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Introduction: Lung cancer remains one of the leading causes of cancer-related mortality worldwide, necessitating
the exploration of novel therapeutic agents. Benzenesulfonamide derivatives have garnered attention for their
potential anti-cancer properties.

Objectives: This study aims to investigate the anti-proliferative effects of these compounds on human lung cancer
cells and to elucidate the underlying pathways involved in their mechanism of action.

Materials and Methods: In this in-vitro study, we investigated the cytotoxic effects of acetazolamide, a pan
inhibitor, along with its parent compound C3 and its derivatives C4 and C6 against A549 lung cancer cells. We
evaluated key intracellular parameters including pH levels, reactive oxygen species (ROS) production, and the
expression of carbonic anhydrases 9 and 12. To assess cell viability and death, we employed the acridine orange/
propidium iodide assay, which allowed us to differentiate between live and dead cells.

Results: The results of this study indicated that the compounds C3, C4, C6, and acetazolamide effectively reduced
the proliferation of A549 lung cancer cells after 72 hours of treatment. Notably, C3 was associated with an
increase in ROS levels, suggesting a potential mechanism for its cytotoxicity. In contrast, C6 demonstrated a
reduction in ROS levels, while C4 exhibited no significant effect on ROS production. All tested compounds were
found to decrease intracellular pH, which may contribute to their anti-proliferative effects.

Conclusion: The findings highlight the promising potential of benzenesulfonamide derivatives as effective anti-
proliferative agents against A549 lung cancer cells. The diverse mechanisms through which these compounds exert
their cytotoxic effects, including modulation of ROS levels and intracellular pH, underscore their multifaceted

nature in targeting cancer cell viability.

Introduction

Cancer continues to be a leading cause of
death globally, with traditional treatments
like surgery, chemotherapy, and radiotherapy
often showing limited effectiveness in
advanced stages due to the development
of resistance to single-agent therapies. To
address this challenge, there is a growing
emphasis on therapeutic strategies that
simultaneously target multiple molecular
pathways, which have been associated with
significantly better clinical outcomes. Current
research is focused on creating therapies that
specifically modulate critical cancer signaling
pathways, thereby providing more targeted
and effective treatment options for patients (1,
2). Tackling drug resistance in cancer therapy,
particularly due to the complexities of tumor
cell heterogeneity and the protective features
of the microenvironment, is now considered

attainable through precise pharmacological
interventions. Environmental factors drive
metabolic changes, such as the “Warburg
effect,” where cancer cells favor glycolysis over
oxidative phosphorylation, even in oxygen-
rich conditions, to promote survival and
proliferation. These environmental factors,
often defined by acidic conditions and low
oxygen levels, contribute to the development
of highly invasive cancer phenotypes that
exhibit resistance to standard treatments and
are linked to unfavorable outcomes (3,4).
Proliferating cancerous cells can preserve
an optimal intracellular pH despite the
surrounding acidity, supporting their survival
and proliferation. Hypoxia-inducible factors
play a pivotal role in the adaptation to low-
oxygen levels by regulating genes that control
metabolic processes, pH homeostasis, and
angiogenesis, which are crucial for cancer
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Key point

The findings of this investigation underscore the significant potential of
benzenesulfonamide derivatives as effective anti-proliferative agents
against A549 lung cancer cells. These compounds demonstrated a
marked ability to inhibit cell proliferation, suggesting that they could
serve as promising candidates for the development of novel therapeutic
strategies in lung cancer treatment. The promising anti-proliferative
effects of benzenesulfonamide derivatives suggest a potential avenue
for developing novel therapeutic agents that could enhance current
treatment protocols. Policymakers should consider integrating these
findings into guidelines for lung cancer management, promoting
further research into the clinical applications of these compounds.
Additionally, the study emphasizes the importance of understanding
cellular mechanisms, which should be incorporated into medical
education curricula to better prepare future healthcare professionals.
By fostering a deeper understanding of these mechanisms, researchers
and clinicians can collaborate more effectively to innovate treatment
strategies that improve patient outcomes in lung cancer care.

