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Abstract

Background: Lung cancer is a serious disease affecting millions of individuals globally, defined by the unregulated prolifera-
tion of abnormal cells in the lungs. It is the primary cause of cancer-associated fatalities worldwide, representing a significant 
portion of cancer incidence and mortality rates.
Objectives: This work was dedicated to assessing the anti-cancer activity of α-mangostin against benzo[a]pyrene 
(B[a]P)-induced lung cancer in mice model.
Materials and Methods: Lung tumorigenesis was initiated in Swiss mice with oral treatment of B[a]P for 4 consecutive 
weeks. Mice were treated with α-mangostin following B[a]P induction in mice for 16 weeks. The body and lung weights and 
tumor incidences were assessed in the experimental mice after the conclusion of the treatments. The concentrations of 
oxidant and antioxidant markers, tumor biomarkers, mitochondrial enzymes, and apoptotic protein markers in the experi-
mental mice were assessed using the commercial diagnostic kits. The immunohistochemical analysis was performed on the 
lung tissues to assess the expression of the proliferating cell nuclear antigen (PCNA) protein.
Results: Both pre- and post-treatments of α-mangostin (25 mg/kg) significantly enhanced body weight while reducing lung 
weight and tumor incidences in the B[a]P-induced mice. The α-mangostin treatment effectively increased the antioxidants and 
vitamins and diminished the tumor biomarker concentrations in the mice with lung cancer. Furthermore, the α-mangostin 
treatment considerably increased the mitochondrial enzyme concentrations and regulated the apoptotic proteins in the lung 
tissues of B[a]P-induced mice. In addition, the PCNA protein expression was reduced by the α-mangostin treatment in the 
lung tissues.
Conclusion: In conclusion, our findings demonstrate that α-mangostin exhibits chemopreventive properties in lung cancer 
initiated by B[a]P in mice, suggesting its potential to enhance chemotherapy approaches for lung cancer.
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Introduction

Lung cancer is a serious condition that remains a major pub-
lic health issue globally. It is one of the most widely diag-
nosed cancers, with approximately 2.20 million new 
incidences reported each year and a 5-year survival rate of 
just 15%–20% globally. Recently, the prevalence of lung 
cancer has continued to rise, particularly in Asia, where it 
accounts for a staggering 60% of new cases and deaths glob-
ally. This alarming trend underscores the urgent need to 
understand the causes, recent trends, and the immense bur-
dens associated with this disease (Siegel et al., 2022). The 
causes of lung cancer are multifaceted, with both 

environmental and genetic factors playing a crucial role. 
Tobacco smoking is broadly known as the major cause, 
attributing to most lung cancer incidences. Beyond 
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smoking, exposure to various chemicals and environmental 
pollutants, such as air pollution and radon, has also been 
associated with lung cancer progression (Kludt et al., 2024). 
The link between tobacco smoking and lung cancer has been 
well-known for decades, with tobacco smoke containing a 
cocktail of carcinogens that can directly damage deoxyribo-
nucleic acid (DNA) and promote the development of malig-
nant cells (Romaszko-Wojtowicz et al., 2022).

The intricate interaction of environmental factors, genetic 
predisposition, and molecular mechanisms related to the 
onset and advancement of lung cancer has been well docu-
mented. Environmental factors, such as occupational expo-
sure, air pollution, and dietary factors, have also been 
identified as contributors to lung cancer risk (Liu et al., 2023). 
Despite advances in the medical field, the burden of lung can-
cer remains substantial. The economic impact of lung cancer 
is also staggering, with the disease responsible for significant 
direct medical costs, indirect costs related to low productiv-
ity, and the emotional toll on patients and their families. The 
complexity of lung cancer development, driven by a multi-
tude of environmental, genetic, and molecular factors, has 
made it a challenging disease to understand and effectively 
treat (Barr et al., 2024). It has been suggested that tobacco 
smoke components, like benzo[a]pyrene (B[a]P), may con-
tribute to the pathogenesis of lung cancer (Petit et al., 2019). 
Mouse models have become increasingly crucial in cancer 
research, offering useful insights into pathophysiology and 
potential treatments of several cancers. One such model that 
has garnered significant attention is the B[a]P-induced lung 
cancer in mice (Alzohairy et al., 2021).

The heterogeneity of lung cancer, combined with the 
complexity of cancer cells and their propensity for drug 
resistance, has made effective treatment a persistent issue. 
Current therapies, including chemotherapy, radiotherapy, 
and targeted therapies, have demonstrated limited success, 
often accompanied by significant side effects (Pons-
Tostivint & Bennouna, 2022). Recently, there has been more 
attention on the potential of phytochemicals as a comple-
mentary approach to lung cancer treatment. These naturally 
occurring compounds have demonstrated considerable 
effects in inhibiting tumor cell growth, inducing apoptosis, 
and overcoming drug resistance (Dehelean et al., 2021). 
α-Mangostin, a xanthone derivative compound, is predomi-
nantly present in the mangosteen fruit’s pericarp. It has been 
already reported that α-mangostin has extensive pharmaco-
logical properties, including anti-microbial (Narasimhan 
et al., 2017), immunomodulatory (Kasemwattanaroj et al., 
2019), anti-tumor (Li et al., 2014), antioxidant (Suhandi 
et al., 2023), anti-inflammatory (Dang et al., 2023), anti-
aging (Li et al., 2019), and anti-arthritis (Herrera-Aco et al., 
2019) activities. Furthermore, there are not many reports 
about the anti-cancer properties of α-mangostin against lung 
cancer. Thus, this work was dedicated to assessing the anti-
cancer properties of α-mangostin against B[a]P-induced 
lung cancer in mice.

Materials and Methods

Chemicals

The primary chemicals used in the present work, including 
α-mangostin and B[a]P, were obtained from Sigma–Aldrich, 
USA. All the biochemical markers were determined using 
commercial diagnostic kits obtained from MyBioSource and 
Abcam, USA, respectively.

