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Abstract:
Background: Lung cancer remains the leading cause of cancer related mortality worldwide, with non-small cell lung
carcinoma (NSCLC) representing the most prevalent and aggressive subtype due to its high metastatic potential. Despite
therapeutic advances, current treatment options are often insufficient, underscoring the need for novel anti-metastatic
strategies.
Objective: This study investigates the anti-metastatic potential of a quinoxaline in a B16F-10melanoma-induced
experimental lung metastasis model in BALB/c mice.
Methods: Mice were administered quinoxaline (10 mg/kg body weight, intraperitoneally), and its effects on lung metastasis,
survival, biochemical markers and matrix metalloproteinases (MMPs) were assessed. Molecular docking studies were also
performed to evaluate the compound’s interaction with MMP-2 and MMP-9.
Results: Quinoxaline treatment resulted in a significant reduction (p < 0.01) in the number of lung metastatic nodules and
enhanced survival rates in treated mice. The compound effectively restored the levels of metastatic biomarkers, including
hydroxyproline, uronic acid, hexosamine, gamma-glutamyl transpeptidase (GGT), nitric oxide (NO) and sialic acid, towards
normal physiological ranges. Molecular docking studies further revealed strong inhibitory interactions of quinoxaline with
MMP-2 and MMP-9, supporting its role in suppressing extracellular matrix degradation and tumor cell invasion.
Conclusion: Our findings demonstrate that quinoxaline exhibits potent anti-metastatic activity by modulating metastatic
biomarkers and inhibiting MMP activity, suggesting its potential as a promising therapeutic agent for the management of lung
cancer metastasis.
Keywords: Quinoxaline, lung metastasis, matrix metalloproteinases, anti-metastatic therapy, lung cancer, metastatic
biomarkers

1. INTRODUCTION:
Cancer is the second foremost source of fatality worldwide contributing to approximately 9.6 million fatalities in
2018, which equates to 1 in every 6 deaths. Lung cancer is the most frequently diagnosed cancer in men, followed
by prostate and colorectal cancers. Among women, the most commonly occurring cancers are breast, colorectal,
lung, cervical, and thyroid cancers. Lung cancer remains one of the leading causes of cancer incidence and
mortality worldwide, posing a significant public health concern. Statistics indicate a rise in cancer-related deaths
since 2012, with 1.6 million fatalities and 1.8 million new cases reported [1]. Lung cancer remains the most
commonly diagnosed cancer and is the leading cause of cancer-related mortality among both men and women
[2].Lung cancer represents a significant challenge to public health because of its high prevalence and mortality
rates. Based on histopathological findings, lung cancer is broadly classified into (NSCLC) and small cell lung
carcinoma (SCLC). NSCLC is the majority making up approximately 85% of all lung cancer incidences [3].
Metastasis, the migration of cancer cells to organs far from the primary origin site, represents the severe stage of
cancer. Most cancer associated deaths occur due to complications arising frommetastatic disease rather than the
primary tumor itself [3,4]. Metastasis can be categorized into three interconnected phases—dissemination,
dormancy, and colonization each of which may overlap in time. These phases represent a series of events
collectively known as the metastatic stream, where these cells occupy tissues, survive during transit and establish
colonies in distant organs. During dissemination, tumor cells with oncogenic driver mutations breach the
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basement membrane, penetrating deeper tissue layers and adapting to survive without niche-specific growth
factors. Subsequently, these cells enter nearby blood vessels or lymphatic systems (intravasation) and later exit
into distant organs (extravasation) through mechanisms like transendothelial migration, capillary disruption,
neuronal migration, or local spread into adjacent compartments such as the pleural or peritoneal cavities [4].
Metastases were the primary cause of treatment breakdown among lung cancer patients. It involves movement of
malignant tumor to distant locations through various pathways from lungs. The most frequent metastatic sites
for lung cancer include brain, bones, lymph nodes and liver [5].The exact mechanisms underlying lung cancer
metastasis remain insufficiently understood. Generally, the metastatic process in lung cancer cells followed
detachment of cells from the extracellular matrix (ECM) followed by near site migration with invasion and
extravasation at the metastatic place and proliferation to establish secondary tumor [6].
The process of lung cancer metastasis is highly intricate, involving dynamic interactions within the tumor
microenvironment and the functional role of lung cancer stem cells (LCSCs) [7].Critical mechanisms such as
epithelial mesenchymal transition (EMT), along with angiogenesis and lymphangiogenesis, are pivotal in driving
the progression of metastatic disease [8]. The microenvironment comprises cancer cells, stromal cells and the
(ECM), which together support tumor growth and development. According to Xie et al [9] stromal components,
including fibroblasts, immune cells and vascular endothelial cells, actively contribute to the metastatic potential
of lung cancer. Currently, lung cancer treatment relies on surgery, radiation, chemotherapy, and targeted therapy.
Despite these diverse approaches, the clinical outcomes remain suboptimal. Over the past several decades, in
general survival time for lung cancer has shown little improvement, and it remains to be the foremost reason of
cancer associated deaths. As a result, there is growing interest among clinicians and researchers in exploring the
potential of compounds as effective anti-lung cancer agents [10].
Quinoxaline (C₈H₆N₂), also known as 1,4-diazanaphthalene or benzopyrazine which are highly effective
nitrogenous heterocyclic materials comprising with benzene ring merged with a pyrazine ring shown in Figure 1.
Quinoxaline derivatives exert diverse range of biological activities, including antibacterial, antifungal, anticancer,
antiviral and anti-protozoal properties. Moreover, these derivatives serve as crucial intermediates in organic
synthesis. Several commercially available drugs incorporate the quinoxaline scaffold, such as echinomycin (with
nucleic acid inhibitory properties), triostins (cyclic depsipeptides with anti-bacterial activity), dioxidine and
mequindox (anti-bacterial agents)and panadipion (hepato-protective agent). Furthermore, quinoxaline-based
compounds exhibit other therapeutic effects, including anti-cardiac, anti-tuberculosis, and anti-schistosomal
activities [11-14].Numerous quinoxaline analogues with diverse biological functions, along with their synthetic
methodologies, have been patented globally, highlighting their significance in medicinal chemistry [13].