cells to thrive in hypoxic environments (5). Elevated
levels of reactive oxygen species (ROS) in malignant cells,
driven by their enhanced metabolic activity, contribute
to increased proliferation, genetic instability, and
therapeutic resistance, highlighting the dual role of ROS
in tumorigenesis and treatment efficacy (6,7). Regulating
ROS levels can have opposing effects, either inhibiting or
promoting tumor development, making ROS a complex
yet promising target for cancer therapy (8). Reducing
ROS levels in cancer cells can disrupt their metabolic
adaptations, decrease cell proliferation, and limit genetic
instability, thereby potentially impeding tumor growth
(9). Studies have shown that antioxidants can enhance
the efficacy of chemotherapy, alleviate side effects, and
protect healthy tissues from damage (10). On the other
hand, pushing ROS levels past a toxic limit can lead to
cancer cell death by initiating apoptosis or driving the
cells into senescence (8). A wide range of chemotherapy
drugs promote the generation of ROS within cancer cells,
leading to imbalances in cellular homeostasis and resulting
in oxidative damage to DNA, proteins, and lipids, which
significantly contributes to their ability to induce cell
death (11). Excessive ROS generation can boost the pro-
apoptotic effects of anticancer drugs and influence cell
cycle regulation (12). Therefore, strategically modulating
ROS levels, whether by increasing or decreasing them,
can effectively harness their dual roles in promoting and
inhibiting tumor growth for cancer therapy (8).

Objectives

The objective of this study is to investigate the anti-
proliferative effects of benzenesulfonamide derivatives on
human lung cancer cells. By employing in-vitro analysis
techniques, this research aims to identify the efficacy of
various benzenesulfonamide derivatives in inhibiting cell
proliferation. Ultimately, the study seeks to contribute to
the development of novel therapeutic strategies for lung
cancer treatment by providing insights into the potential
of these compounds as effective anti-cancer agents.

Materials and Methods

Study design

The in vitro experimental study was conducted at
the Pharmacy College of Mustansiriyah University in
Baghdad, Iraq, with the primary objective of evaluating
the effects of synthesized benzenesulfonamide derivatives
on human lung cancer cells, specifically targeting the
A549 cell line. This research aimed to explore the anti-
proliferative activity of these novel compounds and
their potential mechanisms of action, contributing to
the understanding of therapeutic strategies against lung
cancer. This investigation utilized various assays to assess
cell viability and morphological changes in response to
treatment.

Cell culture conditions

The A549 cell line was procured from the American
type culture collection (ATCC, USA) and cultured in
Roswell Park Memorial Institute 1640 medium (RPMI
1640) (Capricorn, Germany), supplemented with 10%
fetal bovine serum (FBS) (v/v) and antibiotics including
100 pg/mL streptomycin and 100 IU/mL penicillin
(Capricorn, Germany). The cells were maintained in a
humidified incubator with a 5% carbon dioxide (CO2)
atmosphere at 37 °C, ensuring optimal growth conditions.
For experimental assays, only cultures exhibiting over
75% confluence were utilized, allowing for consistent and
reliable results in evaluating the effects of treatments on
cell viability and morphology (13).

Compounds

The sulfonamide derivatives C4 and C6 were synthesized
from the parent compound C3 in Iraq, and their anti-
proliferative effects were evaluated through in vitro
experiments (14). Stock solutions of the compounds C3,
C4, and C6, along with the standard drug acetazolamide
(ACZ) sourced from China, were prepared at a
concentration of 50 mM using dimethyl sulfoxide (DMSO)
as the solvent, which was obtained from India. To facilitate
the experimental procedures, the stock solutions were
subsequently diluted using either Roswell Park Memorial
Institute Medium or Dulbecco’s modified eagle medium
(Capricorn, Germany).

Assessment of cell viability

The assessment of cell viability was performed using
the human adenocarcinoma alveolar epithelial cell line
A549, which was originally isolated from the lung tissue
of a 58-year-old White male diagnosed with carcinoma
(15). The cytotoxicity of the synthesized test compounds
was evaluated through the Water-Soluble Tetrazolium/
Cell Counting Kit-8 (WST-8/CCK-8) assay, following
the manufacturer’s guidelines provided by Elabscience®.
In this assay, 100 pL of a cell suspension containing 5000
cells were added to each well of a 96-well microplate,
along with 100 pL of culture medium in wells designated

Immunopathologia Persa Volume x, Issue x, 2025



as controls (without cells). The cells were treated with
various concentrations (31.5, 62.5, 125, 250, 500, and 1000
uM) of the test compounds C3, C4, C6, and the ACZ in
RPMI 1640 medium supplemented culture medium and
incubated for 72 hours at 37 °C. Following treatment,
10 uL of CCK-8 buffer were added to each well and
incubated for an additional 4 hours. The WST-8 reagent is
reduced to an orange formazan product by mitochondrial
dehydrogenases, and the amount of formazan produced
is directly proportional to the number of viable cells.
Subsequently, the optical density was assessed at 492 nm
using a microplate reader from Gennex Lab (USA) (16),
and the half-maximal inhibitory concentration values
were determined and presented in dose-response curves
using GraphPad Prism version 10.01. This experiment was
conducted in triplicate to ensure statistical reliability and
accuracy in assessing the anti-proliferative effects of the
test compounds on A549 cells.