Animals

Healthy BALB/c mice, weighing around 20–30 g, were 
acquired and maintained in clean polypropylene enclosures 
under conventional laboratory settings of 25°C ± 2°C tem-
perature, a 12-h dark/light cycle, 55% ± 10% humidity, and a 
regular feed consisting of 18% protein, 7% fat, and 53% car-
bohydrates (AIN-93G, Harlan Laboratories, USA), with ad 
libitum access to water.

Experimental Design and Treatment Groups

The acclimated mice were allocated into four groups, namely, 
Group I: Control mice administered corn oil; Group II: Mice 
received an oral administration of 50 mg/kg of B[a]P twice 
daily for 4 consecutive weeks to initiate lung tumorigenesis; 
Group III: Mice received a pre-treatment of 25 mg/kg of 
α-mangostin 1 day prior to the B[a]P exposure for 16 weeks; 
Group IV: Mice received post-treatment with 25 mg/kg of 
α-mangostin starting from the 8th week of B[a]P treatment 
for 16 weeks. Subsequent to the cessation of therapy, the mice 
from all groups fasted overnight and were sacrificed under 
anesthesia via cervical dislocation, and blood and tissue spec-
imens were collected for further experimentation.

Analysis of Lung and Body Weights, Tumor 
Incidence, and Total Number

During the study, body weight was meticulously measured, 
and the data were compiled. After animal sacrifice, the lung 
tissues were extracted, rinsed with saline, and weighed to 
assess alterations in lung weights. The occurrences and total 
tumor numbers were assessed and documented.

Analysis of Oxidative Stress Markers

The lung tissues were excised and homogenized in 10% buffered 
saline and subsequently centrifuged at 5,000 rpm for 15 min. 
The resulting supernatant was employed to assess oxidative 
stress markers, including catalase (CAT), superoxide dismutase 
(SOD), glutathione (GSH), glutathione peroxidase (GPx), gluta-
thione reductase (GR), glutathione-S-transferase (GST), malo-
ndialdehyde (MDA), vitamin E, and vitamin C, utilizing assay 
kits as per the manufacturer’s guidelines (Abcam, USA).
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Analysis of Cancer Marker Enzymes

The concentrations of gamma-glutamyl transferase (γ-GT), 
5′-nucleotidase (5′-NT), aryl hydrocarbon hydroxylase (AHH), 
and lactate dehydrogenase (LDH) enzymes in the serum of 
mice were assessed using the commercial diagnostic kits. The 
assays were done in triplicates using the manufacturer’s 
guidelines (MyBioSource, USA). The concentrations of 
Carcinoembryonic antigen (CEA) and neuron-specific enolase 
(NSE) in the serum of experimental mice were assessed using 
commercial kits. The tests were performed in triplicates using 
the manufacturer’s protocols (Elabscience, USA).

Analysis of Mitochondrial Enzymes

The concentrations of isocitrate dehydrogenase (ICDH), 
alpha-ketoglutarate dehydrogenase (α-KDH), succinate 
dehydrogenase (SDH), and malate dehydrogenase (MDH) 
enzymes in the lung tissue homogenates were assessed using 
the commercially available test kits. The experiments were 
conducted in triplicates using the manufacturer’s specifica-
tions (Elabscience, USA).

Analysis of Apoptotic Proteins

The concentrations of apoptotic proteins Bcl-2, Bax, cyto-
chrome c, caspase-3, and caspase-9 in lung tissue homoge-
nates were evaluated utilizing commercially available assay 
kits. The studies were performed in triplicate as per the manu-
facturer’s protocols (Abcam, USA).

Immunohistochemical Analysis

The collected lung tissue was preserved in 4% paraformalde-
hyde and subsequently paraffinized. The paraffinized tissue 
specimens were sectioned into 5-µm thickness and exposed 
to thermal pre-treatment at 60°C for 1 h. After quenching 3% 
H2O2, slices were incubated with 10% goat serum (Merck 
Millipore) for 1 h at 37°C. The tissue slides were then incu-
bated with a primary antibody for the proliferating cell 
nuclear antigen (PCNA; Abcam, USA) at 4°C overnight and 
subsequently probed with an HRP-conjugated secondary 

antibody (Abcam, USA) at 37°C for 30 min. The slides were 
then exposed to 3,3-diaminobenzidine and stained using 
hematoxylin at 37°C for 5 min. The slides were then imaged 
using an optical microscope.

Statistical Analysis

Statistical tests were conducted utilizing GraphPad software 
(version 10.3.0). Data are revealed as the Mean ± Standard 
Deviation (SD) from three separate assays. The disparities 
between the two groups were examined using unpaired analy-
sis. The differences across more than two groups were 
assessed using one-way analysis of variance (ANOVA) with 
Tukey’s correction. A p < .05 was deemed to signify signifi-
cance. Data normality was tested using the Shapiro–Wilk test, 
and the results confirmed that our data were normally distrib-
uted, justifying the use of ANOVA for statistical analysis.

Results

Effect of α-Mangostin on Body Weight, Lung 
Weight, and Tumor Incidence in the Experimental 
Mice

The present work observed reduced body weight, elevated 
lung weight, and tumor incidence in the B[a]P-induced mice 
relative to the other groups. In contrast, the treatment of 
α-mangostin at 25 mg/kg concentrations significantly ele-
vated the body weight and diminished both lung weight and 
tumor incidences, as depicted in Table 1. The results suggest 
that treating α-mangostin prior to B[a]P exposure may be 
advantageous for mitigating lung tumorigenesis, as seen in 
the mouse model.

Effect of α-Mangostin on Oxidative Stress 
Markers in Experimental Mice

The existence of an oxidative stress condition in the experi-
mental mice was validated by assessing the levels of oxida-
tive stress biomarkers. Figure 1 demonstrates that B[a]
P-treated mice with lung cancer exhibited a significant 

Table 1. Effect of α-Mangostin on the Body Weight, Lung Weight, and Tumor Incidence in the Experimental Mice.

