Reverse: TCACTGCTCAGGCTGCTGGT
Universal RNA Purification Kit (EURx Sp. z 0.0, Cat. No. Akt Foward: ATGGCTGCTGCTGCTGCTGTT
E3598-02, Poland). Tumor tissue (20 mg) and lung tissue Reverse: TCACTGCTCAGGCTGCTGGT
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AACt = [(Ctrarget Ct GAPDH)test sample (Ctrarget Ct GAPDH)  Tissue preparation and stereological measurements
control sampl]a.
The lung tissue's primary volumes were determined
The fold change (Gene expression) =22- using immersion techniques. After estimating the extent of

(Horiguchiet al, 2024). tissue shrinkage, isotropic uniform random (IUR) sections
were generated via the orientator method. Following
Immunohistochemical assay processing, paraffin blocks were produceqind-sections

were sliced from the blocks (Leica Microsystems), and the
To conduct immunohistochemical (IHC) staining forsections were stained with hematoxylin and eosin (H&E).
AGT and STAT3 proteins, tumor tissues from mice were
fixed in 10 % buffered formalin for 24 h at room temperature, For shrinkage calculation, the diameter of the circular
then rinsed with phosphate-buffered saline (PBS). Theection after processing was measured and used in the
samples were dehydrated in a graded ethanol series (70s#hsequent formula:
95 %, 100 %), cleared with xylene, and embedded in paraffin

until solid. Sections 3—4um thick were sliced from the Volume shrinkage = 1 — (AA/ABY
paraffin blocks using an RM2125 RTS microtome (Leica, A, =1D02/4

USA) and mounted on glass slides to dry. Sections were

deparaffinized in 100 % xylene (two changes, 5-10 min each) A, =TDf2/4

and rehydrated through 100 %, 95 %, 70 % ethanol, and )
finally PBS. Heat-induced epitope retrieval (HIER) was Area shrinkage factor = A _ (&)
performed by boiling in citrate buffer (pH 6.0). All sections Ay \Dg

were blocked with 5 % bovine serum albumin for 30 min at D.\2

room temperature to reduce nonspecific binding. Primary % Area shrinkage = <1— (D—ﬁ) ) X100 %

antibodies against AGT (cat. no. 23972-1-AP, 1:500,
Proteintech) were diluted in Tris-buffered saline (TBS) and In 5-um-thick sections, the volume densities of the

applied to the sections, which were incubated _overr)ight a{aﬁgeted structures—Ilung volume (LV), tissue parenchyma
C or for 1 h at room temperature. After washing with PB&,| \me (TPV), air parenchyma volume (APV), and vessels

(three times, 5 min each) to remove unbound primagy, me (vv)—were determined using the point-counting
antibodies, a biotinylated rabbit anti-mouse IgG secondafyathod and Delesse’s formula.

antibody (BioLegend) diluted in 5 % BSA was added,

followed by streptavidin—horseradish peroxidase, and n "

incubation for 30 min at room temperature. Slides were vy (strycture) = Zp (structure)/Z(reference)

washed again with PBS (three times, 5 min each) to remove o =

excess secondary antibody. Visualization was performed with

1,3-diaminobenzidine (DAB) tetrahydrochloride, and Xiz.p (structure) " was the number of test points that settled
sections were counterstained with hematoxylin. Stainexh the targeted structuresnd Tk, p (structure) " was the total
slides were examined with a Cytation 5 Cell Imaging Multinumber of points that fell on the lung sections. The following
Mode Reader (BioTek). Positive cells were counted in formula was used to determine the total targeted structural
random fields of view per slide, and results were expresseolume (Fig. 1) (Vasilescet al, 2023).