Fluorometric ROS assay

To evaluate the role of oxidative stress in the cell
death induced by the test compounds C3, C4, and C6,
a fluorometric ROS assay was conducted using the
fluorescent probe 2,7-dichlorofluorescein  diacetate
(DCFH-DA), sourced from Elabscience® (USA). A549
cells were plated on black microplates and treated with the
half-maximal inhibitory concentration (IC50) values of
compounds C3, C4, and C6, followed by incubation for 24
hours at 37 °C. After incubation, the cells were harvested
and centrifuged at 1000 times the gravitational force (g) for
5 minutes, then rinsed twice with a serum-free medium
to remove any residual compounds. The cell pellets were
subsequently stained with DCFH-DA at a concentration of
2.5 uM/mL for 30 minutes in the dark at 37 °C. Following
staining, ROS levels were quantified using a fluorescence
microplate reader with an excitation wavelength of 500 nm
and an emission wavelength of 525 nm (17).

Fluorescence intracellular pH assay

The fluorescence intracellular pH assay was conducted
using the fluorometric intracellular pH kit (MAK-150)
from Sigma Aldrich (USA) to evaluate the levels of pH
within the cells. The assay utilized the fluorescent indicator
2’7’-dichlorofluorescein diacetate (BCFL-AM), which is
optimized for permeating cellular membranes, allowing
for accurate measurement of intracellular pH fluctuations.
A549 cells were plated at a density of 40000 cells per well
on a black microplate and incubated for 24 hours at 37 °C.
Following incubation, the culture medium was replaced
with the BCFL-AM reagent, and the cells were further
incubated in a 5% carbon dioxide CO2 atmosphere for
30 minutes while protected from light. Subsequently,
the half-maximal IC50 doses of test compounds C3,
C4, and C6 were incorporated into the HEPES-buffered
saline (HBS) solution. After a 5-minute incubation
period, the fluorescence intensity was determined using a
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spectrofluorimeter at excitation and emission wavelengths
of 490 nm and 535 nm, respectively (18).

Bicinchoninic acid protein colorimetric assay

The bicinchoninic acid (BCA) protein colorimetric assay
was employed to quantify the total protein content in cell
samples, serving as a normalization step for subsequent
analyses. To prepare the BCA working solution, 4 uL of
copper (II) sulfate solution were mixed with 196 pL of BCA
reagent for each well, resulting in a final volume of 200 uL
per well. Concurrently, a standard protein solution was
prepared at a concentration of one milligram per milliliter
(mg/mL) by dissolving a standard vial in 1 milliliter of
standard diluent and mixing thoroughly. For the generation
of a standard curve, fresh standards were prepared each
time by diluting the one mg/mL standard solution in
standard diluent to create a series of concentrations ranging
from 0 to one mg/mL; these standard dilutions were used
once and subsequently discarded. The standard curve
for the BCA assay is illustrated in (Figure 1). In parallel,
cell preparation involved harvesting 1x10° A549 cells per
assay, which were washed with phosphate-buffered saline
(PBS) and homogenized. The homogenates were then
centrifuged at 10000 times the gravitational force (g) for
10 minutes at 4 °C to remove insoluble material, and the
supernatant was collected and kept on ice for detection.
The optical density values of each well were measured at
562 nm using a microplate reader, allowing for accurate
quantification of protein content in the samples.

Enzyme-linked immunosorbent assay
anhydrase XII (CA-12)

The human enzyme-linked immunosorbent assay (ELISA)
for CA-12 was performed following the manufacturer’s
protocol provided by RayBio® (USA). Initially, samples
and reagents were equilibrated to room temperature (18
- 25 °C). A total of 100 pL of each standard and sample,
which consisted of cell culture media from the A549
cancer cell line treated with compounds C3, C4, and
C6, were added to the designated wells after a 24-hour
incubation period. The wells were covered and incubated
at room temperature for 2.5 hours with mild agitation.
After incubation, the solution was removed, and the wells
were rinsed four times with wash solution (1X) using
300 pL per well, followed by flipping the plate to absorb
excess liquid on clean paper towels. Subsequently, 100
uL of biotinylated antibody (1X) were added to each well
and incubated at room temperature for 1 hour with gentle
agitation. Following this step, the solution was expelled,
and the washing procedure was repeated. Then, 100 uL
per well of streptavidin solution were added, and the plate
was incubated at room temperature for an additional
45 minutes with mild agitation. After removing the
solution and repeating the wash phase, 100 uL per well of
tetramethyl benzidine (TMB) One-Step substrate reagent
were added and incubated in the dark for 30 minutes at

of carbonic
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Figure 1. Bicinchoninic acid standard curve.