Quinoxaline has been identified as a prominent compound in the extract of Rhizophora apiculata (Mangrove)
through LC-MS analysis, which confirmed its abundance and highlighted its anti-cancer potential [15-17]. While
quinoxaline is known to contain numerous polyphenolic compounds associated with various health benefits, its
anti-metastatic activity remains unreported. Therefore this study focused on examining and confirming the anti-
metastatic properties of quinoxaline, offering novel insights into its therapeutic potential. This research evaluated
the anti-metastatic efficacy of the compound in a BALB/c mouse model of lung metastasis by B16F-10 melanoma
cells.

Figure 1:(C₈H₆N₂) quinoxaline, an aromatic heterocyclic compound composed of a fused benzene and
pyrazine ring.

2. MATERIALANDMETHODS
2.1 Chemical andReagents
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Dulbecco’s Modified Eagle’s Medium, Antibiotics (streptomycin and penicillin-G), L-glutamine, PBS (Phosphate-
Buffered Saline), trypsin-EDTA, Acridine Orange, Ethidium Bromide, Sodium Dodecyl Sulfate (SDS), trypan
blue, Ethylene diamine tetra acetic Acid (EDTA), Rhodamine-123, Triton X-100, ethanol, dimethyl sulfoxide
(DMSO) and bovine serum albumin. Quinoxaline, with a purity of 98%, was sourced from Sigma Aldrich
Chemicals Pvt. Ltd. (USA). All other chemicals used wereof analytical gradeprocured from Hi-Media Laboratories
Pvt. Ltd. (India).

2.2 Experimental animals
Male BALB/c mice, 4–6 weeks old and weighing 22–25 g, were housed in a sterile, air-controlled environment.
The facility was maintained at a stable temperature of 24°Cwith approximately 50% relative moisture and a 12-
hour light/dark cycle. The animals were provided with unrestricted access to mouse chow, drinking water, proper
bedding, nesting materials and daily monitoring for sign of distress throughout the experiment. All experimental
procedures adhered to the guidelines and policies established by the Institutional Animal Ethics Committee
(IAEC), Committee for Control and Supervision of Experiments on Animals (CCSEA), Government of India,
Project Approval No: JJC/BC/AH/014/2024.

2.3 Cell Culture
B16F10 murine melanoma cell line was procured from National Centre for Cell Sciences, Pune, India. DMEM
were used for this cell line maintenance along with 10% fetal bovine serum (FBS). Antibiotics - Penicillin (100
U/ml), and Streptomycin of (100 μg/ml) in order to avoid bacterial contaminations. The cell lines were
maintained with 5% CO2 at 37°C.

2.4 MTTassay
The MTT assay was conducted to evaluate the cytotoxicity of quinoxaline on B16F10 cells using the method
described by Mosmann (1983) [18]. Cells were seeded in 96-well plates at a density of 5,000–10,000 cells per
well and incubated for 24 hours. Later, the cells were treated with quinoxaline at concentrations ranging from 1
µg/ml to 500 µg/ml and incubated for 24, 48, or 72 hours. Following treatment, MTT solution was added to
each well and incubated for 3–4 hours. The resulting formazan crystals were dissolved in DMSO, and absorbance
was measured at 570 nm. Cell viability was calculated, and the IC50 value was determined. For in vivo
experiments, the selected concentration of quinoxaline was re-suspended in 1% (w/v) vehicle (gum acacia) and
administered through intraperitoneal (i.p.) injection at a dose of 10mg/kg body weight (b.wt) for 10 consecutive
days. [19-22].

