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Abstract 

 
Background and purpose: Cigarette smoking induces lung toxicity by triggering oxidative stress, leading to 
apoptosis, ferroptosis, and senescence. Sulforaphane (SFN), a potent antioxidant, activates the SIRT1 pathway, 
enhancing cellular stress resistance and survival. This study aimed to evaluate the protective effects of SFN 
against cigarette smoke extract (CSE)-induced damage in human airway epithelial cells (BEAS-2B) and in 
mouse lungs, focusing on its role in upregulating SIRT1 expression.  
Experimental approach: BEAS-2B cells were treated with CSE and SFN, and cell viability was assessed 
using the MTT assay. Cellular senescence was assessed using the SA-β-gal assay and the expression of genes 
associated with senescence (p16 and p21). The expression levels of SIRT1, senescence-associated secretory 
phenotype (SASP) cytokines (IL-1β, IL-6, IL-8, TNF-α), GPX4, and SLC7A11 were quantified using qRT-
PCR. Additionally, ROS production, GSH and MDA levels, and iron content were measured. An emphysema 
mouse model was induced by intraperitoneal administration of CSE (7.2 mg/kg) alone or in combination with 
SFN (10.2 mg/kg) over 28 days, and subsequent histopathological changes were evaluated. 
Findings/Results: Our findings revealed that SFN co-treatment effectively mitigated CSE-induced 
cytotoxicity, senescence, and SASP cytokine secretion, as well as the pronounced emphysematous changes in 
lung tissues. Furthermore, SFN reversed CSE-induced downregulation of SIRT1 and upregulation of NF-κB. 
Notably, SFN also inhibited CSE-induced ferroptosis by increasing GPX4 and SLC7A11 expression while 
reducing iron and MDA levels.  
Conclusion and implications: The findings of the present study demonstrated that sulforaphane offers 
protective effects against CSE-induced toxicity by mitigating oxidative stress, ferroptosis, and cellular 
senescence. 
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INTRODUCTION 

 
Cigarette smoke (CS) is a complex aerosol 

comprised of thousands of chemical 
compounds, many of which have demonstrated 
deleterious effects on various cellular                 
functions and signaling pathways (1). CS is the 
most extensively documented and significant 

risk factor for the development and progression 
of chronic obstructive pulmonary disease 
(COPD) (2).  
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COPD is characterized by persistent airway 
obstruction and chronic inflammation within the 
pulmonary system, contributing to the 
development of emphysema and chronic 
bronchitis (3). Each puff of CS contains 
approximately 10¹⁵ -10¹⁷ oxidative free radicals (4). 
Oxidative stress, marked by elevated intracellular 
levels of reactive oxygen species (ROS), leads to 
damage to essential biomolecules such as DNA, 
proteins, and lipids (5). CS has long been 
recognized as a key factor in the premature aging 
of the lungs, primarily due to the direct exposure 
of pulmonary tissues to oxidants and free radicals 
from inhaled cigarette smoke (6). 

COPD is closely associated with the 
accelerated aging of pulmonary tissues (7). A 
hallmark of the aging process is cellular 
senescence, a state defined by permanent 
withdrawal from the cell cycle and accompanied 
by morphological and functional alterations (8). 
Senescent cells can be identified by the expression 
of senescence-associated biomarkers such as p16, 
p21, and senescence-associated β-galactosidase 
(SA-β-gal). In addition to their impaired 
proliferative capacity, senescent cells exhibit a 
distinct secretory profile known as the senescence-
associated secretory phenotype (SASP), 
characterized by the excessive release of pro-
inflammatory cytokines, chemokines, growth 
factors, and proteases (9). The SASP can have 
deleterious effects on the tissue microenvironment, 
potentially exacerbating pathological conditions 
by impairing the function and viability of 
neighboring cells (10,11). In COPD, CS has been 
recognized as a major contributor to the induction 
of cellular senescence (12).  