Particulars Group I Group II Group III Group IV

Body weight (g) 57.42 ± 10.14 29.24 ± 5.79 36.92 ± 8.12** 48.29 ± 9.61**

Lung weight (mg) 246 ± 31.27 376.18 ± 39.16# 311.91 ± 28.93# 273.38 ± 24.86#

Tumor incidence – 6 ± 0.51# 1 ± 0.17# 3 ± 0.86#

Total no. of tumors (per mice) – 5.46 ± 0.73# 1.18 ± 0.14** 2.35 ± 0.17#

Inhibition (%) 0 0 84 63

Notes: The values are presented as a Mean ± Standard Deviation (SD) of three replicates. The values are analyzed statistically using one-way analysis of 
variance (ANOVA), followed by Tukey’s correction, to assess the differences among treatment groups. An asterisk “#” indicated significance at p < .01 
relative to the control group (Group I), whereas “**, #” indicated significance at p < .05 relative to the benzo[a]pyrene (B[a]P)-induced group (Group II).
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increase in MDA and a subsequent reduction in primary 
antioxidants, like SOD, CAT, GSH, GPx, GR, GST, vitamin 
E, and vitamin C concentrations. Interestingly, the mice 
with α-mangostin (25 mg/kg) treatment effectively reduced 
MDA levels and subsequently enhanced the antioxidant 
concentrations in the B[a]P-induced mice, as depicted in 
Figure 1.

Effect of α-Mangostin on the Tumor Biomarkers 
in the Experimental Mice

Figure 2 depicts the results of α-mangostin on the concen-
trations of tumor biomarkers in the experimental mice. The 
B[a]P-treated mice with lung cancer revealed increased 
serum concentrations of GGT, 5′-NT, AHH, LDH, CEA, 
and NSE in comparison to the control group. Remarkably, 
these alterations were successfully controlled by the 
α-mangostin treatment (Figure 2). The pre- and post-treat-
ments of 25 mg/kg of α-mangostin significantly decreased 
these tumor biomarker concentrations in the B[a]P-induced 
mice.

Effect of α-Mangostin on Mitochondrial Enzymes 
in Lung Tissues of Experimental Mice

The concentrations of mitochondrial marker enzymes, namely, 
α-KDH, SDH, ICDH, and MDH, in the lung tissues were 
assessed, and the data are depicted in Figure 3. The decreased 
concentrations of α-KDH, SDH, ICDH, and MDH were seen 
in the lung tissues of B[a]P-induced mice. However, the treat-
ment with 25 mg/kg of α-mangostin significantly enhanced 
the concentrations of α-KDH, SDH, ICDH, and MDH in lung 
tissues of B[a]P-induced lung cancer (Figure 3).

Effect of α-Mangostin on Apoptotic Proteins in 
Experimental Mice

Figure 4 demonstrates a substantial reduction in the concen-
trations of Bax, cyt-c, caspase-3, and caspase-9, accompanied 
by an increase in Bcl-2 levels in the lung tissues of B[a]
P-induced mice, contrasting with the values recorded in the 
control. Notably, the 25 mg/kg concentration of α-mangostin 
effectively increased the Bax, cyt-c, caspase-3, and caspase-9 

Figure 1. Effect of α-Mangostin on Oxidative Stress Markers in Experimental Mice. The Values are Presented as a Mean ± Standard 
Deviation (SD) of Three Replicates. The Values are Analyzed Statistically Using One-way Analysis of Variance (ANOVA), Followed by 
Tukey’s Correction, to Assess the Differences Among Treatment Groups. An Asterisk “#” Indicated Significance at p < .01 Relative to 
the Control Group (Group I), Whereas “**” Indicated Significance at p < .05 Relative to the Benzo[a]pyrene (B[a]P)-induced Group 
(Group II).
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Figure 2. Effect of α-Mangostin on the Tumor Biomarkers in the Experimental Mice. The Values are Presented as a Mean ± Standard 
Deviation (SD) of Three Replicates. The Values are Analyzed Statistically Using One-way Analysis of Variance (ANOVA), Followed by 
Tukey’s Correction, to Assess the Differences Among Treatment Groups. An Asterisk “#” Indicated Significance at p < .01 Relative to the 
Control Group (Group I), Whereas “**” Indicated Significance at p < .05 Relative to the Benzo[a]pyrene (B[a]P)-induced Group (Group II).

Figure 3. Effect of α-Mangostin on the Mitochondrial Enzymes in Lung Tissues of Experimental Mice. The Values are Presented as 
a Mean ± Standard Deviation (SD) of Three Replicates. The Values are Analyzed Statistically Using One-way Analysis of Variance 
(ANOVA), Followed by Tukey’s Correction, to Assess the Differences Among Treatment Groups. An Asterisk “#” Indicated 
Significance at p < .01 Relative to the Control Group (Group I), Whereas “**” Indicated Significance at p < .05 Relative to the Benzo[a]
pyrene (B[a]P)-induced Group (Group II).
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concentrations and reduced the anti-apoptotic Bcl-2 level in 
the lung tissues of B[a]P-induced mice.

Effect of α-Mangostin on PCNA Expression in 
Lung Tissues of Experimental Mice

The findings of the immunohistochemical analysis revealed 
that the B[a]P-induced mice elevated the PCNA protein 
expression in their lung tissue relative to the control, whereas 
the treatment of α-mangostin at a 25 mg/kg concentration led 
to a substantial diminution in PCNA protein expression in the 
lung tissues of B[a]P-induced mice (Figure 5).