2.5 Biochemical analysis
The BALB/c mice were separated as two groups with 9 animals each, to conduct the study. Metastasis was
induced in all mice by administration of 1×10⁶ B16F10 melanoma cells through the lateral tail vein injection.
Group I served as the untreated control group received vehicle only. Group II was treated with quinoxaline at a
dosage of 10 mg/kg body weight (b.w.) through (i.p.) injection for 10 consecutive days. At various time intervals
(7th, 11th, and 21st days), mice were euthanized and blood sample were collected. The serumwas separated and
analyzed for biochemical markers include Sialic acid levels, Nitric oxide (NO), and Gamma-Glutamyl Transferase
(GGT) activity.

2.6 Evaluation of the impact of quinoxaline on serum sialic acid levels in mice withmetastatic tumors
To assess the impact of quinoxaline on serum sialic acid levels in metastatic tumor-bearing mice, the animals
were separated into two groups (9 mice per group). Metastasis was induced in mice by administration of 1 × 10⁶
B16F10 melanoma cells into the lateral tail vein as per standard procedure. Group I served as the metastasis
induced untreated control (received only vehicle), Group II was administered with quinoxaline (i.p.) for 10
consecutive days. On day 21, blood was collected via cardiac puncture and serumwas separated for analysis. Sialic
acid levels weremeasured using the Thiobarbituric acid (TBA) assay [23-24]. Serum samples were hydrolyzedwith
0.2 N sulfuric acid, followed by oxidation with periodic acid and incubated at 37°C for a minute. The oxidation
process was halted with sodium arsenate, and a 6% thiobarbituric acid solution was added. Sialic acid levels were
determined spectrophotometrically at 549 nm, using a reference at 532 nm, after addition of Dimethyl Sulfoxide
(DMSO). The concentration of sialic acid was calculated using a standard curve prepared with N-
acetylneuraminic acid.
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2.7 Evaluation of the impact of quinoxaline on serumGGT levels andNOactivity inmetastatic tumor-bearing
mice
GGT levels were measured on different time pointsthe 7th, 11th, and 21st days. The assay quantified the release
of p-nitroaniline from gamma-glutamyl-p-nitroaniline in the presence of glycylglycine. GGT activity was
determined by comparing the results to a standard curve generated using p-nitroaniline as reference [25]. To
evaluate the activity of quinoxaline on serum nitric oxide (NO) levels in metastatic tumor bearing animals, serum
NO was measured on the 7, 11 and 21stdays using the Griess reagent-based method. A reaction mixture
containing sodium nitroprusside and serum was incubated at 25°C for 2 hour 30 minutes. After incubation, 1
ml of the mixture was combined with an equal volume of Griess reagent and incubated at room temperature for
around 20 minutes. The absorbance of the resulting pink-colored chromophore was measured at 546 nm. NO
levels were then quantified and expressed in micromoles [26].

2.8 Evaluation of the impact of quinoxaline on lung Collagen Hydroxyproline, Hexosamine, Uronic acid level
and tumor nodule count
BALB/c mice were divided into two groups, each consisting of 9 animals. Metastasis was induced in all mice by
injecting metastatic B16F10 melanoma cells (1 × 10⁶ cells per animal) via injection through lateral tail vein.
Group I served as the metastasis induced untreated control animals received only vehicle and Group II was
administered with quinoxaline (i.p.) for ten consecutive days. On the final day of the experiment (Day 21), all
animals were euthanized. Lung tissues were excised for tumor nodule counting and subsequent biochemical
analysis. The lung samples were evaluated for hydroxylproline content [27], hexosamine levels and uronic acid
content [28-29]. This study to examine the effect of quinoxaline on biochemical markers related to lung health
and tumor progression.

2.9 Evaluate the effect of quinoxaline on lung collagen hydroxyproline levels inmetastatic tumor-bearingmice
Lung collagen hydroxyproline was measured as per standard method described by [27]. Lung tissues of100 mg
were homogenized followed by proteins precipitation with trichloroacetic acid (TCA). The precipitate was
hydrolyzed in sealed glass tubes with 6 N HCl for 24 hours at 110°C. Following hydrolysis, the hydrochloric acid
was evaporated and the residual hydrolysate was thoroughly dried. The remains were dissolved in water and were
analyzed using the chloramine-T method. Optimal density was precise at 560 nm, and the hydroxyproline content
was determined with the absorbance with a standard curve prepared using reagent-grade hydroxyproline. This
assay provided a quantitative measure of lung collagen levels, reflecting the effect of quinoxaline treatment on
collagen deposition in metastatic tumor bearing animals.