Ferroptosis is a form of regulated cell death that 
is iron-dependent and non-apoptotic. It is induced 
by the generation of hydroxyl radicals through the 
Fenton reaction, in which ferrous iron (Fe²⁺) reacts 
with peroxides, leading to oxidative damage and 
cell death (13). Ferroptosis is characterized by 
dysregulation of iron metabolism, excessive 
accumulation of ROS, depletion of glutathione 
(GSH), and inactivation of glutathione peroxidase 
4 (GPX4) (14-16). Previous studies have further 
indicated that exposure to CS induces ferroptotic 
cell death in human bronchial epithelial (BEAS-
2B) cells. (17). Sirtuins are conserved NAD(+)-
dependent deacetylases essential for promoting 
metabolism and longevity (3). In mammals, there 

are seven sirtuins (SIRT1-7) (18). Research has 
demonstrated that silent information regulator 1 
(SIRT1) plays a crucial role in protecting against 
cellular senescence and inflammation by 
regulating various cellular processes (19,20). 
SIRT1 removes acetyl groups from multiple target 
genes, including the nuclear factor kappaB (NF-
κB), thereby regulating their activities (21). NF-κB 
is a crucial transcription factor activated in 
numerous diseases associated with the SASP (3). 
SIRT1 also plays a critical role in modulating 
cellular metabolism and promoting longevity by 
regulating stress responses, inflammation, and 
mitochondrial function; its decline has been 
implicated in age-related diseases, including 
COPD (22,23). 

Sulforaphane (SFN), a bioactive 
isothiocyanate, originates from the enzymatic 
hydrolysis of glucoraphanin, a precursor 
compound prevalent in cruciferous vegetables like 
broccoli and Brussels sprouts (24). A considerable 
body of research has established that SFN, owing 
to its antioxidant characteristics, has the potential 
to activate phase II detoxification enzymes 
(25,26). Considering the antioxidant and anti-
inflammatory properties of SFN, along with the 
well-documented association between smoking 
and COPD through mechanisms such as oxidative 
stress, senescence, and ferroptosis, we propose that 
SFN may offer a protective effect by modulating 
these pathological processes. Therefore, the main 
aim of this study was to investigate the protective 
effects of SFN against CSE-induced oxidative 
stress, cellular senescence, and ferroptosis. We 
further aimed to elucidate the underlying 
molecular mechanisms, with a specific focus on 
the modulation of the SIRT1 signaling pathway. 
These objectives were addressed through both in 
vitro and in vivo models, using bronchial epithelial 
cells and a mouse model of CSE exposure, 
respectively. 
 

MATERIALS AND METHODS 
 
Reagents and chemicals 

In this investigation, SFN (Sigma-Aldrich, 
USA, purity ≥ 98%) was utilized after being 
diluted in 10% dimethyl sulfoxide (DMSO), 
maintaining a final DMSO concentration of no 
more than 0.1%. Culture media and 
supplements, including Roswell Park Memorial 
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Institute (RPMI) 1640 and fetal bovine serum 
(FBS), were procured from DNAbiotech (Iran). 
CSE (40 mg/mL in DMSO) was acquired from the 
Kentucky Tobacco Research and Development 
Center, derived from the standardized Kentucky 
reference cigarette (1R6F). Deferoxamine (DFO) 
was supplied by Samen (Iran), while 
dichlorodihydrofluorescein diacetate (DCFH-DA) 
was obtained from Merck Co. (Germany). 
 
Preparation of CSE 

Commercially prepared CSE was obtained 
from the Kentucky Tobacco Research and 
Development Center. The CSE was derived from 
standardized 1R6F and provided as a 
concentrated stock solution at a concentration of 
40 mg/mL in DMSO. Upon receipt, the CSE was 
transported on dry ice and stored at -80 °C in 
sterile, light-protected microcentrifuge tubes until 
use. Before each experiment, aliquots of the stock 
solution were freshly thawed and diluted with 
RPMI-1640 medium to achieve final 
concentrations ranging from 0.01 to 100 µg/mL. 
All handling and dilution procedures were 
performed under aseptic conditions and protected 
from light to preserve the chemical stability and 
sterility of the extract. 
 
Cell treatment 

BEAS-2B human bronchial epithelial cells 
(Pasteur Institute, Iran) were grown in RPMI 
medium enriched with 10% FBS, 100 µg/mL 
penicillin, 100 U/mL streptomycin, and 5 mM L-
glutamine. Cells were cultured at 37 °C in a 
humidified incubator with 7.5% CO₂. The 
experimental design consisted of six treatment 
groups, including the control group: cells 
maintained under standard conditions; SFN 
group: cells exposed to the highest non-toxic SFN 
concentration (20 µg/mL) to evaluate SFN’s 
standalone effects; CSE group: cells treated with 
the half-maximal drug inhibitory concentration 
(IC50) of CSE (59.5 µg/mL) for 24 h; CSE + SFN: 
co-treatment with CSE (59.5 µg/mL) and low (5 
µg/mL), medium (10 µg/mL), or high (20 µg/mL) 
concentrations of SFN. 
All treatments were administered for 24 h under 
standard culture conditions. This model was 
designed to evaluate the protective or modulatory 
effects of SFN against CSE-induced cellular 
stress in a concentration-dependent manner.  