room temperature with gentle shaking. Finally, 50 pL per
well of stop solution were added, and the absorbance was
measured immediately at a wavelength of 450 nm (19).
The standard curve for CA-12 is illustrated in Figure 2,
providing a quantitative assessment of CA-12 levels in the
treated samples.

ELISA of carbonic anhydrase IX (CA-9)

The Human CA-9 (Elabscience®) ELISA assay was
conducted following a systematic protocol designed for
accurate quantification of CA-9 levels. Initially, cells were
gently washed with PBS at room temperature, followed by
dissociation using trypsin. The resulting cell suspension
underwent centrifugation for 5 minutes, after which the
medium was discarded, and the cells were rinsed three
times with PBS to remove residual trypsin. To preserve
the cells, 250 pL of PBS per 1x10° cells were added, and
cell lysate was obtained through a freeze-thaw technique.
The suspension was then centrifuged at 1500xg for 10
minutes at a temperature range of 2-8 °C to separate cell
fragments from the supernatant, which was subsequently
collected for the assay (19). A standard curve for CA-9
was established, as illustrated in Figure 3, facilitating the
quantitative analysis of CA-9 in the samples processed.

Acridine orange/propidium iodide staining assay

The AO/PI (acridine orange/propidium iodide) staining
assay was employed to assess apoptotic changes in the A549
cell line, both in control and treated groups (20). Initially,
5000 cells per well were seeded into an 8-well plate and
treated with compounds C3, C4, and C6, followed by a 24-
hour incubation at 37 °C. After treatment, a stain mixture
of AO/PIwas added at 50 pL per well, which was discarded
after 30 seconds to minimize background fluorescence.
The morphological changes indicative of apoptosis was
then examined using Leica fluorescent microscopy. This
method allows for the differentiation between viable,
apoptotic, and necrotic cells based on their staining
properties, providing valuable insights into the effects of
the tested compounds on A549 cell viability and apoptosis
induction.

Statistical analysis
Statistical analysis was conducted using one-way and two-
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Figure 2. ELISA standard curve of CA-12 for A549 cell line.
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Figure 3. ELISA standard curve of CAIX for A549 cell lines.

way analysis of variance (ANOVA), followed by post-hoc
comparisons to evaluate the differences among groups
in the in vitro study. The data were expressed as mean +
standard deviation (SD) to represent variability within
the datasets. GraphPad Prism version 10.01 for Windows
was utilized for all statistical computations. A p-value of
less than 0.05 was considered statistically significant, with
specific thresholds: *P<0.05, **P<0.001, ***P=0.0001,
and ****P<0.0001.

Results

The anti-proliferative activity of compounds C3, C4, C6,
and the reference pan inhibitor ACZ was assessed in vitro
against the human cancer cell line A549 using the WST-8
colorimetric assay. The results demonstrated that all tested
compounds effectively reduced cell proliferation after a
72-hour incubation period, exhibiting a dose-dependent
decrease in cytotoxicity; higher concentrations of each
compound correlated with increased cytotoxic effects
(Figure 4).

The dose-response curves for determining the IC50
value of four test compounds on A549 cancer cells were
obtained by WST-8 assay after 72 hours of cell culture.
The x-axis represents the logarithm concentration of the
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test compounds (in pg), and the y-axis represents the
percentage of normalized absorbance. The IC50 value,
represented by the Log of drug concentration of the test
compounds inhibits 50% of cell viability. The dose-response
curves revealed that acetazolamide exhibited the highest
potency with an IC50 value of 68.8 pg/mL. In comparison,
compound C3 displayed moderate cytotoxicity with an
IC50 of 171.2 pg/mL, while compound C4 showed slightly
lower potency with an IC50 of 213.7 pug/mL; compound
C6 had an IC50 value of 160.1 pg/mL. These IC50 values
provide a quantitative measure of the dose-dependent
effects of the compounds on A549 cells, highlighting their
varying levels of cytotoxicity (Figure 5).