Discussion

Lung cancer is a major public health issue, and understanding 
the mechanisms underlying its development is essential for 
improving prevention and treatment strategies. One of the 
broadly utilized approaches to investigating lung cancer is the 
animal models, such as the B[a]P-induced lung cancer in 
mice (Hassanin et al., 2019). The evaluation of body and lung 

weights and tumor incidences in these mouse models can pro-
vide useful knowledge into the progression and impact of 
lung cancer. These parameters are important in understanding 
the disease pathogenesis (Kasala et al., 2016). One key aspect 
of the B[a]P-initiated lung cancer is the effect on body weight. 
Lung cancer, like many other cancers, can lead to significant 
weight loss and cachexia, which can further exacerbate the 
disease. In the B[a]P-initiated model, researchers have 
observed a decrease in the body weight of the affected mice, 
which may be linked to the metabolic changes and energy 
demands associated with tumor growth (Goal et al., 2024). 
The lung weight of the affected mice is another imperative 
factor. As the tumor develops, the weight of the lungs can 
increase due to the presence of the growing tumor. 
Furthermore, lung inflammation and edema associated with 
the cancer can also contribute to an increase in lung weight 
(Wang et al., 2021). The tumor incidence in the B[a]P-induced 
model is a crucial measure of the severity and progression of 
the disease. The frequency and size of the tumors can provide 
insights into the carcinogenic potential of B[a]P and the effi-
cacy of potential interventions or treatments. These factors, 
when analyzed in the context of the lung cancer model, can 

Figure 4. Effect of α-Mangostin on the Apoptotic Protein Levels in Lung Tissues of Experimental Mice. The Values are Presented 
as a Mean ± Standard Deviation (SD) of Three Replicates. The Values are Analyzed Statistically Using One-way Analysis of Variance 
(ANOVA), Followed by Tukey’s Correction, to Assess the Differences Among Treatment Groups. An Asterisk “#” Indicated 
Significance at p < .01 Relative to the Control Group (Group I), Whereas “**” Indicated Significance at p < .05 Relative to the Benzo[a]
pyrene (B[a]P)-induced Group (Group II).
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help to understand the onset of the disease (Salem et al., 
2021). In a similar manner, the present findings revealed the 
reduced body weight and increased lung weight and tumor 
incidence in the mice with B[a]P-induced lung cancer. 
Whereas, the α-mangostin treatment significantly elevated 
the body weight and diminished the lung weight and tumor 
incidences in the B[a]P-induced mice, which evidences that 
α-mangostin shows potential in mitigating lung tumorigene-
sis and associated complications.

Oxidative stress is a significant contributor to the onset and 
advancement of numerous diseases, including cancer. In the 
realm of lung cancer, comprehending the significance of oxida-
tive stress and its related indicators is essential for developing 
effective treatment methods. Oxidative stress is defined by a 
disproportion between the generation of ROS and the body’s 
capacity to neutralize them through antioxidant defense sys-
tems (Stefanou et al., 2022). In the context of cancer, oxidative 
stress can participate in the initiation, promotion, and advance-
ment of the disease by inducing DNA damage, altering cellular 
signaling pathways, and promoting angiogenesis and metasta-
sis. Lipid peroxidation can also result in the development of 
reactive aldehydes, such as MDA, which can further exacer-
bate cellular damage (Li et al., 2024). The primary anti-
oxidants, like SOD, CAT, and the GSH-related enzymes, play 
an essential role in neutralizing the harmful outcomes of 
oxidative stress. SOD promotes the conversion of superoxide 
radicals into H2O2, which is then broken down by CAT or 
GPx. GSH, a ubiquitous antioxidant, is involved in the detoxi-
fication of various compounds, including ROS, and its 

depletion is often associated with increased oxidative stress 
(Gu et al., 2024). Vitamin E and vitamin C are also important 
antioxidants that can help to mitigate the damaging effects of 
oxidative stress. Vitamin E is a lipid-soluble antioxidant that 
safeguards cells from lipid peroxidation, whereas vitamin C is 
a water-soluble antioxidant that neutralizes various ROS and 
regenerates other antioxidants (Fagbohun et al., 2023). The 
importance of analyzing oxidative stress markers in the lung 
tissues are crucial for understanding the pathogenesis of 
various lung diseases (Bodduluru et al., 2015). The present 
results also evidenced the increased MDA level and decreased 
antioxidant concentrations in the lung tissues of the mice with 
B[a]P-exposed lung cancer. However, the treatment with 
α-mangostin substantially reduced the MDA and elevated 
the antioxidant concentrations in the lung tissues of B[a]
P-initiated mice.

The analysis of specific serum biomarkers can provide 
useful insights into the mechanisms and early detection of 
lung cancer development, particularly in the context of B[a]
P exposure. γ-GT is an enzyme involved in GSH metabo-
lism and has been related to several cancers, including lung 
cancer. Its activity in the serum can serve as an indicator of 
oxidative stress and cellular damage, which are hallmarks of 
cancer development (Wang et al., 2024). 5′-NT plays a 
major role in nucleotide metabolism and has been observed 
to be altered during lung cancer development (Toffalorio 
et al., 2018). AHH is an enzyme responsible for the meta-
bolic activation of benzopyrene into reactive intermediates 
that can lead to DNA damage and carcinogenesis (Shivanna 

Figure 5. Effect of α-Mangostin on the Proliferating Cell Nuclear Antigen (PCNA) Protein Expression in Lung Tissues of Experimental 
Mice. The Values are Presented as a Mean ± Standard Deviation (SD) of Three Replicates. The Values are Analyzed Statistically Using 
One-way Analysis of Variance (ANOVA), Followed by Tukey’s Correction, to Assess the Differences Among Treatment Groups. An 
Asterisk “#” Indicated Significance at p < .01 Relative to the Control Group (Group I), Whereas “**” Indicated Significance at p < .05 
Relative to the Benzo[a]pyrene (B[a]P)-induced Group (Group II).
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et al., 2022). LDH, a glycolytic enzyme, has been broadly 
utilized as a non-specific indicator for several cancers, 
including lung cancer, due to its involvement in energy 
metabolism and cellular proliferation (Wang, Li, et al., 
2022; Wang, Lv, et al., 2022). CEA and NSE are two well-
established tumor biomarkers that have been extensively 
analyzed in lung cancer. CEA is a glycoprotein that partici-
pates in cell-cell adhesion and has been found to be elevated 
during lung cancer progression. NSE, a glycolytic enzyme, 
has been associated with lung cancer and can offer prognos-
tic information for this subtype of lung cancer (Yang et al., 
2023). The analysis of these serum biomarkers can offer 
useful information into the underlying mechanisms of dis-
ease development and progression. Early detection and 
monitoring of these biomarkers may help in the advance-
ment of more effective strategies for lung cancer, ultimately 
improving patient outcomes. In the present study, the find-
ings proved that the B[a]P-exposed mice demonstrated ele-
vated serum tumor biomarker concentrations, including 
GGT, 5′-NT, AHH, LDH, CEA, and NSE. Considerably, the 
α-mangostin treatment remarkably reduced these tumor bio-
marker concentrations in the B[a]P-induced mice.