Animal 
A murine model of emphysema was 

established based on a previously published 
protocol (27). Twenty-four male mice (6 weeks 
old, 21-23 g) were randomly divided into three 
groups (n = 8 each), including group A (control): 
received intraperitoneal (i.p.) injections of 
phosphate-buffered saline (PBS, 0.3 mL) on days 
0, 11, and 22; group B (CSE): administered CSE 
via i.p. injection at a dosage of 7.2 mg/kg on the 
same days; group C (CSE + SFN): received 
combined i.p. injections of CSE (7.2 mg/kg) and 
SFN (10.2 mg/kg) on days 0, 11, and 22. Animals 
were euthanized on day 28. All procedures 
complied with the ethical standards set by the 
MASUMS Ethics Committee (Ethic code: 
IR.MAZUMS.AEC.1403.043).  
 
MTT assay 

To assess cytotoxicity, BEAS-2B cells were 
seeded at a density of 4 × 10⁴ cells per well in 
48-well plates and allowed to adhere overnight. 
Cells were then treated with varying 
concentrations of CSE (0.01-100 µg/mL), SFN 
(0.01-50 µg/mL), or co-treatment with both 
agents for 24 h. After treatment, the culture 
medium was removed, and cells were gently 
rinsed with PBS to eliminate residual treatment 
compounds. Subsequently, 50 µL of MTT 
solution (0.5 mg/mL) was added to each well, 
and cells were incubated for 3 h at 37 °C. The 
resulting formazan crystals were dissolved in 
170 µL of DMSO, and absorbance was 
measured at 570 nm using a microplate reader 
(28). Cell viability was expressed as a 
percentage relative to untreated controls. 
 
ROS production evaluation 

BEAS-2B cells were seeded in 6-well plates 
at a density of 2 × 10⁵ cells per well and allowed 
to adhere overnight in RPMI medium 
supplemented with 10% FBS. The next day, 
cells were treated with CSE, SFN, or their 
combination for 24 h, depending on the 
experimental group. Following treatment, cells 
were harvested by trypsinization and washed 
twice with PBS. DCFH-DA (10 µmol/L) was 
added to each well, followed by 30 min of 
incubation at 37 °C. The cells were 
homogenized and centrifuged at 10,000 g for              
5 min. Supernatants (200 µL) were analyzed 
using a spectrofluorometer at 485 nm excitation 
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and 535 nm emission wavelengths (29). 
Fluorescent intensity values were normalized to 
the cell number. 
 
GSH and MDA quantification 

BEAS-2B cells were seeded in 6-well plates 
at a density of 2 × 10⁵ cells per well and allowed 
to adhere overnight in RPMI medium 
supplemented with 10% FBS. The next day, 
cells were treated with CSE, SFN, or their 
combination for 24 h, depending on the 
experimental group. Following treatment, cells 
were harvested by trypsinization and washed 
twice with PBS. For GSH analysis, cell lysates 
prepared in Triton-X-100 buffer were 
centrifuged, and supernatants were reacted with 
DTNB (200 µM) for 30 min. Absorbance was 
measured at 405 nm. For MDA assessment, 
lysates were reacted with 0.2 M phosphoric acid 
and 0.6% thiobarbituric acid (TBA), incubated 
at 100 °C, cooled, extracted with n-butanol, and 
centrifuged. The upper phase absorbance was 
read at 532 nm, allowing for lipid peroxidation 
analysis. 
 
SA-β-gal activity 

BEAS-2B cells were seeded in 6-well plates 
at a density of 2 × 10⁵ cells per well and allowed 
to adhere overnight in RPMI medium 
supplemented with 10% FBS. The next day, 
cells were treated with CSE, SFN, or their 
combination for 24 h, depending on the 
experimental group. Following treatment, cells 
were harvested by trypsinization and                      
washed twice with PBS. SA-β-gal activity                   
was determined using a colorimetric                       
assay involving o-nitrophenyl-β-D-
galactopyranoside (ONPG) as a substrate (30). 
Upon enzymatic hydrolysis, ONPG releases a 
yellow product (o-nitrophenol), which was 
quantified at 420 nm in alkaline conditions (pH 
10.2). Results were normalized to cell count. 
 