as the mean percentage of AGT-positive cells (Fdtal,

2022). V(structure) = V(total lungk Vv)structure)
Histopathological analysis of tumor and lung tissue Western blotting assay
Histopathological evaluation of lung tissues was After PBS washing and removal of debris and

conducted using an optical microscope (model Naurrounding tissue, tumor cells were lysed &CA4using a
BX61TRF; Olympus, Japan) connected to ImageJ softwalgsis buffer containing protease inhibitors. The lysate was
As with the IHC assay, |3m sections were mounted on slidesclarified by centrifugation at 15,0@¥or 15 min at #C, and

and stained with hematoxylin to assess lung histologprotein concentration was determined with the BCA assay kit
Hematoxylin and eosin staining, a routinely used techniq€atalog No. 71285-3; Beyotime Institute of Biotechnology,
in histopathology, helps visualize cell nuclei, cytoplasm, andhina). A total of 2Qug of protein was loaded per lane on a 10
the extracellular matrix for lung tissue (Vasilesstual, % SDS—PAGE gel and then transferred to a PVDF membrane
2023). (Millipore, Billerica, MA, USA). The membrane was
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R . A r T e AL : 5 |
Fig. 1. (a) Point probe (25 points) and (b) Line probe (25 lines) are utilized to estimate the volume density of all sTietioed
number of pointsYp) and lines within each structure, as well as the length of each line in the probe represented by linear magnification
(I/p), are provided. Additionally, the number of lines situated within the internal regions of the strukijusesdted. Finally, use these
counts to compute the density at this level: Sw=ZP/ Zp x I/p (H&E staining,x40). Light photomicrograph of the lung.

incubated overnight at 4C with primary antibodies: anti- Compared with Sham controls, the Bergenin-treated groups
STAT3 (cat. no. 10025-2-AP; 1:500; Proteintech), anti-Srshowed notable trends in body weight trajectories, with the
(cat. no. 51116-1-AP; 1:1000; Proteintech), anti-AGT (cafollowing observations: the Bergenin+A549 and
no. 23972-1-AP; 1:500; Proteintech), and htietin (cat. Bergenin+DOX+A549 groups exhibited greater weight gain
no. ab8227; 1:400; Abcam). Blocking was performed usingthan the A549 alone and DOX+A549 groups. Statistical
% bovine serum albumin (BSA) and 0.1 % Tween-20 in TBS&nalysis revealed a significant difference in body weight
at 37°C for 2 h. Following washes in PBS containing 0.1 %between Sham and A549 groups (p<0.05), and between
Tween-20, membranes were probed with HRP-conjugat@&ergenin-treated groups and the A549 group (p<0.05). A more
goat anti-rabbit 1IgG (incubated at 26 for 2 h). Detection pronounced difference was observed between the Bergenin+
was carried out with the Servicebio chemiluminescence KiOX+A549 group and the A549 group (p < 0.05) (Fig. 2a).
(Catalog No. G2020; Servicebio, Wuhan, China). Images were

captured using a Bio-Rad ChemiDoc system and analyzed  Post-induction, tumor volumes decreased significantly

with ImageJ (Wet al, 2019). in the Bergenin-treated groups (Bergenin+A549 and
Bergenin+DOX+A549) and in the DOX+A549 group relative
Statistical Analysis to the A549 group (p<0.05 for comparisons where applicable)

(Fig. 1B). Tumor volume trends over time are depicted in Figure
Normality of the data was assessed with the Shapir@B, with the DOX+A549 and Bergenin+ DOX+A549 groups

Wilk test, and homogeneity of variances was evaluated usisigowing the most pronounced reductions (Fig. 2b).
Levene’s test (p > 0.05). Results are presented as tnean
SEM, with all experiments performed in triplicate. A one- Survival curves indicated that the Bergenin-treated
way ANOVA was used to compare group means, followegroups (Bergenin+A549 and Bergenin+DOX+A549) tended
by Dunnett’s t post hoc test (two-tailed). Statistical analyses display higher survival probabilities compared with the
were conducted in SPSS software (Version 21; SPSS Ina549 and DOX+A549 groups. At the final time point,
Chicago, IL), with significance set at p < 0.05. Survivakurvival rates were highest in the Bergenin+DOX+A549
analyses were carried out using the Kaplan-Meier methoddgmoup, followed by Bergenin+A549, with Sham and
GraphPad Prism (GraphPad Software, Boston, MA, USAOX+A549 showing comparatively lower survival (Fig. 2c).
version 8.0.2).