2.10 Evaluation of the impact of quinoxaline on lung hexosamine level in metastatic tumor-bearing BALB/c
mice
Hexosamine levels in lung tissue were measured using the method described by [28]. Lung tissue specimen were
lyophilized and then hydrolyzed in sealed glass tubes with 2 N HCl at 100°C for 6 hours. After hydrolysis, the
residue was thoroughly dried, and the remaining material was dissolved in water and then treated with 2% acetyl
acetone. The hexosamine content was measured by adding Ehrlich’s reagent, and the absorbance was captured
at 530 nm. A standard curve was prepared using glucosamine as the standard. This procedure provided an
accurate quantification of lung hexosamine levels, offering insights into the biochemical impact of quinoxaline
treatment of metastatic tumor bearing animals.

2.11 Evaluation of the impact of quinoxaline on lung uronic acid level in metastatic tumor-bearing BALB/c
mice
The uronic acid content in lung tissues was determined using the carbazole reaction method [29]. Approximately
100 mg of lung tissue was homogenized and digested with crude papain (125 µg/mL) in 0.1 M sodium acetate
buffer (pH 6.0) containing 5 mM EDTA and 5 mM cysteine hydrochloride. Digestion was carried out at 60°C
for 18 hours. Following digestion, 0.5 mL of the sample was mixed with 3 mL of concentrated sulfuric acid
(analytical grade, slowly added under cooling conditions), then the mixture was hydrolyzed by heating at 100°C
for 20 minutes in sealed glass tubes. After cooling to room temperature, 0.1 mL of freshly prepared 0.125%
carbazole solution (in absolute ethanol) was added to each tube, and the samples were incubated at room
temperature for 30 minutes in the dark. Absorbance was read at 530 nm using a spectrophotometer. A standard
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curve was generated using glucuronic acid lactone (Sigma-Aldrich) at concentrations ranging from 5 to 50 µg/mL,
treated under identical conditions. Uronic acid levels were expressed as µg/mg tissue, reflecting ECM remodeling
activity in the lung tissues.

2.12 Evaluation of the impact of quinoxaline on the survival rate of metastatic tumor-bearing BALB/c mice
The impact of quinoxaline on the survival rate of animals bearing metastatic tumors was evaluated by monitoring
the remaining animals (n=3) in each experimental group. The death of each animal was tracked, and the increase
in life span (% ILS) was determined by formula: % ILS = (T - C) / C × 100. In this formula, T denotes the survival
duration of the treated animals, and C represents the survival duration of the control group. This approach
facilitated the assessment of quinoxaline's effectiveness in prolonging the survival of animals with metastatic
tumors.

2.13 Evaluation of quinoxaline on inhibition of lungmetastatic nodule formation
Lung metastatic nodules were visualized and counted using the Indian ink injection method. The excised lungs
are gently washed with phosphate-buffered saline (PBS), followed by tracheal injection of Indian ink to stain
normal lung tissue, leaving metastatic nodules as pale, ink-excluded spots; fixed lungs were cleared using benzyl
alcohol-benzyl benzoate (BABB) and nodules were counted under a stereomicroscope, as described by Sato and
Yamada (1984) [65].

2.14 Histopathological analysis of tumormetastatic lung tissue
Lung tissue samples collected from the animals were fixed in 10% formalin, then sliced into 5-µm thick sections
and stained with hematoxylin and eosin (H&E).The stained slides were analyzed under a microscope to identify
histopathological changes, including large metastatic lesions, hyperchromatic nuclei and pleomorphism.

2.15 Evaluation of Interactions between the ligand (quinoxaline) and the two target proteins (a-MMP-2, b-
MMP-9) Using the SwissDockMethod
Preparation of Ligands
The chemical structure of the ligand quinoxaline (CID No: 7045) was obtained from the PubChem database.
The ligand was prepared using ChemDraw software for both two-dimensional and three-dimensional structural
representations. The three-dimensional (3D) structure of quinoxaline was then subjected to further analysis using
SwissDock (SD) for molecular docking studies.
2.16 Identification and preparation of target enzymes
The three-dimensional structures of Matrix Metalloproteinase 2 (1QIB) and Matrix Metalloproteinase 9 (4H1Q)
were obtained from the Protein Data Bank. The "A" chain of each protein was isolated by eliminating the other
chains, ligands (heteroatoms), and crystallographic water molecules using UCSF Chimera software (Regents,
University of California, San Francisco, USA [30].

2.17 Molecular Docking
Molecular docking analysis of quinoxaline (ligand) was carried out using the SwissDockweb server. SwissDock is
a widely used online tool for predicting the binding affinities and docking poses of ligands with target
macromolecules, such as MMP-2 and MMP-9. The best docked pose was determined by conducting a binding
site study, which was visualized using PyMOL [31].