Intracellular iron determination  

BEAS-2B cells were seeded in 6-well plates 
at a density of 2 × 10⁵ cells per well and allowed 
to adhere overnight in RPMI medium 
supplemented with 10% FBS. The next day, 
cells were treated with CSE, SFN, or their 
combination for 24 h, depending on the 
experimental group. Following treatment, cells 
were harvested by trypsinization and washed 

twice with PBS. Intracellular iron was quantified 
with the Agilent 4210 microwave plasma atomic 
emission spectroscopy (MP-AES) instrument. 
Cells were incubated in a mixture of 0.1% nitric 
acid and 0.1% Triton X-100 at 60 °C for 14 h (31). 
The solution was then preserved in 0.2 M nitric 
acid until elemental analysis was performed. 
 
Quantitative real-time polymerase chain 
reaction  

Total RNA was isolated using TrizoLEX reagent 
(DNAbiotech, Iran), and RNA purity and 
concentration were assessed via absorbance at 260 
and 280 nm using a Nanodrop spectrophotometer. 
Complementary DNA (cDNA) was synthesized 
from 1 µg of total RNA using the Easy cDNA Ultra-
TM synthesis kit (Parstous, Iran) according to the 
manufacturer’s instructions. Quantitative real-time 
polymerase chain reaction (qRT-PCR) was 
performed using SYBR Green master mix 
(Zistviraiesh, Iran) on an Mx3000P real-time PCR 
system (Agilent Technologies, USA). Gene-specific 
primers were designed using Primer-BLAST 
(NCBI) and synthesized by Metabion (Germany). 
The sequences of all primers used are listed in             
Table 1. Each qRT-PCR reaction was carried out in 
a 20 µL volume containing 10 µL SYBR Green 
master mix, 0.5 µL of each primer (10 µM), 2 µL of 
cDNA, and 7 µL nuclease-free water. 

Thermal cycling conditions were as follows: 
initial denaturation at 95 °C for 10 min, followed 
by 40 cycles of denaturation at 95 °C for 15 s, 
annealing at 60 °C for 30 s, and extension at 72 
°C for 30 s. Melt curve analysis was performed to 
verify the specificity of the amplification. 
Relative gene expression levels were calculated 
using the 2-ΔΔCq method, with GAPDH used as the 
internal control (32). 
 
Histopathologic analysis 

Lung tissues were fixed in 10% formalin, 
sectioned into 5-µm slices, and stained using 
hematoxylin and eosin (H&E). Histopathological 
evaluations were performed microscopically to 
detect structural changes associated with 
treatment conditions. In addition, a blinded 
morphometric analysis of alveolar airspace 
enlargement was conducted using the mean linear 
intercept (MLI) method to provide semi-
quantitative confirmation of the observed 
changes.  
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Table 1. Primer sequences. 

Gene Primer sequence (5´–3´) 

SIRT1 Forward: GGAGCAGATTAGTAAGCGGCTTG                     Reverse: GTTACTGCCACAGGAACTAGAGG 

NF-κB Forward: TACGGATTCTGGTGGGGTGT                              Reverse: CCATCAGGACAGGGGAAAAGT 

P16 Forward: CTCTGAGAAACCTCGGGAAACT                       Reverse: AACTACGAAAGCGGGGTGG 

TNF-α Forward: CTCTTCTGCCTGCTGCACTTTG                         Reverse: RTGGGCTACRGGCTTGTCACTC 

IL-6 Forward: CCGGAGAGGAGACTTCACAGC                        Reverse: AGATTGCCATTGCACACC 

IL-8 Forward: AGAACATCCAGAGTTTGAAGGTGAT               Reverse: GTGGCTATGACTTCGGTTTGG 

Il-1β Forward: TCCCCAGCCCTTTTGTTGA                                 Reverse: TTAGAACCAAATGTGGCCGTG 

SLC7A11 Forward: TCCTGCTTTGGCTCCATGAACG                        Reverse: AGAGGAGTGTGCTTGCGGACAT 

GPX4 Forward: ACAAGAACGGCTGCGTGGTGAA                     Reverse: GCCACACACTTGTGGAGCTAGA 

P21 Forward: TTCCTCATCCACCCCATCC                                Reverse: CCCTGTCCATAGCCTCTACTGC 

GAPDH Forward: GCACCGTCAAGGCTGAGAAC                          Reverse: TGGTGAAGACGCCAGTGGA 

 
 

 

 
Fig. 1. The effect of (A) CSE, (B) SFN, and (C) the combination treatment of SFN (5, 10, and 20 μg/mL) with 59 μg/mL 
CSE on BEAS-2B cell viability. The data are expressed as mean ± SD. &P < 0.05 and &&&P < 0.001 indicate significant 
differences compared to the control group; **P < 0.01 and ***P < 0.001 versus CSE group. SFN, Sulforaphane; CSE; 
cigarette smoke extract. 