Cell morphology analysis of the A549 cell line, assessed
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68.17
60.78

55.24

Cytotoxicity %
-y

Cytotoxicity %

Cytotoxicity %
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through the WST assay, revealed significant alterations
indicative of cytotoxicity, including cell shrinkage,
membrane protrusions, and the formation of apoptotic
bodies. These morphological changes are characteristic of
apoptotic processes and suggest a progression toward cell
death in response to treatment. Additionally, observations
of cell density indicated a marked reduction in the density
of treated cells compared to the control group, further
supporting the conclusion that the compounds exert
cytotoxic effects on the A549 lung cancer cells (Figure 6).
In the comparative analysis of the ROS level in cancer
cells treated with studied compounds, Figure 7 presents a
bar graph illustrating the levels of ROS in A549 cell lines
across four distinct groups: control (untreated cells), C3,

(b)

[A549 Cell Line (C3 Treated)|

[A549 Cell Line (C6 Treated)|

1 s2.08

Figure 4. Cytotoxic effect of varying concentrations of four test compounds obtained by WST-8 assays after 72 h of culture for lung cancer cell line A549
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Figure 5. The dose-response curve for determining the IC50 value of four test compounds on A549 cancer cells obtained by WST-8 assay after 72 h of cell culture.
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Figure 6. Morphological changes in A549 lung cancer cells observed by WST
assay after 72 hours of treatment with ACZ, C3, C4, and C6 compounds under
the inverted microscope.

C6, and C4. The X-axis categorizes these groups, while the
Y-axis indicates fluorescence intensity, which serves as a
proxy for the amount of ROS generated within the cells.
Notably, the C3-treated group exhibited a significantly
elevated ROS level compared to the control group, with
this increase reaching statistical significance. Conversely,
the C6 compound demonstrated a significant reduction
in ROS levels relative to the control. In contrast, the
comparison between the control and C4 compound
revealed only a small mean difference that was not
statistically significant. Furthermore, a comparison
between the C3 and C6 compounds indicated a substantial
difference, underscoring a strong statistical significance
in ROS generation between these two treatment groups
(Table 1 and Figure 7).

The bar graph illustrates the effects of the compounds
C3, C4, and C6 on intracellular pH levels in the A549 cell
line, as indicated by fluorescence intensity. The control
group served as a reference for normal intracellular

ns

3k 3k %k kK

20000

Flourescence intensity

o]
Control 3 6 4

Figure 7. Alterations in ROS levels in A549 cancer cells measured by
fluorescence microplate reader following DCFDA staining.

pH, revealing that treatments with C3, C4, and Cé6
resulted in varying degrees of pH reduction. Notably,
the C3 compound significantly decreased intracellular
pH compared to the control, as evidenced by a marked
reduction in fluorescence intensity. Similarly, the C6
compound also induced a significant reduction in
intracellular pH levels relative to the control. Furthermore,
the C4 compound demonstrated a statistically significant
decrease in fluorescence intensity, indicating its impact on
lowering intracellular pH as well (Table 2 and Figure 8).
Figure 9 presents the concentrations of CA-12 and
CA-9 across different treatments in the A549 lung cancer
cell line. The CA-12 concentrations exhibited minimal
varjation among the control, C3, and C6 compounds,
with a significant increase noted only in the C4-treated
cells. This suggests that the treatments exert minimal
differential effects on CA-12 levels in A549 cells. Similarly,
the concentrations of CA-9 remained relatively consistent
across the control, C3, C4, and C6 treatments. The lack
of significant variation in CA-9 levels indicates that these
compounds do not have substantial effects on CA-9
concentrations in A549 cells (Table 3 and Figure 9).
Figure 10 presents a bar graph illustrating cell death
resulting from DNA damage in viable and dead A549
cells, as indicated by fluorescence intensity under various
treatments. The analysis revealed that the C3, C4, and C6
compounds significantly increased the number of dead
cells compared to the control group across all treatments.
In the control group, the difference in DNA damage
between viable and dead cells was highly significant,

Table 1. Comparison of the ROS level in cancer cells treated with C3, C4, and C6 compounds using Tukey’s multiple comparisons test

Compound Mean difference 95% Cl Below threshold? Summary P value’
Control versus C3 -12737 -17998 to -7477 Yes ok 0.0004
Control versus Cé6 20031 14771 to 25292 Yes ok <0.0001
Control versus C4 1124 -4758 to 7005 No ns 0.9183
C3 versus C6 32769 27508 to 38029 Yes R <0.0001
C3 versus C4 13861 7980 to 19742 Yes ok 0.0005
C6 versus C4 -18908 -24789 to -13026 Yes ok <0.0001