2.18 Statistical analysis
The data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA), followed by Dunnett's test for multiple comparisons. All statistical computations
were conducted with GraphPad Instat software (Version 3.0; GraphPad Software, San Diego, CA). Ap-value of
less than 0.05 was considered as statistically significant.

3. RESULTS
3.1 Cytotoxic effect of quinoxaline on B16F10melanoma cells
Cells were treated with increasing concentrations of quinoxaline, ranging from 1 µg/ml to 500 µg/ml and
incubated for 24, 48, and 72 hours. A dose-dependent decrease in cell viability was observed. The half-maximal
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inhibitory concentration (IC50) was determined and used to identify effective dose. Consequently, a non-toxic
dose of 10 mg/kg body weight was chosen for animal studies and administered via intraperitoneal injection over
10 days (Figure 2).

Figure 2:MTT assay, the cytotoxicity of quinoxaline tested on B16F-10 cells which were determined by the cell
viability assay and the half maximal inhibitory concentration (IC50) values were calculated and the optimum doses
were analyzed at different time period.

3.2 Effect of quinoxaline on the serumGGT andNO level of metastatic tumor bearing animals
The effects of quinoxaline on lung and serum GGT and NO levels in metastatic tumor-bearing animals are
summarized in Figure 3 and 4. Quinoxaline administration resulted in a significant (p< 0.01) reduction in serum
GGT levels to 52.20 ± 2.1 nmol p-nitroaniline/ml on the 21st day, compared to 93.24 ± 6.1 nmol p-
nitroaniline/ml in the metastasis control group on the same day. Additionally, quinoxaline treatment drastically
(p< 0.01) decrease serum NO levels to 25.30 ± 0.21 µM on the 21st day, compared to 36.30 ± 0.25 µM in the
metastasis control group.

Figure 3: The effect of quinoxaline on lung and serumGGT level in metastases tumor bearing animals is shown
here. Treatment BALB/c animals received quinoxaline (10mg/kg b.wt.(ip)) for 10 consecutive days and
metastatic control received metastatic B16F-10 melanoma cells (1x106cells/animal) via lateral tail vein and
received only vehicle. Blood samples were collected by tail vein on 7th,11th and (cardiac puncture) 21st day.
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Serum samples were isolated to determineGGT. Value is significantly different frommetastasis untreated control
(*p<0.05) (n=6). Values are expressed as mean ± SD.

Figure 4: The effect of quinoxaline on lung and serum NO level in metastases tumor bearing animals is shown
here. Treatment BALB/c animals received quinoxaline (10mg/kg b.wt. (ip) for 10 consecutive days and metastatic
control received metastatic B16F-10 melanoma cells (1x106cells/animal) via lateral tail vein and received only
vehicle. Blood samples were collected by tail vein on 7th, 11th and (cardiac puncture) 21st day. Serum samples
were isolated to determine NO. Value is significantly different from metastasis untreated control (*p<0.05),
(**p<0.01) (n=6). Values are expressed as mean ± SD.
3.3 Effect of quinoxaline on serum sialic acid, lung hydroxyproline, hexoamine and uronic acid of metastases
bearing animals
The activity of quinoxaline on serum sialic acid, lung hydroxyproline, hexosamine, and uronic acid levels in
metastatic tumor-bearing animals is summarized in Figure 5. The administration of quinoxaline resulted in a
significant (p< 0.01) reduction in serum sialic acid levels (28.21 ± 0.23 µg/ml) compared to the metastasis control
group (95.20 ± 0.52 µg/ml). Similarly, quinoxaline treatment significantly (p< 0.01) decreased lung
hydroxyproline levels (8.23 ± 0.12 µg/mg protein) in comparison to the metastatic control group (25.13 ± 0.15
µg/mg protein).

In quinoxaline-treated animals, lung hexosamine levels were extensively reduced (p < 0.01) to 3.13 ± 0.12 mg per
100 mg of dry tissue weight compare to the metastatic control group, which recorded 10.01 ± 0.11 mg per 100
mg of dry tissue weight. Similarly, a significant reduction (p < 0.01) in lung uronic acid levels was observed in
quinoxaline-treated animals, with levels measured at 86.10 ± 3.12 µg per 100mg, wet tissue weight, compared to
223.10 ± 3.13 µg per 100 mg, wet tissue weight in the metastatic control group. These findings emphasize the
ability of quinoxaline to counteract the biochemical changes associated with metastasis.
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Figure 5: The effect of quinoxaline on serum sialic acid, lung hydroxyproline, hexoamine and uronic acid in
metastases bearing animals is shown here. Treatment BALB/c animals received quinoxaline (10mg/kg b.wt. (ip)
for 10 consecutive days and metastatic induced untreated control received B16F-10 melanoma cells
(1x106cells/animal) via lateral tail vein. Blood samples were collected 21st day by cardiac puncture and serum
samples were isolated to determine silaic acid level. On the same day lungs were dissected to determine the lung
hydroxyproline, hexoamine and uronic acid level. Value is significantly different from metastasis untreated
control (*p<0.05) (n=6). Values are expressed as mean ± SD.