Mitochondrial dysfunction and respiratory impairment are 
hallmarks of cancer cells, and the activity and regulation of 
the key mitochondrial enzymes can provide useful insights 
into the metabolic alterations that participate in cancer devel-
opment and progression (Selvendiran et al., 2005). ICDH is 
pivotal in the tricarboxylic acid cycle, facilitating the oxida-
tive decarboxylation of isocitrate to α-ketoglutarate. Reduced 
activity of this enzyme has been linked to various neurode-
generative diseases, as well as cancer, suggesting its impor-
tance in maintaining cellular energy metabolism and redox 
balance (Carosi et al., 2024). Similarly, α-KDH, SDH, and 
MDH are all key enzymes in the mitochondrial respiratory 
chain and the tricarboxylic acid cycle, and their dysregulation 
can contribute to the metabolic reprogramming observed in 
cancer cells (Chang et al., 2022). It has already been shown 
that many cancer cells, including those in lung cancer, main-
tain the ability to respire through mitochondrial oxidative 
phosphorylation, despite the Warburg effect, which is charac-
terized by a high rate of glycolysis and lactate production 
(Ashton et al., 2018). This suggests that mitochondrial func-
tion is not necessarily impaired in cancer cells, but rather that 
the metabolic shift toward aerobic glycolysis is an active pro-
cess driven by signaling pathways that control glucose uptake 
and utilization (Li et al., 2021). By analyzing the activity and 
regulation of these mitochondrial enzymes, researchers can 
gain a better understanding of the metabolic rewiring that 
occurs in cancer cells and the potential therapeutic targets that 
may be exploited to disrupt these processes. Supportively, the 
present work evidenced the decreased concentrations of 
α-KDH, SDH, ICDH, and MDH in the lung tissues of mice 
with B[a]P-treated lung cancer. Whereas the α-mangostin 
elevated the α-KDH, SDH, ICDH, and MDH concentrations 
in mice with B[a]P-treated lung cancer.

Bcl-2 and Bax are the pivotal proteins of the Bcl-2 family 
that play an essential role in regulating the intrinsic apoptotic 
pathway, with Bcl-2 acting as an anti-apoptotic and Bax as a 
pro-apoptotic protein. The balance between these two pro-
teins is a critical determinant of cellular fate, as an imbalance 
can lead to either cell survival or apoptosis (Alam et al., 2022; 
Dakkak et al., 2024). Cytochrome c, on the other hand, is a 
key player in the mitochondrial apoptotic pathway, as its 
release from the mitochondria into the cytosol can trigger cas-
pase-9, which eventually activates the caspase-3, leading to 
the execution of apoptosis. Caspase-3 and caspase-9 are 
essential components of the apoptotic machinery, and their 
activation is a hallmark of apoptosis (Pessoa, 2022). The 
analysis of these apoptotic proteins in lung cancer can offer 
valuable insights into the mechanisms by which carcinogen 
induces cell death or promotes cell survival in the lung (Wang, 
Li, et al., 2022; Wang, Lv, et al., 2022). The interplay between 
Bcl-2 and Bax can determine the susceptibility of lung cancer 
cells to apoptosis, with an increased ratio of Bax to Bcl-2 
being associated with a greater propensity for cell death. 
Additionally, the analysis of caspase-9 activation can help to 
understand the involvement of the intrinsic apoptotic path-
way in lung cancer (Xu et al., 2023). The findings of this 
work demonstrated the substantial reduction in the Bax, cyto-
chrome c, caspase-3, and caspase-9 concentrations and subse-
quently increased the Bcl-2 concentration in the lungs of B[a]
P-exposed mice. Interestingly, the α-mangostin treatment 
effectively increased the pro-apoptotic protein concentrations 
and reduced the Bcl-2 level in the lungs of B[a]P-treated 
mice.

Apart from these findings, our study has some limitations 
that need to be acknowledged. The present study was con-
ducted in a mouse model, and the results may not be directly 
translatable to humans. The study focused on the chemopre-
ventive effects of α-mangostin on lung cancer but did not 
explore its potential therapeutic effects on established tumors. 
The study relied on a single dose of α-mangostin, and the opti-
mal dosing regimen remains to be determined. The study did 
not examine the potential interactions between α-mangostin 
and other chemotherapeutic agents. Therefore, further in-
depth molecular studies are needed to fully elucidate the 
mechanisms by which α-mangostin exerts its chemopreven-
tive effects. These studies should investigate the effects of 
α-mangostin on key signaling pathways and molecular targets 
involved in lung cancer development.

Conclusion

In conclusion, our findings demonstrate that α-mangostin 
exhibits chemopreventive properties in lung cancer induced by 
B[a]P in mice. The chemopreventive potential of α-mangostin 
in B[a]P-exposed cancer growth is linked to its anti-tumori-
genic and antioxidant activities. Moreover, α-mangostin 
reduced tumor incidence, tumor markers, and PCNA protein 
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expression in the B[a]P-exposed mice. The α-mangostin treat-
ment also elevated the concentrations of mitochondrial 
enzymes in the lung tissues. Consequently, it was evident that 
α-mangostin possesses chemopreventive properties and may 
enhance chemotherapy approaches for lung cancer.