 
Statistical analysis 

GraphPad Prism version 8.4.2 (Dotmatics) 
was used for all data analyses. Results are 
reported as mean ± SD from at least three 
independent experiments. Statistical 
significance among groups was evaluated using 
one-way ANOVA followed by Tukey’s post 
hoc test. P-values < 0.05 were considered 
statistically significant. 
 

RESULTS 
 
Impact of CSE, SFN, and their combination 
on BEAS-2B cell viability 

To evaluate how CSE, SFN, and their 
combined use affect BEAS-2B cell survival, 
MTT assays were conducted. Significant 
cytotoxicity was observed with CSE at 
concentrations of 20, 50, and 100 μg/mL,                            

and the IC50 was calculated to be 59 μg/mL 
(Fig. 1A). SFN induced cytotoxic effects at 50 
μg/mL following 24 h of treatment (Fig. 1B). 
For co-treatment experiments, the IC50 
concentration of CSE was used in                   
conjunction with three SFN doses (5, 10, and 20 
μg/mL) to examine potential synergistic effects 
(Fig. 1 C). 
 
SFN prevents oxidative stress in BEAS-2B 

This study aimed to determine whether SFN 
could counteract oxidative damage caused by 
CSE. Cellular GSH and ROS levels were 
measured post-treatment. Exposure to CSE 
significantly increased ROS generation                   
while depleting intracellular GSH.                   
Treatment with SFN counteracted these effects, 
restoring GSH and reducing ROS levels, as 
depicted in Fig. 2A and B.  
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Fig. 2. Effects of SFN and CSE combination on stress oxidative in BEAS-2B cells. (A) Co-treating with SFN decreased 
the production of reactive oxygen species triggered by CSE. (B) GSH levels were measured based on the material and 
methods. The data are expressed as mean ± SD. &&&P < 0.001 indicates significant differences compared to the control 
group; **P < 0.01 and ***P < 0.001 versus CSE group. SFN, Sulforaphane; CSE; cigarette smoke extract; GSH, glutathione 

 
 

 

 
Fig. 3. Effects of SFN and CSE on ferroptosis. (A and B) qRT-PCR was used to analyze the mRNA level of GPX4 and 
SLC7A11. GAPDH was used for internal normalizations. (C and D) MDA and intracellular iron levels were measured in 
BEAS-2B cells. The data are expressed as mean ± SD. &&P < 0.01 and &&&P < 0.001 indicate significant differences 
compared to the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus CSE group. SFN, Sulforaphane; DFO, 
deferoxamine (10 mM); CSE, cigarette smoke extract; MDA, malondialdehyde; qRT-PCR, quantitative real-time 
polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
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SFN alleviates ferroptosis in CSE-treated 
cells 

To understand SFN's role in modulating 
ferroptosis, mRNA levels of solute carrier 
family 7A member 11 (SLC7A11) and 
glutathione GPX4, key genes regulating this 
cell death pathway, were assessed using                  
qRT-PCR. In addition, iron accumulation                       
and lipid peroxidation, hallmarks of           
ferroptosis, were measured. The CSE-treated 
group exhibited downregulation of GPX4                   
and SLC7A11 (Fig. 3A and B), along with 
elevated MDA levels and intracellular iron 
content (Fig. 3C and D). These pro-                      
ferroptotic changes were significantly 
mitigated following SFN treatment. 

 
SFN attenuates CSE-induced cellular senescence 

SA-β-gal activity was used to assess cellular 
aging. CSE exposure resulted in a marked 
increase in SA-β-gal activity (0.3395 ± 0.01) 
compared to untreated controls (0.07 ± 0.01). 
SFN administration at 10 μg/mL significantly 
lowered this activity (0.27 ± 0.02), as illustrated 
in Fig. 4A. Furthermore, CSE upregulated the 

mRNA expression of senescence markers p16 
and p21, whereas SFN co-treatment reduced 
their expression (Fig. 4B and C), indicating that 
SFN can modulate senescence-related signaling 
pathways. 