3.4 Effect of quinoxaline on inhibition of lungmetastatic nodule formation and on survival of animals
The impact of quinoxaline on lung metastatic nodule formation and animal survival is summarized in Table 1.
The study utilized B16F-10 melanoma cells known for inducing lung tumors in experimental models [32].
Quinoxaline action resulted in a significant (p < 0.01) decrease in the number of visible pulmonary tumor
nodules, with treated mice showing 20.2 ± 1.4 nodules compared to 38.1 ± 1.2 nodules in the metastasis control
group. This corresponds to a 53% reduction in lung nodule formation. Furthermore, quinoxaline administration
significantly enhanced the continued life rate of treated animals, extending their maximum survival period to 70
± 1.5 days, whereas metastasis control animals survived for only 33 ± 1.2 days. The percentage increase life span
(% ILS) was determined using the formula % ILS = (T − C) / C × 100, where T represents the survival days of
the treated group and C those of the control group. The% ILS for quinoxaline-treated animals was calculated to
be 112.1%, reflecting a notable improvement in both survival time and overall life span.

Treatment No of tumor nodules No of days survived
Group I: Metastasis-induced untreated control 38.1 ± 1.2 33 ± 1.2
Group II: Treated with quinoxaline 20.2± 1.4** 70 ± 1.5**

Table 1: Effect of quinoxaline on inhibition of lung metastatic nodule formation and on survival of animals
Treatment BALB/c animals received quinoxaline (10mg/kg b.wt. (ip) for 10 consecutive days and metastatic
untreated control received B16F-10 melanoma cells (1x106cells/animal) via lateral tail vein and received only
vehicle. On 21st day the animals were euthanized and lungs were dissected and lung metastatic nodules were
counted. The percentage increase in life span is calculated by (T-C/Cx100), where T and C are the number of
days survived by the treated animals and metastatic control animals respectively. Value is significantly different
frommetastasis untreated control (**p<0.01). Values are expressed as mean ± SD.

3.5 Histopathological analysis
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The histopathological analysis of lung tissue from animals with metastatic tumors is shown in Figure 6.
Representative images were taken from lung specimen collected at the conclusion of the experimental period
(Day 21). The (Figure 6A) represent the normal lung cell architecture and (Figure 6B) represent the metastatic
untreated control group were prominent metastases were evident and characterized by extensive tumor nodules,
hyperchromatic nuclei, and areas of necrosis. In contrast, lung tissue from metastatic tumor-bearing animals
treated with quinoxaline (Figure 6C) showed notably smaller metastases, emphasizing the ability of quinoxaline
to inhibit metastatic progression.

Figure 6:Histopathology of lung metastatic of tumor bearing BALB/c animals. A portion of excised lung tissue
from lung metastatic tumor induced BALB/c animals were fixed in 10% formalin, cut into 5-μm thickness,
stained using H&E (hematoxylin and eosin) and then examined for histopathological changes. (A)Normal lung
cell architecture. (B) Metastatic induced untreated control BALB/c animals shows40x large metastasis
surrounding a vessel. The cells show hyperchromatic nucleus and pleomorphism. (C)Metastatic induced treated
with quinoxaline,40x lungs showing small metastasis. The cells show hyperchromatic nucleus and pleomorphism.
3.6 Molecular Docking
The docking analysis of quinoxaline with MMP-2 and MMP-9 revealed strong interactions at their respective
binding sites. The best-docked pose for each enzyme showed stable binding, with key residues in both enzymes
forming significant interactions with the ligand. The results indicate that quinoxaline has a potential affinity for
these target enzymes, suggesting its possible role as an inhibitor or modulator in relevant biochemical pathways.
The interaction patterns, including hydrogen bonds and hydrophobic interactions, were clearly visualized using
PyMOL, providing insight into the molecular basis of ligand bindingis shown in Table 2 and Figure 7.