Effects of Bergenin on serum IL-6, IL-8, Ang II, IFN-y,

RESULTS IL-13, and TNF-a
Effects of bergenin on survival rate, body weight, and Mean serum levels of IL-6, IL-8, Ang II, IFM-IL-
tumor volume 1B, and TNFea were measured in the experimental groups

(pg/dL). Compared with the Sham controls, the A549-
Mice were assessed on days 5, 10, 15, 20, 25, @ntaining groups showed significant alterations in several
35, and 45 for body weight, tumor volume, and survivatytokines. Specifically, IL-6, IL-f}, Ang II, TNF-a, and IL-
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Fig. 2. (a) Body weight (g) over time; (b) Tumor volume {caver time; (c) Survival rate (%). Data are presented as meabs

(n = 10 per group). Statistical annotatioh@ < 0.05) Shams.A549;® (p < 0.05) Bergenin-treated growzs A549;¢ (p < 0.05)
Bergenin+DOX+A54%s.A549.

8 levels differed across groups, while IFNshowed a Ab549-containing groups showed substantial alterations in
distinct pattern of change. DOX treatment in th&O and antioxidant enzyme activities. Specifically, NO
A549+DOX groups tended to elevate IL-6, IL-8, IB;1 levels were markedly elevated in the A549 group and
and TNFea and reduce IFNs although not all of these persisted across subsequent treatments, with Bergenin-
changes reached statistical significance versus A549 alonentaining regimens showing a tendency toward NO
In contrast, Bergenin-containing regimens (Bergenin+A54@duction compared with A549 and DOX+A549 groups (p
and Bergenin+ DOX+A549) produced reductions in IL-65 0.05 where indicated). SOD activity was reduced in the
IL-8, IL-13, and TNFa relative to A549 and A549+DOX A549 group relative to Sham and partially restored by
groups, with varying levels of significance depending oBergenin-containing treatments; DOX+A549 alone did not
the comparison (p<0.05 where indicated) (Fig. 3a). produce a consistent improvement. Catalase (CAT) and
glutathione peroxidase (GPx) activities followed a similar
Effects of Bergenin on serum SOD, GPx, CAT, and NO pattern, with A549 reducing CAT and GPx activities
compared with Sham, and Bergenin-containing regimens
Serum antioxidant enzymes and NO levels followingBergenin+A549 and Bergenin+tDOX+A549) showing
bergenin-based treatment. Mean NO levels and serwgignificant increases relative to A549 (p<0.05). Overall,
activities of SOD, CAT, and GPx were measured acro&ergenin treatment, alone or with DOX, mitigated oxidative
experimental groups. Compared with Sham controls, tistress markersompared with A549 alone (Fig. 3b).
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Effects of Bergenin on tumor tissue FRAP, TBARS, and (Bergenin+A549 and Bergenin+DOX+A549). FRAP
thiol values were markedly decreased in the A549 group
compared with Sham, with Bergenin-containing treatments
Tumor tissue oxidative stress and antioxidandignificantly increasing FRAP relative to A549 (p<0.05).
capacity following Bergenin-based treatment. Mean tissUeBARS levels were elevated in the A549 group, indicating
levels of total thiol, FRAR.(mol/mg protein), and TBARS increased lipid peroxidation, and were reduced by Bergenin-
(nmol/mg protein) were measured across experimen@bntaining regimens, with significant differences versus
groups. Relative to Sham controls, the A549-containing549 observed in the Bergenin-treated groups (p<0.05).
groups showed alterations in all three markers. Specificaligpllectively, Bergenin alone or in combination with DOX
thiol content tended to be reduced in the A549 group amtitigated oxidative stress in tumor tissue compared with
waspartially restored by Bergenin-containing regimena549 alone (Fig. 3c).
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Fig. 3. (a) The mean mice serum levels of IL-6, IL-8, Ang II, \N=-1(3, and TNFe (pg/dl); (b) Mean NO levels (mmol/mL)
and antioxidant enzyme activities (SOD, GPx, CAT in U/mL); (c) The mean mice tissue levels of total thiol uRRNmM @
protein) and TBARS (nmol/mg proteins) in experimental groups. Statistical annot&jsids05) Shams.A549;%(p < 0.05)
Bergenin-treated groups.A549;%(p < 0.05) Bergenin+DOX+A549s.A549.
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Effects of Bergenin on tumor tissue AGT, IGF-1R, Src, strongest suppression. Details by gene are summarized below
nAChR, STAT3, and Akt genes expression with the indicated significance markers (Fig. 4a).