 
SFN reverses CSE-induced dysregulation of 
SIRT1, NF-κB, and SASP cytokines 

qRT-PCR analysis was performed to 
evaluate the effects of CSE on the expression of 
SIRT1, NF-κB, and SASP cytokines 
(interleukin-1β (IL-1β), IL-6, IL-8), and tumor 
necrosis factor alpha (TNF-α)) in BEAS-2B 
cells. The results indicated a significant 
reduction in SIRT1 expression, along                   
with a marked increase in NF-κB, TNF-α,                
IL-1β, IL-8, and IL-6 expression in the CSE-
treated group compared to the control                   
(Fig. 5A-F). Notably, SFN treatment 
effectively reversed the CSE-induced 
downregulation of SIRT1 and the upregulation 
of NF-κB and SASP cytokines, suggesting its 
potential protective role against CSE-induced 
inflammatory and senescence-associated 
responses (Fig. 5). 

  
 

 
Fig. 4. The impact of SFN and CSE on senescence-related markers in BEAS-2B cells. (A) SA-β-gal activity was 
determined using a colorimetric assay. (B and C) qRT-PCR was used to analyze the mRNA levels of p16 and p21. 
GAPDH was used for internal normalizations. The data are expressed as mean ± SD. &&P < 0.01 and &&&P < 0.001 
indicate significant differences compared to the control group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus CSE group. 
SFN, Sulforaphane; CSE, cigarette smoke extract; qRT-PCR, quantitative real-time polymerase chain reaction; GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase.  
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Fig. 5. Expression of (A) SIRT1, (B) NF-κB, (C) TNF-α, (D) IL-6, (E) IL-8, and (F) IL-1β in BEAS-2B cells. qRT-PCR 
was used to analyze mRNA expression. GAPDH was used for internal normalizations. The data are expressed as                     
mean ± SD. &&P < 0.01 and &&&P < 0.001 indicate significant differences compared to the control group; *P < 0.05,                   
**P < 0.01, and ***P < 0.001 versus CSE group. SIRT1, Silent information regulator 1; NF-κB, nuclear factor kappaB;                  
TNF-α, tumor necrosis factor alpha; IL, interleukin; SFN, sulforaphane; CSE, cigarette smoke extract; qRT-PCR, 
quantitative real-time polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
 
 

 
Fig. 6. Representative H&E-stained lung tissues of mice (scale bars, 100 μm and 200 μm). (A) Control group, (B) CSE 
group, and (C) CSE + SFN-treated group. Arrows indicate alveolar destruction and enlarged airspaces characteristic of 
emphysematous changes. SFN, sulforaphane; CSE, cigarette smoke extract; H&E, hematoxylin and eosin. 
 
SFN protects against CSE-induced lung 
damage in a COPD mouse model 

An emphysema model was established in six-
week-old mice through intraperitoneal 
administration of liquid CSE. H&E staining was 
performed to assess lung histopathology (Fig. 6). 
As shown in Fig. 6B, lung sections from the CSE-
treated group exhibited marked thickening of the 
alveolar walls due to inflammatory cell 
infiltration, along with the formation of enlarged 
air spaces and pronounced emphysematous 

changes, which are characteristic 
histopathological features of COPD. In contrast, 
co-treatment with SFN significantly mitigated 
these pathological alterations, as evidenced by a 
reduction in alveolar wall thickening and 
inflammatory infiltration, thereby preserving 
lung architecture (Fig. 6C). Also, to provide semi-
quantitative support for the observed 
emphysematous changes, the mean linear 
intercept (MLI) was calculated based on H&E-
stained images. The MLI significantly increased 
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in the CSE group (2.16 µm) compared to the 
control group (1.80 µm), indicating alveolar 
enlargement. Treatment with SFN reduced the 
MLI to 1.71 µm, suggesting a protective effect 
against CSE-induced alveolar destruction. These 
results indicate that SFN may play a protective 
role in mitigating pulmonary injury caused by 
exposure to CSE. 
 

DISCUSSION 
 

This study presents compelling evidence 
supporting the protective capacity of SFN against 
CSE-induced cellular damage, primarily through 
the suppression of oxidative stress, ferroptosis, 
and cellular senescence in both in vitro and in vivo 
models. Given their role as the frontline defense 
against inhaled environmental insults, airway 
epithelial cells are particularly critical in 
mediating these protective effects (33). Both                 
in vitro and in vivo studies have demonstrated          
that exposure to CS is sufficient to induce cellular 
senescence, oxidative stress, and ferroptosis 
(5,17,34). Notably, SFN has been shown to exert 
protective effects by activating SIRT1,                      
which plays a crucial role in regulating oxidative 
stress responses, cellular senescence, and 
inflammation (35). In agreement with previous 
findings (36,37), CSE exposure in our study 
induced significant cytotoxicity and reduced cell 
viability. Notably, co-treatment with SFN at 10 
μg/mL efficiently ameliorated this toxicity, 
confirming its cytoprotective potential. 
Importantly, we used CSE at IC50 in combination 
with moderate doses of SFN to evaluate 
therapeutic relevance while avoiding 
overwhelming cytotoxicity that might mask 
potential protective effects. These dose 
combinations were selected based on initial dose-
response data and are consistent with 
concentrations used in prior studies investigating 
SFN’s protective roles. Our results further 
corroborate previous reports of oxidative stress 
induced by cigarette smoke, as evidenced by 
elevated ROS and reduced intracellular GSH 
levels. This oxidative imbalance is known to 
contribute not only to cellular damage but also to 
the initiation of senescence and ferroptosis                   
(38-40). SFN effectively restored antioxidant 
capacity by enhancing GSH levels and reducing 
ROS, reinforcing its antioxidative function. 