Ligand name Swissdock binding energy

(-kcal/mol)

Interactions of amino acids residues Bond distance (Aᵒ)

Matrix metalloproteinase-2 (MMP-2)

Quinoxaline 6.16 Ala220 3.2

Matrix metalloproteinase-9 (MMP-9)

Quinoxaline 6.39 Tyr245 3.2

Table 2:Docking study of quinoxaline withMMP-2 andMMP-9:Molecular docking analysis of quinoxaline
(ligand) was carried out using the SwissDock web server.
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Figure 7:Demonstrating the Interaction of the ligand (Quinoxaline) with Target Enzymes (a-MMP-2 and b-
MMP-9) Using the SwissDock Method

4 DISCUSSION:
Cancer typically arises in epithelial tissues, where disruptions in cell-cell and cell-matrix interactions occur during
tumor progression. During this process, neoplastic cells transition into mesenchymal-like cells, characterized by
a loss of cell-cell adhesion, altered morphology, and the ability to migrate to distant organs [33]. Metastasis
denotes to the complex process through which cancer cells spread from a primary tumor to distant sites. This
process involves several cellular mechanisms, including invasion of the surrounding stroma, evasion of immune
surveillance by suppressing anti-tumorigenic responses, and the development of resistance to therapeutic
interventions [34-36]. While some cells in the primary tumor may exhibit proliferative activity, those undergoing
EMT often reduce proliferation as they disseminate [37].Disseminated cells that survive in distant organs can
eventually lead to micro metastases [38]. Colonization of far tissues by these disseminated tumor cells is highly
ineffective. Although circulating tumor cells (CTCs) can be detected in the blood of cancer patients at
concentrations exceeding 1000 CTCs/ml of plasma, only a small proportion of these cells contribute to
detectable metastases [39-41]. Among the various metastatic cancers, the lung is the primary organ encounter by
tumor cells, making it a common place for metastatic spread [42]. It has been reported that the endurancetime
for patients with metastatic melanoma are below 10% [43]. Treatment options for tumor metastasis include
surgery, radiotherapy, chemotherapy, and hormone therapies [44].The choice of management for metastasis
depends on factors such as the type of primary cancer the size and the site of the metastatic lesions. Given the
complexity of metastasis and the limited effectiveness of current treatments, which are often associated with low
survival rates [43], metastasis remains a critical target in cancer therapy. The present study exhibited the anti-
metastatic effect of quinoxaline against the B16F-10 metastatic lung cancer cells both in vitro and in vivo as well.
NO is a signaling molecule intricate in the both physiological and pathological processes [45]. Over the past two
decades, its role in cancer progression and metastasis has been extensively studied [46]. NO promotes cancer
growth and metastasis [47] and is produced from L-arginine and oxygen by nitric oxide synthases (NOS), with
varying NOS expression in tumors affecting metastasis [48]. NO is implicated in nearly all stages of cancer
metastasis [49]. For example, in melanoma cells, NO enhances the expression of matrix metalloproteinases
(MMPs) through the MAPK (ERK/p38) pathway, aiding tumor spread [50].NO also facilitates metastasis by
inhibiting integrin-mediated platelet adhesion, stimulating α9β1 integrin, and inducing iNOS expression, which
promotes cell migration and invasion [51]. In hepatocellular carcinoma, iNOS modulates MMP-9 expression,
supporting angiogenesis and metastasis [52].Furthermore, higher NOS activity is linked to increased angiogenesis
in head and neck cancer [53] while NO aids in tumor intravasation and activates hypoxia-inducible factor-1 (HIF-
1), which promote tumor progression via the PI3k/Akt pathway [54-55,66].
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In this study, quinoxaline significantly reduced nitric oxide (NO) production, thereby inhibiting the metastatic
potential of tumor cells in experimental mice. This protective effect was further demonstrated by around 50%
reduction in lung tumor nodules compared to the metastatic control group. The decrease in tumor nodules was
also associated by a 112% raise in the survival rate of the metastatic bearing animals. GGT, the enzyme
responsible for cleaving the γ-glutamyl-cysteine peptide bond in glutathione (GSH) and other γ-glutamyl
compounds, plays a key role in providing energy to tumor cells via the gamma-glutamyl cycle. Increased GGT
levels are commonly observed in human tumors and are associated with tumor cell proliferation. In a study
involving 322 patients, 65 out of 82 patients showed GGT positivity in serum and tumors, with higher tumor
GGT expression linked to lymph node metastasis. Kaplan-Meier analysis revealed that patients with high tumor
GGT levels had significantly shorter overall survival [56].Elevated serum GGT levels are also predictive of poor
survival and cancer recurrence. Serum GGT levels increase during tumor progression because of cellular
proliferation, which makes it a dependable marker for cell growth [57]. In this study, the administration of
quinoxaline led to a significant decrease in serum GGT level in metastatic tumor-bearing animals, suggesting a
suppression of tumor cell proliferation and metastasis.
Sialic acid, a derivative of neuraminic acid, is a terminal component of carbohydrate chains on glycoproteins. It
plays a crucial role in cellular adhesion, acting as a component of various cell surface receptors and serving as a
site for cellular recognition, particularly during the invasion of foreign cells, including cancer cells. Metastatic
cancer cells often exhibit an increased expression of sialic acid-rich glycoproteins [58-59].Under normal
conditions, serum sialic acid levels remain constant, but when cells undergo malignant transformation, sialic acid
is shed from the cell surface and enters the bloodstream. This process, known as hypersialylation, leads to an
increase in sialic acid metabolism, which promotes tumor progression. In this study, quinoxaline treatment
significantly reduced serum sialic acid levels in metastatic tumor-bearing animals. By inhibiting the expression of
sialic acid on the surface of malignant cells, quinoxaline prevents electrostatic repulsion and reduces metastasis.
The reduction in serum sialic acid levels was directly correlated with a decrease in metastasis. Additionally,
hydroxyproline (a non-essential amino acid) which is found in collagen and other extracellular proteins. It plays
a key role in collagen synthesis and in thermodynamic stability of the triple-helical structure of collagen and its
related tissues [60]. Lung hydroxyproline levels are commonly used as a standard indicator to assess collagen
content and lung fibrosis [61]. The administration of quinoxaline in the present study led to a significant
reduction in lung hydroxyproline levels in metastatic tumor-bearing animals, thereby preventing excessive
collagen deposition and inhibiting the pulmonary fibrosis typically associated with lung metastasis.