Expression of tumor tissue genes AGT, IGF-1R, Srg&ffects of Bergenin on tumor tissue AGT, Src, and STAT3
nAChR, STAT3, and Akt. The expression levels of AGTproteins expression
IGF-1R, Src, nAChR, STAT3, and Akt in tumor tissue were
measured across experimental groups. Compared with Sham  Expression of tumor tissue proteins AGT, Src, and
controls, the A549 group showed marked upregulation BTAT3 (normalized t@-actin). The protein levels of Src/b-
all six genes. Bergenin-containing treatmentactin, AGT/b-actin, and STATBfactin were measured in
(Bergenin+A549 and Bergenin+DOX+A549) generallytumor tissue across experimental groups. Relative to Sham
reduced gene expression relative to A549, with theontrols, the A549 group showed alterations in all three
Bergenin+DOX+A549 combination yielding the greatestargets. Bergenin-containing regimens (Bergenin+A549 and
declines for several targets. Across the panel, the BergenBergenin+DOX+A549) generally reduced the expression of
treated groups demonstrated statistically significanhese proteins compared with A549 alone, with the
decreases (p<0.05) versus the A549 group for multiple genBgrgenin+DOX+A549 combination often yielding the
while the Bergenin+DOX+A549 group often showed thgreatest suppression (Fig. 4b, 4c).
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Fig. 4. (a) The mean lung tissue genes expression of AGT, IGF-1R, Src, nAChR, STAT3, Akt; (b) and (c) The mean tumatefissue pro
expression of AGT, Src, and STAT3 in sham (a), A549 (b), DOX+ A549 (c), Bergenin + A549 (d), and Bergenin + DOX + A549 (e)
groups. Statistical annotatiofi < 0.05) Shamas.A549;°(p < 0.05) Bergenin-treated groussA549;(p < 0.05) Bergenin+DOX+A549
vsS.A549.
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40007 Lung tissues stereology

Mean values for lung volume (LV), tissue
=¥ be parenchyma volume (TPV), air parenchyma volume (APV),
B DOX+AS49 and vessels volume (VV) were measured in each
I Bergenin+A549 bc . . .

B Bergenin:DOX+A549 experimental group (units as appropriate from your
methods). Compared with Sham controls, the A549 group
showed marked alterations in stereological parameters,
indicating substantial structural changes associated with
tumor presence. DOX treatment in the DOX+A549 groups
partially modulated these parameters, while Bergenin-
containing regimens (Bergenin+A549 and

Bergenin+DOX+A549) produced further adjustments

10007 be toward values closer to Sham (Figs. 5 and 6).

)
W
g
=
.

4

20004

Lung structures volume (mm

a Lung tissues histopathology

Histopathological analysis was performed on lung

Fig. 5. Mean serum levels of stereological parameters in lung tis&%suggusmg hematoxylin and eosin Stalr!lng. W'_thm 10 days
in the different experimental groups. Lung volume (LV), tissu@fter injection, A549 cells were detected in multiple organs,
parenchyma volume (TPV), air parenchyma volume (APV), arificluding the lungs, indicating early metastasis. In lungs from
vessels volume (VV)(p < 0.05) Shams.A549:°(p < 0.05) Bergenin- the A549-treated mice, clusters of tumor cells were found
treated groupgs.A549;%(p<0.05) Bergenin+DOX+A549s.A549.  nearthe main airways and throughout the alveolar tissue,
' i : - - accompanied by alveolar collapse (atelectasis)
&~ ~ i  and lymphocyte infiltration. The lung
' parenchyma also exhibited hyperemia and
edema. Doxorubicin (DOX) markedly
reduced tumor cell accumulation by
suppressing metastasis, but lymphocytic
infiltration, alveolar atelectasis, and
hyperemia persisted. In the Bergenin plus
DOX group (Bergenin+DOX+A549), no
tumor cell aggregates were detected; the
alveolar spaces appeared normal, with no
atelectasis or edema observed (Fig. 6).