* ANOVA followed by the post hoc LSD test; ns, Non-significant; Cl, Confidence interval.
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Table 2. CTukey’s multiple comparisons test of pH assay for A549 between four groups of C3, C4, C6, and control

Compound Mean difference 95% Cl Below threshold? Summary P value’
C3 versus C4 -685.6 -3470 to 2099 No ns 0.8938
C3 versus C6 -879.4 -3664 to 1905 No ns 0.8031

C3 versus Control -4185 -6970 to -1401 Yes ** 0.0028
C4 versus C6 -193.8 -2978 to 2591 No ns 0.9971

C4 versus Control -3500 -6284 to -715.3 Yes * 0.0116
C6 versus Control -3306 -6090 to -521.5 Yes * 0.0174

* ANOVA followed by the post hoc LSD test; ns, Non-significant; Cl, Confidence interval.

highlighting the impact of treatment on cellular integrity.
Furthermore, among the viable cells, exposure to the C3,
C4, and C6 compounds resulted in a significant reduction
in cell viability compared to the control group, as supported
by additional presented data (Table 4 and Figure 10); and
morphological alterations (Figure 11).

Discussion

The findings of this study revealed that compounds
C3, C4, C6, and acetazolamide significantly inhibited
the proliferation of A549 lung cancer cells. The C3 was
significantly correlated to an increase in ROS levels,
indicating a possible mechanism for its cytotoxic effects.
In contrast, C6 resulted in decreased ROS levels, while
C4 had no substantial impact on ROS production. All
compounds tested were observed to reduce intracellular
pH, which may contribute to their anti-proliferative
properties.

This finding that C3 significantly elevates ROS levels
suggests a pro-oxidant effect, which may contribute to
the promotion of apoptosis and cytotoxicity. This finding
is consistent with the research conducted by Sies and
Jones (21), which also highlights the role of increased
ROS in cellular processes leading to programmed
cell death and toxicity. Such alignment between the
current findings and previous studies underscores the
importance of ROS as a critical mediator in the context
of C3’ biological effects. In contrast, the result that C6
significantly decreased ROS levels, indicating its potential
antioxidant properties, aligns with the findings of Leporini
et al (22), this correlation underscores the role of C6 as
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Figure 8. Effects of compounds C3, C4, and C6 on intracellular pH levels in
A549 cancer cells as measured by fluorescence intensity assay.

a promising agent in mitigating oxidative stress, thereby
supporting the hypothesis that compounds exhibiting
antioxidant activity can effectively lower ROS levels.
Such results contribute to a growing body of literature
that emphasizes the importance of exploring antioxidant
mechanisms in various therapeutic contexts, highlighting
C6’s relevance in future research aimed at understanding
its protective effects against oxidative damage. Conversely,
C4 demonstrated no significant impact on ROS levels
in A549 cells, suggesting that its mechanism of action
may be independent of oxidative stress pathways. A549
cells, originating from lung carcinoma, are characterized
by a mixed metabolic phenotype that often exhibits a
pronounced glycolytic component, particularly under
specific environmental conditions (23). This lack of
effect on ROS indicates that C4 may exert its influence
through alternative biological mechanisms, warranting
further investigation into its metabolic interactions and
potential therapeutic applications in cancer treatment.
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Figure 9. Effects of compounds C3, C4, and C6 on CA-12 (a) and CA-9 (b) in
A549 cancer cells.
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Table 3. Comparison of the CA-12 and CA-9 in cancer cells between compounds of C3, C4, and C6