Abbreviations

5′-NT: 5′-Nucleotidase; AHH: Aryl hydrocarbon hydroxylase; AKT: 
Protein kinase B; ANOVA: Analysis of variance; B[a]P: Benzo[a]
pyrene; Bax: Bcl-2-associated X protein; Bcl-2: B-cell lymphoma 2; 
CAT: Catalase; ccRCC: Clear cell renal cell carcinoma; CEA: 
Carcinoembryonic antigen; cyt-c: Cytochrome c; DCFH-DA: 
2′,7′-Dichlorofluorescin diacetate; DMEM: Dulbecco’s modified 
Eagle medium; DMRT: Duncan’s multiple range test; DMSO: 
Dimethyl sulfoxide; DOX: Doxorubicin; FBS: Fetal bovine serum; 
FTIR: Fourier-transform infrared spectroscopy; GPx: Glutathione 
peroxidase; GR: Glutathione reductase; GSH: Glutathione; GST: 
Glutathione-S-transferase; HIF: Hypoxia-inducible factor; ICDH: 
Isocitrate dehydrogenase; LDH: Lactate dehydrogenase; MDA: 
Malondialdehyde; MDH: Malate dehydrogenase; mTOR: Mammalian 
target of rapamycin; MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NSE: Neuron-specific enolase; PCNA: 
Proliferating cell nuclear antigen; PI: Propidium iodide; PI3K: 
Phosphatidylinositol 3-kinase; RCC: Renal cell carcinoma; ROS: 
Reactive oxygen species; SDH: Succinate dehydrogenase; SOD: 
Superoxide dismutase; TBARS: Thiobarbituric acid reactive 
substances; TNF-α: Tumor necrosis factor-alpha; VHL: Von Hippel-
Lindau; α-KDH: Alpha-ketoglutarate dehydrogenase; γ-GT: Gamma-
glutamyl transferase.

Authors’ Note

Yuan Feng and Jinxiu Guo have contributed equally to this work.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to 
the research, authorship, and/or publication of this article.

Ethical Approval

This work has been approved by the Institutional Animal Ethical 
Committee by the Department of Medical Oncology, Ankang 
Hospital of Traditional Chinese Medicine, Ankang, Shaanxi 725000, 
China.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.

Informed Consent

Not applicable.

ORCID iD 

Zonglin Shi  https://orcid.org/0009-0004-4828-8725

References

Alam, M., Alam, S., Shamsi, A., Adnan, M., Elasbali, A. M., 
Al-Soud, W. A., Alreshidi, M., Hawsawi, Y. M., Tippana, A., 
Pasupuleti, V. R., & Hassan, M. I. (2022). Bax/Bcl-2 cascade 
is regulated by the EGFR pathway: Therapeutic targeting of 
non-small cell lung cancer. Frontiers in Oncology, 12, Article 
869672. https://doi.org/10.3389/fonc.2022.869672

Alzohairy, M. A., Khan, A. A., Ansari, M. A., Babiker, A. Y., Alsahli, 
M. A., Almatroodi, S. A., & Rahmani, A. H. (2021). Protective 
effect of quercetin, a flavonol against benzo(a)pyrene-induced 
lung injury via inflammation, oxidative stress, angiogenesis 
and cyclooxygenase-2 signalling molecule. Applied Sciences, 
11(18), 8675. https://doi.org/10.3390/app11188675

Ashton, T. M., McKenna, W. G., Kunz-Schughart, L. A., & Higgins, 
G. S. (2018). Oxidative phosphorylation as an emerging target 
in cancer therapy. Clinical Cancer Research, 24(11), 2482–
2490. https://doi.org/10.1158/1078-0432.CCR-17-3070

Barr, T., Ma, S., Li, Z., & Yu, J. (2024). Recent advances and 
remaining challenges in lung cancer therapy. Chinese 
Medical Journal, 137(5), 533–546. https://doi.org/10.1097/
CM9.0000000000002991

Bodduluru, L. N., Kasala, E. R., Barua, C. C., Karnam, K. C., Dahiya, 
V., & Ellutla, M. (2015). Antiproliferative and antioxidant poten-
tial of hesperetin against benzo(a)pyrene-induced lung carcino-
genesis in Swiss albino mice. Chemico-Biological Interactions, 
242, 345–352. https://doi.org/10.1016/j.cbi.2015.10.020

Carosi, F., Broseghini, E., Fabbri, L., Corradi, G., Gili, R., Forte, V., 
Roncarati, R., Filippini, D. M., & Ferracin, M. (2024). Targeting 
isocitrate dehydrogenase (IDH) in solid tumors: Current evi-
dence and future perspectives. Cancers, 16(15), 2752. https://
doi.org/10.3390/cancers16152752

Chang, L.-C., Chiang, S.-K., Chen, S.-E., & Hung, M.-C. (2022). 
Targeting 2-oxoglutarate dehydrogenase for cancer treatment. 
American Journal of Cancer Research, 12(4), 1436–1455.