v APV TPV LV

Fig. 6. H&E staining from lung tissues along with lungs isolated from
sham (A), A549 (B), DOX+ A549 (C), Bergenin + A549 (D), and
Bergenin + DOX + A549 (E) groups (H&E stainird.00, Scale bar =
120 um). Bronchiole (Br), alveolus (Alv), atelectasis (AT), blood
vessels (BV), tumor (T), and lymphatic infiltration (LI).
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IHC assay results for AGT expression in tumor tissue.  showed marked increases in both AGT expression. Bergenin-
containing regimens (Bergenin+A549 and Bergenin+DOX+
Immunohistochemical analysis quantified AGTA549) tended to reduce AGT expression relative to A549,
expression as percentages of positive cells (or relative optieath the Bergenin+DOX+A549 group often showing the
density, depending on your method) across experimentakatest suppression (Fig. 7).
groups. Compared with Sham controls, the A549 group

I Sham

M A549

B DOX+AS549

B Bergenin+AS49

M Bergenin+DOX+A549

AGT (%) in lung (mean+SD)

o _-!F’"ﬁ ; : '_' :> " f- e o

AGT (%)

Fig. 7. IHC staining for AGT in sham (A), A549 (B), DOX+A549 (C), and Bergenin +A549 (D),
Bergenin +DOX+A549 (E) groups (scale bar =80, x400). a (p < 0.05) Shaws A549; b (p <
0.05) Bergenin-treated groups vs. A549; ¢ (p < 0.05) Bergenin+DOX+¥&64%49. bronchiole
(Br), alveolus (Alv), atelectasis (AT), tumor (T), and lymphatic infiltration (LI).

DISCUSSION

The investigation into Bergenin's effects on NNK-constituting approximately 85 % of all cases. The intricate
induced pulmonary cancer has provided valuable insighifological behavior of NSCLC, coupled with its resistance
regarding its potential as a therapeutic agent for non-smidl conventional therapies, underscores the need for
cell lung cancer (NSCLC). Lung cancer remains a leadingnovative treatment strategies (Alduasal., 2023).
cause of cancer-related deaths worldwide, with NSCLBergenin, a bioactive compound sourced from various
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plants, has demonstrated promise due to its diversgat Bergenin can impair the signaling networks
mechanisms that target essential signaling pathwagentributing to therapeutic resistance, particularly when
involved in tumor progression. In our study, we employedsed alongside conventional chemotherapeutic agents like
a mouse xenograft model to assess the anticancer effectdaforubicin. The synergistic effects of Bergenin when
Bergenin on A549 cells, a commonly utilized NSCLC celcombined with doxorubicin were particularly noteworthy
line. The results indicated that Bergenin not only inhibiteth our study. Doxorubicin is a widely used
tumor growth but also influenced various biochemicathemotherapeutic agent, yet its effectiveness can be
markers related to oxidative stress and inflammation. Thesempromised by various factors, including drug resistance
findings are particularly significant considering theand adverse side effects. Our findings indicate that
established role of the renin-angiotensin (RA) system Bergenin not only enhances the therapeutic efficacy of
lung cancer development, although mechanistic insights irdoxorubicin but also alleviates some of its associated
Bergenin's interactions with these pathways have betoxicities. The combination treatment resulted in a more
limited. The renin-angiotensin system has been implicatpdonounced reduction in tumor growth and improved
in promoting tumor growth and metastasis through sevemalrvival outcomes in the mouse xenograft model. This
mechanisms, including the activation of inflammatorgynergistic interaction suggests that Bergenin may act as a
pathways and the enhancement of angiogenesis (#tangensitizer, amplifying the effects of doxorubicin while
al., 2021). Our biochemical analyses revealed that Bergemintentially lowering the required dosage of the
treatment resulted in a notable reduction in inflammatoighemotherapeutic agent, thereby minimizing adverse
mediators such as IL-6, TN IL-8, Ang II, and IFNy. effects. Additionally, our biochemical assessments of
This reduction is critical as it suggests that Bergenin mapxidative stress markers showed that Bergenin treatment
alleviate the inflammatory microenvironment that ofterted to increased activity of key antioxidant enzymes such
supports tumor growth. By targeting these inflammatorgs SOD, CAT, and GPx. The elevation of these antioxidant
cytokines, Bergenin appears to create a less conduceezymes indicates that Bergenin may exert protective
environment for tumor progression, thereby enhancing ieffects against oxidative damage, which is often
overall therapeutic efficacy. exacerbated in cancer (Zhaetal, 2021). The reduction
in lipid peroxidation and the increase in total thiol levels