Compound Mean difference 95% Cl Below threshold? Summary P value*
Control versus C3 -2.938 -13.57 to 7.690 No ns 0.6958
Control versus C6 -1.961 -12.59 to 8.667 No ns 0.8723
Control versus C4 -21.5 -32.13t0 -10.87 Yes o 0.0041
CA-12(ng/mL)
C3 versus C6 -0.9774 -9.651 to 11.61 No ns 0.9798
C3 versus C4 -18.56 -29.19to -7.932 Yes * 0.0071
C6 versus C4 -19.54 -30.17 to -8.910 Yes ks 0.0059
Control versus C3 -0.1207 -1.951t0 1.710 No ns 0.9922
Control versus C6 -0.7756 -2.606 to 1.055 No ns 0.4182
Control versus C4 -0.3093 -2.140 to 1.055 No ns 0.8969
CA-9 (ng/mL)
C3 versus Co -0.655 -2.486 to 1.521 No ns 0.5331
C3 versus C4 -0.1887 -2.019 to 1.642 No ns 0.9721
C6 versus C4 0.4663 -1.364 t0 2.297 No ns 0.7403
* ANOVA followed by the post hoc LSD test; ns, Non-significant; Cl, Confidence interval.
Table 4. Comparisons of AO/PI assay for A549 using Siddk>s multiple comparisons test
Compound Mean difference 95% ClI Below threshold? Summary P value*
C3 (Viable versus Dead) -26.14 -32.21 t0 -20.07 Yes LS <0.0001
C4 (Viable versus Dead) -35.17 -41.24 t0 -29.11 Yes K <0.0001
C6 (Viable versus Dead) -7.687 -13.75 to -1.621 Yes & 0.0162
Control (Viable versus Dead) 96.75 90.68 to 102.8 Yes ook <0.0001
C3 versus C4 4.517 -4.062 to 13.10 No ns 0.5783
C3 versus Co -9.227 -17.81 to -0.6277 Yes * 0.0314
Viable C3 versus Control -61.44 -70.02 to -52.86 Yes ok <0.0001
C4 versus Co -13.74 -22.32 to -5.164 Yes ok 0.0012
C4 versus Control -65.96 -74.54 t0 -57.38 Yes Rt <0.0001
C6 versus Control -52.22 -60.80 to -43.64 Yes ek <0.0001
C3 versus C4 -4.517 -13.10 to 4.062 No ns 0.5783
C3 versus C6 9.227 0.6477 to 17.81 Yes * 0.0314
Dead C3 versus Control 61.44 52.86 to 70.02 Yes ok <0.0001
C4 versus Co 13.74 5.164 to 22.32 Yes ok 0.0012
C4 versus Control 65.96 57.38 to 74.54 Yes ok <0.0001
C6 versus Control 52.22 43.64 to 60.80 Yes ok <0.0001

* ANOVA followed by the post hoc LSD test; ns, Non-significant; Cl, Confidence interval.

Understanding the metabolic characteristics of A549 cells
is crucial for elucidating the broader implications of C4’s
action within the context of lung cancer biology.

In our study, we observed that all tested compounds
significantly reduced intracellular pH, a finding that may
play a crucial role in their anti-proliferative properties.
An alkaline intracellular pH is crucial for cancer cells as it
facilitates their metabolic activities, particularly glycolysis.
Disruptions in pH regulation can lead to metabolic
disturbances and impaired mitochondrial function, which
in turn elevate ROS production. Such pH imbalances
may induce metabolic stress and compromise energy
production efficiency, compelling mitochondria to exert
greater effort to fulfill energy requirements, resulting
in increased electron leakage and subsequent ROS
generation. Moreover, if cells transition towards enhanced
oxidative phosphorylation under altered conditions,
the mitochondria may struggle to meet the heightened
energy demands, exacerbating ROS output. Additionally,
fluctuations in pH can adversely affect the functionality
of antioxidant enzymes, diminishing the cells’ ability

to scavenge ROS effectively and consequently elevating
overall ROS levels. This interplay between pH regulation
and mitochondrial dynamics underscores the significance
of maintaining optimal intracellular conditions for
cellular health and function in cancer biology (24,25).
The reduction in intracellular pH can induce metabolic
alterations that hinder cancer cell proliferation, as many
cancer cells rely on a tightly regulated pH environment
to support their growth and metabolic activities. By
decreasing pH levels, these compounds may disrupt the
cellular mechanisms that facilitate energy production and
biosynthesis, thereby impairing the cancer cells’ ability to
proliferate effectively. This suggests that the modulation
of intracellular pH could be a strategic approach in
developing therapeutic agents aimed at inhibiting tumor
growth, highlighting the need for further investigation
into the underlying mechanisms through which these
compounds exert their effects on cellular metabolism and
proliferation.