Dakkak, B. E., Taneera, J., El-Huneidi, W., Abu-Gharbieh, E., 
Hamoudi, R., Semreen, M. H., Soares, N. C., Abu-Rish, E. Y., 
Alkawareek, M. Y., Alkilany, A. M., & Bustanji, Y. (2024). 
Unlocking the therapeutic potential of BCL-2 associated pro-
tein family: Exploring BCL-2 inhibitors in cancer therapy. 
Biomolecules and Therapeutics, 32(3), 267–280. https://doi.
org/10.4062/biomolther.2023.149

Dang, T. H., Kim, J. Y., Kim, H. J., Kim, B. J., Kim, W. K., & Nam, 
J. H. (2023). Alpha-mangostin: A potent inhibitor of TRPV3 
and pro-inflammatory cytokine secretion in keratinocytes. 
International Journal of Molecular Sciences, 24(16), Article 
12930. https://doi.org/10.3390/ijms241612930

Dehelean, C. A., Marcovici, I., Soica, C., Mioc, M., Coricovac, D., 
Iurciuc, S., Cretu, O. M., & Pinzaru, I. (2021). Plant-derived 
anticancer compounds as new perspectives in drug discovery 
and alternative therapy. Molecules, 26(4), 1109. https://doi.
org/10.3390/molecules26041109

Fagbohun, O. F., Gillies, C. R., Murphy, K. P. J., & Rupasinghe, H. P. 
V. (2023). Role of antioxidant vitamins and other micronutrients on 
regulations of specific genes and signaling pathways in the preven-
tion and treatment of cancer. International Journal of Molecular 
Sciences, 24(7), 6092. https://doi.org/10.3390/ijms24076092

Goal, A., Raj, K., Singh, S., & Arora, R. (2024). Protective effects 
of embelin in benzo[α]pyrene induced cognitive and memory 
impairment in experimental model of mice. Current Research 



298	 Pharmacognosy Magazine 22(1)

in Neurobiology, 6, Article 100122. https://doi.org/10.1016/j.
crneur.2023.100122

Gu, X., Mu, C., Zheng, R., Zhang, Z., Zhang, Q., & Liang, T. 
(2024). The cancer antioxidant regulation system in therapeu-
tic resistance. Antioxidants, 13(7), 778. https://doi.org/10.3390/
antiox13070778

Hassanin, A. A. I., Tavera-Garcia, M., Moorthy, B., Zhou, G. D., 
& Ramos, K. S. (2019). Lung genotoxicity of benzo(a)pyrene 
in vivo involves reactivation of LINE-1 retrotransposon and 
early reprogramming of oncogenic regulatory networks. 
American Journal of Physiology. Lung Cellular and Molecular 
Physiology, 317(6), L816–L822. https://doi.org/10.1152/
ajplung.00304.2019

Herrera-Aco, D. R., Medina-Campos, O. N., Pedraza-Chaverri, J., 
Sciutto-Conde, E., Rosas-Salgado, G., & Fragoso-González, G. 
(2019). Alpha-mangostin: Anti-inflammatory and antioxidant 
effects on established collagen-induced arthritis in DBA/1J 
mice. Food and Chemical Toxicology, 124, 300–315. https://
doi.org/10.1016/j.fct.2018.12.018

Kasala, E. R., Bodduluru, L. N., Barua, C. C., Madhana, R. M., 
Dahiya, V., Budhani, M. K., Mallugari, R. R., Maramreddy, S. 
R., & Gogoi, R. (2016). Chemopreventive effect of chrysin, a 
dietary flavone against benzo(a)pyrene induced lung carcino-
genesis in Swiss albino mice. Pharmacological Reports, 68(2), 
310–318. https://doi.org/10.1016/j.pharep.2015.08.014

Kasemwattanaroj, P., Moongkarndi, P., Pattanapanyasat, K., 
Mangmool, S., Rodpai, E., Samer, J., & Sukapirom, K. (2019). 
Immunomodulatory activities of α-mangostin on peripheral 
blood mononuclear cells. Natural Product Communications, 8, 
1934578X1300800.

Kludt, C., Wang, Y., Ahmad, W., Bychkov, A., Fukuoka, J., Gaisa, 
N., Kühnel, M., Jonigk, D., Pryalukhin, A., Mairinger, F., 
Klein, F., Schultheis, A. M., Seper, A., Hulla, W., Brägelmann, 
J., Michels, S., Klein, S., Quaas, A., Büttner, R., & Tolkach, Y. 
(2024). Next-generation lung cancer pathology: Development 
and validation of diagnostic and prognostic algorithms. 
Cell Reports. Medicine, 5(9), Article 101697. https://doi.
org/10.1016/j.xcrm.2024.101697

Li, D., Liu, Q., Lu, X., Li, Z., Wang, C., Leung, C.-H., Wang, Y., 
Peng, C., & Lin, L. (2019). α-mangostin remodels visceral adi-
pose tissue inflammation to ameliorate age-related metabolic 
disorders in mice. Aging, 11(23), 11084–11110. https://doi.
org/10.18632/aging.102512

Li, G., Petiwala, S. M., Nonn, L., & Johnson, J. J. (2014). Inhibition 
of CHOP accentuates the apoptotic effect of α-mangostin 
from the mangosteen fruit (Garcinia mangostana) in 22Rv1 
prostate cancer cells. Biochemical and Biophysical Research 
Communications, 453(1), 75–80. https://doi.org/10.1016/j.
bbrc.2014.09.054

Li, J., Tuo, Z., Zong, Y., & Liu, J. (2021). Succinate dehydrogenase 
5 regulates lung cancer metastasis by reprogramming glucose 
metabolism. Journal of Thoracic Disease, 13(11), 6427–6438. 
https://doi.org/10.21037/jtd-21-1769

Li, K., Deng, Z., Lei, C., Ding, X., Li, J., & Wang, C. (2024). The 
role of oxidative stress in tumorigenesis and progression. Cells, 
13(5), 441. https://doi.org/10.3390/cells13050441

Liu, Y., Xu, Y., Li, Y., & Wei, H. (2023). Identifying the envi-
ronmental determinants of lung cancer: A case study 
of Henan, China. GeoHealth, 7(6), e2023. https://doi.
org/10.1029/2023GH000794

Narasimhan, S., Maheshwaran, S., Abu-Yousef, I. A., Majdalawieh, 
A. F., Rethavathi, J., Das, P. E., & Poltronieri, P. (2017). Anti-
bacterial and anti-fungal activity of xanthones obtained via 
semi-synthetic modification of α-mangostin from Garcinia 
mangostana. Molecules, 22(2), 275. https://doi.org/10.3390/
molecules22020275

Pessoa, J. (2022). Cytochrome c in cancer therapy and prognosis. 
Bioscience Reports, 42(12), Article BSR20222171. https://doi.
org/10.1042/BSR20222171