A pivotal aspect of our findings is the modulatiorfurther support the notion that Bergenin helps maintain
of the nAChR/Src/STAT3 signaling pathway. Nicotiniccellular redox balance, which is vital for normal cellular
acetylcholine receptors (nAChRSs) play a crucial role ifunction and survival. Histopathological evaluations of
lung cancer biology, particularly in driving pro-tumor tissues provided further validation of Bergenin's
proliferative signaling cascades (Xiomg al, 2023). anticancer effects. The immunohistochemical analysis
Activation of the a7-nAChR by nicotine can trigger theevealed a significant reduction in the expression of AGT
activation of Src family kinases, which subsequentlyn tumor tissuesfollowing Bergenin treatment. This
propagate signals to downstream effectors such as STAE8luction aligns with our molecular findings, where real-
(Arunrungvichianet al, 2023). In our study, Bergenintime PCR demonstrated decreased expression of key
significantly downregulated the expression obncogenes associated with tumor progression. The
phosphorylated STAT3, indicating its potential to inhibihistological examination also indicated improvements in
the transcription of anti-apoptotic and pro-proliferativéung tissue architecture, suggesting that Bergenin may have
genes. This is particularly important as STAT3 is knowprotective effects on surrounding healthy tissues during
to upregulate genes that promote cell survival anghncer treatment. The implications of these findings extend
resistance to therapy, including members of the BCLi2&yond the laboratory setting, emphasizing the potential
family and Cyclin D1 (Xwet al, 2018). By inhibiting this clinical relevance of Bergenin as a therapeutic agent in
pathway, Bergenin may enhance the sensitivity of NSCLESCLC. Given its traditional use and relatively favorable
cells to apoptosis, thereby decreasing tumor cell viabilitgafety profile, Bergenin could serve as a valuable adjunct
Moreover, our study also examined Bergenin's influende existing treatment regimens, particularly for patients who
on IGF-1R signaling, another critical pathway associatezkhibit resistance to standard therapies. Bergenin's ability
with tumor growth and survival. IGF-1R has beermo target multiple signaling pathways involved in tumor
recognized for its role in supporting cellular proliferatiorprogression and inflammation positions it as a promising
and survival, especially in the context of cancer (€ao candidate for further clinical investigation.
al., 2020). The observed downregulation of IGF-1R
expression following Bergenin treatment supports the idea It appears that polyphenolic compounds and other
that Bergenin may disrupt the signaling cascade that fostsrgstances in Bergenin may protect normal parenchymal
tumor growth. This disruption is significant as it suggestsells and inhibit the angiogenesis and metastasis of tumor
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cells by reducing ROS levels, a hypothesis that warrargslls (Du, Wang & Zhang, 2025). Additionally, IL-8 and
further investigation. Furthermore, research indicates thBNF-a enhance the expression of b3 integrin, further
cancer cells have evolved mechanisms to cope with ROSGreasing the invasive potential of lung cancer cells through
significantly overexpressing genes encoding SOD, CAThe activation of the STAT3/FOXM1/ATG7 pathway and,
and GPx. The term multidrug resistance (MDR) refers wmubsequently, NikB. NFkB plays a critical role in
the ability of many tumor cells to resist one or morénducing IL-8 gene transcription via several mediators,
chemotherapy drugs through these and other mechanisimsluding LPS, TNFea, and oxidative stress (Wet al,
Doxorubicin, while widely used in certain tumors like breas2023). The IL-8/PI3K/Akt/NFkB/B3 integrin axis is
and lung cancers, has its application limited due to the MDd&®nsidered one of the most important therapeutic targets
phenomenon (Gotet al, 2021). Today, combination for inhibiting the growth of metastatic lung tumors. As
therapies are recommended to overcome the limitationsd$cussed regarding ROS and lung tumor growth, ROS