The hexosamine biosynthetic pathway (HBP) is a keymetabolic pathway involved in sensing the cellular metabolic
state. It relies on various molecules, including glucose, glutamine, UTP, and acetate, and is regulated by enzymes
that have a critical role in cancer pathophysiology. Previous literatures suggests that the activation of the
HBPcould serve as a cancer biomarker and Inhibition of HBP enzymes can enhance the sensitivity of tumor cells
to conventional therapies [62]. Changes in HBP flux, influenced by nutrient availability or cytokines, can impact
protein O-GlcNAcylation and glycosylation. Although the full scope of HBP's influence on tumor behavior is
not completely understood, some studies have explored the relationship between this pathway and cancer cell
biology, particularly through its rate-limiting enzyme [63].
In this study, quinoxaline treatment led to a considerable decrease in lung hexosamine levels in metastatic tumor
bearing animals. By inhibiting the excessive synthesis of hexosamine and blocking the extracellular matrix (ECM),
quinoxaline effectively prevented metastasis [57].The elevated hexosamine levels in control metastatic tumor-
bearing animals indicate active tumor cell growth and proliferation [64]. Quinoxaline administration resulted in
a marked decrease in hydroxyproline, uronic acid, and hexosamine level in tumor-bearing mice, which correlates
with reduced lung fibrosis. This finding aligns with histopathological analysis, which reported to be reduction in
tumor nodules in quinoxaline-treated mice.
Matrix metalloproteinases (MMPs), especially MMP-2 and MMP-9, are crucial in cancer metastasis due to their
role in degrading extracellular matrix (ECM) components. These enzymes facilitate the invasion of cancer cells
by breaking down ECM barriers, allowing tumor cells to enter the bloodstream or lymphatic system and spread
to distant organs. MMP-2 andMMP-9 primarily degrade type IV and type V collagen, major components of the
basement membrane, thereby promoting tumor microenvironment disintegration and enhancing cancer cell
migration.
In lung cancer, increased MMP-2 and MMP-9 expression correlates with poor prognosis, as their activity
accelerates tumor spread and secondary lesion formation. Elevated MMP levels are often seen in advanced,
metastatic stages of the disease. Our docking analysis suggests that quinoxaline may inhibit MMP-2 andMMP-9
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by binding to their active sites. This inhibition could reduce ECM degradation, preventing cancer cell invasion
and metastasis, and potentially improving patient outcomes in lung cancer.
In conclusion, the current study demonstrated that administration of quinoxaline, when given concurrently with
tumor inoculation, significantly reduced lung colonization. Treatment with quinoxaline also resulted in a notable
increase in the lifespan of BALB/c mice bearing metastatic lung tumors. These findings were consistent with the
observed changes in key markers, such as lung hydroxyproline, a major component of collagen, as well as
structural monosaccharides like uronic acid and hexosamine, which promote metastasis. Additionally,
quinoxaline treatment reversed serum levels of GGT, a marker of cellular proliferation, as well as levels of NO
and sialic acid, bringing them closer to normal. The role of quinoxaline in our docking analysis suggests a
potential therapeutic approach for preventing metastasis. This study represents the first information on the anti-
metastatic potential of quinoxaline in metastatic tumor bearing BALB/c animal model. Therefore, quinoxaline
may serve as a promising therapeutic agent for inhibiting metastasis during tumor progression. Further research
is needed to fully elucidate the mechanism underlying its anti-metastatic effects.
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