Oxidative stress induced by CS is closely 
linked to cellular senescence through multiple 
mechanisms (41). Senescent cells are 
characterized by increased expression of β-
galactosidase, an enzyme detectable at pH 6, 
commonly referred to as SA-β-gal, which serves 
as a widely used biomarker for senescence. A key 
mechanism through which cells sustain the 
senescent state involves the modulation of 
senescence-associated gene expression, including 
the upregulation of genes such as p16 and p21. In 
the present study, treatment with CSE led to a 
significant elevation in the proportion of SA-β-
gal-positive BEAS-2B cells, accompanied by 
upregulated expression of the senescence-
associated markers p16 and p21. Additionally, 
CSE exposure enhanced the secretion of SASP 
cytokines, including IL-6, IL-1β, TNF-α, and IL-
8, further supporting the role of CSE in promoting 
cellular senescence in airway epithelial cells. 
Notably, SFN at a concentration of 10 μg/mL 
effectively reduced these senescence markers, 
demonstrating its potential anti-senescence 
properties. 

SIRT1 is a protein crucial for cellular function 
and regulates various cellular processes (42). Our 
findings revealed that exposure to CSE led to a 
marked downregulation of SIRT1 mRNA 
expression, accompanied by an upregulation of 
NF-κB and its downstream pro-inflammatory 
cytokines, including IL-8, TNF-α, and IL-6. 
Previous studies have shown that SIRT1 can 
interact directly with the RelA/p65 subunit of NF-
κB, suppressing its transcriptional activity 
through deacetylation mechanisms (43,44). The 
observed downregulation of SIRT1 and 
concurrent upregulation of NF-κB in response to 
CSE exposure suggest that CS promotes 
inflammation and senescence via SIRT1 
suppression. We selected SFN for this study 
because of its well-documented ability to activate 
SIRT1 and inhibit inflammatory pathways, 
including NF-κB signaling. SFN’s modulatory 
effects on oxidative stress and inflammation are 
particularly relevant in the context of CS-induced 
cellular damage, where oxidative stress, 
inflammation, and senescence converge as 
interconnected mechanisms driving COPD 
pathogenesis (45,46). Importantly, SFN’s 
activation of SIRT1 may synergize with its 
antioxidant function to form a dual mechanism of 
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protection. Through SIRT1-mediated NF-κB 
inhibition and redox balance restoration, SFN 
appears to break the positive feedback loop 
between inflammation and oxidative damage. 
This dual mechanism may explain the superior 
efficacy of combination treatment (CSE + SFN) 
compared to CSE exposure alone, highlighting a 
potential therapeutic strategy. 

Histopathological analysis further supports the 
protective role of SFN against CSE-induced lung 
damage. Our study established an emphysema 
model in mice via intraperitoneal administration 
of liquid CSE, leading to significant structural 
alterations in lung tissue. H&E staining revealed 
marked alveolar wall thickening due to 
inflammatory cell infiltration, enlarged air spaces, 
and emphysematous changes-hallmark 
histopathological features of COPD. These 
observations align with earlier studies indicating 
that prolonged exposure to CS triggers sustained 
inflammatory responses and contributes to 
progressive structural deterioration of lung tissue 
(47,48). Notably, SFN co-treatment effectively 
mitigated these pathological changes by reducing 
alveolar wall thickening and inflammatory 
infiltration, thereby preserving lung architecture. 
These results imply that SFN may confer 
protective benefits to lung tissue by regulating 
inflammatory responses and oxidative stress, 
thereby potentially inhibiting or slowing the 
development of emphysematous alteration. 