The observed effects of compounds C3, C4, and C6
on carbonic anhydrase isoforms CA-12 and CA-9 in
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Figure 10. Illustrated results obtained by using AO/PI assay on A549 cancer
cells.
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Figure 11. Morphological alteration in the A549 cell line in compounds of
C3, C4, C6, and untreated cells

the A549 cell line indicate that these compounds may
exert their actions through distinct mechanisms that are
influenced by the specific cellular context. This study
highlights the intricate regulation of carbonic anhydrase
in cancer cells, aligning with previous research that
emphasizes the significant role of cell-specific factors and
the compensatory strategies that emerge in response to pH
disruption (26). Notably, the up-regulation of CA-12 levels
in C4-treated cells suggests a potential compensatory
mechanism aimed at counteracting the effects of altered
pH (27, 28). Furthermore, the results from the intracellular
pH assay demonstrated that compounds C3, C4, and C6
effectively reduced intracellular pH, indicating that their
actions may involve mechanisms independent of carbonic
anhydrases CA-12 and CA-9 in A549 cells (29,30). The
differential modulation of these enzymes suggests that
each compound interacts with the cellular environment in
unique ways, potentially affecting metabolic pathways and

Effect of benzene sulfonamide on cancer

regulatory networks associated with tumor growth and
progression. This variability highlights the importance
of considering the cellular microenvironment when
evaluating the pharmacological effects of these compounds,
as their efficacy may be contingent upon the presence of
specific cellular factors or conditions. Further elucidation
of these mechanisms could provide valuable insights into
the therapeutic potential of C3, C4, and C6 in targeting
carbonic anhydrases within lung cancer cells, ultimately
contributing to more effective treatment strategies. This
finding underscores the necessity of further investigating
the interplay between pH regulation and carbonic
anhydrase activity, as well as the broader implications for
therapeutic interventions targeting metabolic pathways in
lung cancer.

The results of the AO/PI assay revealed significant
cytotoxic effects of the test compounds C3, C4, and C6 on
A549 cells, demonstrating varying degrees of efficacy in
reducing cell viability and inducing cell death. All three
compounds markedly decreased cell viability compared to
the control group, with C4 exhibiting the highest potency,
followed closely by C3. Both C3 and C4 displayed strong
anti-proliferative effects, while C6 showed a comparatively
lesser impact. These findings suggest that the mechanisms
underlying the cytotoxicity of these compounds may
differ, potentially influenced by their structural properties
or interactions within the cellular environment. The
pronounced efficacy of C4 and C3 indicates their
potential as therapeutic agents in targeting lung cancer
cells, warranting further investigation into their specific
pathways of action and long-term effects on cellular
function. This study contributes to the understanding
of how these compounds can selectively induce
apoptosis in cancer cells, highlighting their relevance
in the development of novel anticancer therapies. The
differential cytotoxic effects observed among C3, C4, and
C6 suggest that specific structural features or mechanisms
may enhance their ability to target cancer cells effectively.
The pronounced potency of C4 raises questions about its
potential as a lead compound for further development,
particularly in optimizing its formulation for clinical use.
Additionally, understanding the pathways through which
these compounds induce cell death could provide insights
into overcoming resistance mechanisms commonly
encountered in cancer therapies.

Conclusion

In  conclusion, this study demonstrates that
benzenesulfonamide derivatives, specifically C3, C4, Ce6,
and acetazolamide, exhibit significant anti-proliferative
effects on A549 lung cancer cells through various
mechanisms. The observed increase in ROS levels with
C3 suggests a potential pathway for inducing cytotoxicity,
while C6’s ability to reduce ROS levels indicates a distinct
mechanism that may also contribute to its efficacy. All
compounds effectively lowered intracellular pH, further
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supporting their role in inhibiting cell proliferation. These
findings underscore the potential of benzenesulfonamide
derivatives as novel therapeutic agents in lung cancer
treatment and warrant further investigation into their
mechanisms of action and clinical applicability. Future
research should focus on elucidating the specific molecular
pathways involved and exploring the clinical applicability
of these compounds to enhance treatment outcomes for
lung cancer patients.

Limitations of the study

Severallimitations wereidentified in this studyinvestigating
the anti-proliferative effects of benzenesulfonamide
derivatives on human lung cancer cells. Firstly, the research
was conducted solely in vitro using A549 lung cancer cell
lines, which may not fully replicate the complex tumor
microenvironment and heterogeneity observed in vivo.
Consequently, the results may not accurately predict the
efficacy of these compounds in clinical settings. Secondly,
while the study evaluated key intracellular parameters
such as ROS and pH levels, it did not explore other
potential mechanisms of action or signaling pathways
that could contribute to the observed anti-cancer effects.
Furthermore, the duration of treatment (72 hours) may
not be sufficient to capture long-term effects or resistance
mechanisms that could develop with prolonged exposure
to these compounds. Lastly, potential off-target effects
and toxicity profiles of benzenesulfonamide derivatives
were not assessed, which is crucial for evaluating their
therapeutic viability.
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