Petit, P., Maître, A., Persoons, R., & Bicout, D. J. (2019). Lung can-
cer risk assessment for workers exposed to polycyclic aromatic 
hydrocarbons in various industries. Environment International, 
124, 109–120. https://doi.org/10.1016/j.envint.2018.12.058

Pons-Tostivint, E., & Bennouna, J. (2022). Treatments for non-
small-cell lung cancer: The multiple options for precision 
medicine. Current Oncology, 29(10), 7106–7108. https://doi.
org/10.3390/curroncol29100558

Romaszko-Wojtowicz, A., Lorenc, A., Buciński, A., & 
Doboszyńska, A. (2022). Effects of tobacco smoking on the 
survivability of patients with multiple cancers and single lung 
cancer. International Journal of Environmental Research 
and Public Health, 19(15), 9179. https://doi.org/10.3390/
ijerph19159179

Salem, M. L., El-Ashmawy, N. E., Abd El-Fattah, E. E., & Khedr, 
E. G. (2021). Immunosuppressive role of benzo[a]pyrene 
in induction of lung cancer in mice. Chemico-Biological 
Interactions, 333, Article 109330. https://doi.org/10.1016/j.
cbi.2020.109330

Selvendiran, K., Thirunavukkarasu, C., Singh, J. P. V., Padmavathi, 
R., & Sakthisekaran, D. (2005). Chemopreventive effect of 
piperine on mitochondrial TCA cycle and phase-I and gluta-
thione-metabolizing enzymes in benzo(a)pyrene induced lung 
carcinogenesis in Swiss albino mice. Molecular and Cellular 
Biochemistry, 271(1–2), 101–106. https://doi.org/10.1007/
s11010-005-5615-2

Shivanna, B., Chu, C., & Moorthy, B. (2022). The aryl hydrocar-
bon receptor (AHR): A novel therapeutic target for pulmonary 
diseases? International Journal of Molecular Sciences, 23(3), 
1516. https://doi.org/10.3390/ijms23031516

Siegel, R. L., Miller, K. D., Fuchs, H. E., & Jemal, A. (2022). Cancer 
statistics, 2022. CA: A Cancer Journal for Clinicians, 72(1), 
7–33. https://doi.org/10.3322/caac.21708

Stefanou, D. T., Kouvela, M., Stellas, D., Voutetakis, K., 
Papadodima, O., Syrigos, K., & Souliotis, V. L. (2022). 
Oxidative stress and deregulated DNA damage response net-
work in lung cancer patients. Biomedicines, 10(6), 1248. https://
doi.org/10.3390/biomedicines10061248

Suhandi, C., Wilar, G., Lesmana, R., Zulhendri, F., Suharyani, I., 
Hasan, N., & Wathoni, N. (2023). Propolis-based nanostructured 
lipid carriers for α-mangostin delivery: Formulation, character-
ization and in vitro antioxidant activity evaluation. Molecules, 
28(16), 6057. https://doi.org/10.3390/molecules28166057

Toffalorio, F., Santarpia, M., Radice, D., Jaramillo, C. A., Spitaleri, 
G., Manzotti, M., Catania, C., Jordheim, L. P., Pelosi, G., Peters, 
G. J., Tibaldi, C., Funel, N., Spaggiari, L., de Braud, F., De Pas, 
T., & Giovannetti, E. (2018). 5′-Nucleotidase cN-II emerges as 
a new predictive biomarker of response to gemcitabine/plati-
num combination chemotherapy in non-small cell lung cancer. 
Oncotarget, 9(23), 16437–16450. https://doi.org/10.18632/
oncotarget.24505



Feng et al.	 299

Wang, H., Zheng, H., Cao, X., Meng, P., Liu, J., Zuo, H., Zhang, 
T., & Wang, Z. (2024). Association between serum γ-glutamyl 
transferase and advanced colorectal adenoma among inpa-
tients: A case-control study. Frontiers in Oncology, 13, Article 
1188017. https://doi.org/10.3389/fonc.2023.1188017

Wang, L., Xue, J., Wei, F., Zheng, G., Cheng, M., & Liu, S. 
(2021). Chemopreventive effect of galangin against benzo(a)
pyrene-induced stomach tumorigenesis through modulat-
ing aryl hydrocarbon receptor in Swiss albino mice. Human 
and Experimental Toxicology, 40(9), 1434–1444. https://doi.
org/10.1177/0960327121997979

Wang, S., Lv, J., Lv, J., Li, H., Liu, C., Jiang, H., Zhang, M., Deng, 
Z., & Li, G. (2022). Prognostic value of lactate dehydrogenase 
in non-small cell lung cancer patients with brain metastases: A 
retrospective cohort study. Journal of Thoracic Disease, 14(11), 
4468–4481. https://doi.org/10.21037/jtd-22-1502

Wang, Y., Li, S., Weng, L., Du, H., Wang, J., & Xu, X. (2022). 
LASS2 overexpression enhances early apoptosis of lung can-
cer cells through the caspase-dependent pathway. Oncology 
Reports, 48(6), 220. https://doi.org/10.3892/or.2022.8435

Xu, J., Dong, X., Huang, D. C. S., Xu, P., Zhao, Q., & Chen, B. 
(2023). Current advances and future strategies for BCL-2 inhib-
itors: Potent weapons against cancers. Cancers, 15(20), 4957. 
https://doi.org/10.3390/cancers15204957

Yang, X., Xiao, Y., Zhou, Y., Deng, H., Yuan, Z., Dong, L., 
Lan, J., Hu, H., Huang, J., & Huang, S. (2023). Dynamic 
monitoring of serum tumor markers as prognostic fac-
tors in patients with advanced non-small-cell lung can-
cer treated with first-line immunotherapy: A multicenter 
retrospective study. Therapeutic Advances in Medical 
Oncology, 15, Article 17588359231206282. https://doi.org/ 
10.1177/17588359231206282