Ferroptosis, a regulated form of cell death 
characterized by iron overload and excessive lipid 
peroxidation, has emerged as a key contributor to 
cellular injury induced by CSE (13). The present 
study demonstrated that exposure to CSE leads to 
a substantial increase in intracellular iron 
concentration and MDA levels, both hallmarks of 
ferroptotic cell death. The elevation in iron levels 
suggests that CSE disrupts iron homeostasis, 
thereby promoting oxidative stress and lipid 
peroxidation, which are key contributors to 
ferroptosis. SFN treatment was effective in 
mitigating ferroptosis by significantly reducing 
iron accumulation and lipid peroxidation. The 
observed decrease in MDA levels following SFN 
treatment further supports its protective role 
against ferroptosis. DFO (an iron chelator), by 
chelating free Fe²⁺ ions, significantly inhibits the 
ferroptosis pathway through the reduction of lipid 
peroxidation, while also mitigating general 

oxidative stress mechanisms by decreasing ROS 
production. This aligns with previous findings 
suggesting that SFN enhances antioxidant 
defenses and iron metabolism regulation, thereby 
counteracting ferroptotic processes (49). To 
explore the molecular basis of SFN’s protective 
action, we assessed the expression levels of 
pivotal genes associated with ferroptosis, 
specifically SLC7A11 and GPX4. SLC7A11 
functions as a vital subunit of the 
cystine/glutamate antiporter (System Xc⁻), which 
plays an essential role in preserving intracellular 
GSH concentrations and mitigating lipid 
peroxidation (50). GPX4, an important regulator 
of ferroptosis, mitigates lipid peroxidation by 
converting lipid hydroperoxides into non-toxic 
lipid alcohols (16). Since GPX4 activity depends 
on the availability of GSH, its reduction in CSE-
treated cells may further exacerbate lipid 
peroxidation, thereby promoting ferroptosis. Our 
results demonstrated that CSE exposure led to the 
downregulation of GPX4 and SLC7A11, 
impairing cellular antioxidant defenses and 
promoting ferroptosis. However, SFN treatment 
restored SLC7A11 and GPX4 expression, 
suggesting its role in enhancing cellular resilience 
against CSE-induced ferroptotic damage. 
Although DFO reduced iron accumulation, it did 
not fully prevent MDA elevation, suggesting that 
ferroptosis is not the sole contributor to lipid 
peroxidation and that oxidative stress via other 
pathways also plays a role. This observation 
highlights the complexity of cell death 
mechanisms under CS exposure and the 
multifaceted action of SFN. Together, these 
findings suggest that SFN mediates its protective 
effects through multiple intersecting molecular 
pathways: enhancing antioxidant defenses (via 
GSH and ROS reduction), suppressing 
ferroptosis (through upregulation of 
GPX4/SLC7A11 and iron homeostasis), and 
attenuating inflammation and senescence (via 
SIRT1 activation and NF-κB inhibition). These 
results suggest that SFN may serve as a potential 
therapeutic agent by targeting key mechanisms 
such as oxidative stress, inflammation, cellular 
senescence, and ferroptosis to prevent or reduce 
COPD progression in smokers by targeting key 
pathogenic mechanisms. 

Despite the promising findings, this study has 
a main limitation. The in vitro concentrations of 
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SFN may not directly translate to physiological 
levels achievable through dietary intake, although 
pharmacological relevance has been supported by 
previous studies. For instance, Clarke et al. 
reported that SFN plasma levels after 
consumption of broccoli sprout extracts are 
significantly lower than the concentrations used 
in cellular assays; however, such models are 
essential for understanding underlying 
mechanisms and guiding the development of 
concentrated supplements or therapeutic 
formulations (51). Future studies should focus on 
in vivo validation of these findings, dose 
optimization, and the evaluation of SFN’s 
efficacy in animal models or clinical settings to 
better assess its translational potential. 
 

CONCLUSION 
 

In conclusion, this study identified SFN as a 
promising phytochemical capable of mitigating 
the toxic effects of CSE. SFN exhibited notable 
anti-inflammatory, anti-ferroptotic, and anti-
senescent properties. Mechanistically, these 
protective effects were strongly associated with 
the restoration of SIRT1 expression, a key 
regulator of oxidative stress and inflammation. 
By upregulating SIRT1, SFN effectively 
suppressed NF-κB activity and reduced the 
expression of its downstream pro-inflammatory 
cytokines, thereby attenuating CSE-induced 
cellular damage. While these findings are 
encouraging, further investigations, including a 
detailed exploration of cellular mechanisms, are 
warranted to confirm and expand upon these 
results. 
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