doxorubicin, enhancing its antitumor properties while alsstimulate IL-8 secretion, activating the Erk signaling
bolstering the immune system and protecting other orgapathway, which subsequently promotes the migration of
from oxidative damage induced by its metaboliteNSCLCs. Therefore, suppressing IL-8 and the associated
Numerous studies have validated the potent antioxidgmathways, which contribute to angiogenesis and
properties of Bergenin. For instance, Alanazi (202%umorigenesis, could be therapeutically valuable in
investigated the protective effects of Bergenin againgthibiting the invasion and metastasis of lung tumors (Li,
carbon tetrachloride-induced hepatotoxicity in rats, finding024). It appears that the compounds in Bergenin achieve
that Bergenin increased the activity of ROS-reducinthis by modulating these pathways and influencing the
enzymes like CAT, SOD, and GPx, thereby lowering seruaxpression of cell adhesion moleculd3 (integrin,
NO levels and tissue malondialdehyde (MDA) level&bronectin, and E-cadherin) as well as the secretion of
(Alanazi et al, 2025). Similarly, Alanazet al. (2024), angiogenic factors like VEGF, warranting further
demonstrated that Bergenin, by enhancing SOD and GExploration.
activity, mitigated oxidative damage induced by cadmium
in rats (Alanaziet al, 2024). IL-6 and TNFx are pro- CONCLUSION
inflammatory cytokines produced and secreted by various
cell types, including tumor cells. They play a crucial role In conclusion, the findings from our study
in the proliferation and differentiation of tumor cells andinderscore the significant potential of Bergenin as a
are typically found at elevated levels in serum and tumthierapeutic agent against NSCLC. By targeting critical
tissues, particularly in lung tumors. Research indicates tlsagnaling pathways such as nAChR/Src/STAT3 and IGF-
high serum levels of IL-6 and IL-8 in animal models oflR, Bergenin demonstrates a multifaceted approach to
NSCLC can weaken the effectiveness of doxorubiciimhibiting tumor growth and enhancing chemosensitivity.
treatment. Increased IL-6 levels are directly associated witlne synergistic effects observed when combined with
tumor growth and metastasis; patients with elevatetbxorubicin further highlight its promise as a
circulating IL-6 generally have a poorer prognosis ancbmplementary strategy in lung cancer therapy. As we
shorter survival times, while lower IL-6 levels correlateontinue to unravel the complexities of lung cancer
with better treatment responses (Ckeéal, 2020). signaling networks, Bergenin stands out as a candidate
worthy of further exploration in clinical settings. The need
The IL-6/JAK/STAT3 pathway regulates severafor innovative therapeutic strategies in the fight against lung
genes involved in the proliferation, survival, and metastagiancer is urgent, and Bergenin may play a crucial role in
of lung cancer cells. IL-6-induced activation of JAK-STATZaddressing this challenge.
and NFkB signaling promotes the translocation of STAT3
and NFkB into the nucleus, leading to the expression dfonflict of interest.The authors declared no potential
anti-apoptotic genes (e.g., Bcl-2, Bcl-xL, Mcl-1, survivin)conflicts of interest with respect to the research, authorship,
(Johnsoret al, 2018). The growth-promoting effects ofand/or publication of this article.
IL-6 in tumor cells are mediated through several signaling
pathways, including Ras/Raf/MEK/MAPK, PI3K/AKT, Statement of Informed Consent and Ethical Approval.
and STAT3/FOXM1/ATGY. Conversely, the roles of IL-8This study followed ethical standards for the use of animal
and TNF-a in tumor invasion, progression, and metastasisbjects, ensuring that animal welfare was prioritized by
are well established. High levels of IL-8 and TMAA  minimizing any pain, discomfort, or distress. Ethical
NSCLCs correlate with increased invasiveness, and ILapproval was obtained from the Wuhan Third Hospital,
also influences the expression of cell adhesion moleculésngren Hospital of WuHan University, Wuhan Hubei,
such as E-cadherin and fibronectin in human lung candghina for conducting the animal research.
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