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Abstract
(1) Background: Colorectal cancer (CRC) is a major global health concern, and natural compounds with selective cytotoxicity offer promising therapeutic alternatives. Gum Arabic (GA), a natural polysaccharide, has been reported to possess antioxidant and anti-inflammatory properties, yet its molecular effects on cancer cells remain poorly understood; (2) Methods: This study aimed to evaluate the anti-cancer potential of GA in human CRC cell lines (HT-29 and HCT-116) compared to normal fibroblasts (MRC-5) by using the MTS assay. To explore oxidative stress responses, the expression levels of GPX4, GSTA2, CAT, NFKB, and SOD1 were analyzed by qPCR. In addition, changes in extracellular concentrations of key metal ions (Fe²⁺, Zn²⁺, Mn²⁺, Mg²⁺, Cu²⁺, Al³⁺) were measured following GA exposure; (3) Results: GA selectively induced cytotoxicity in HT-29 and HCT-116 colorectal cancer cells, while exhibiting no toxic effects on MRC-5 healthy fibroblasts at the same concentrations. Significant upregulation of GPX4 and GSTA2 was observed in both cancer cell lines, while NFKB expression increased only in HT-29 cells. No significant changes were detected in CAT and SOD1. Moreover, Fe²⁺, Zn²⁺, and Mn²⁺ levels were significantly elevated following GA treatment, indicating potential modulation of redox status through ionic mechanisms; (4) Conclusions: These findings suggest that GA selectively targets CRC cells and may regulate oxidative stress through both genetic and ionic pathways. GA could represent a novel, natural therapeutic candidate for redox-based intervention in colorectal cancer.
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1. Introduction
Colorectal cancer (CRC) is one of the most commonly diagnosed malignancies worldwide and ranks as the second leading cause of cancer-related mortality [1]. According to the Global Cancer Statistics 2022 report, over 1.9 million new CRC cases and nearly one million deaths were reported globally [2]. These figures underscore the significant impact of CRC on public health and the urgent need for more effective, safe, and specific therapeutic strategies. Despite notable advances in surgery, chemotherapy, and targeted agents, treatment outcomes remain limited due to tumor heterogeneity, non-specific cytotoxicity to healthy tissues, and the emergence of drug resistance [3,4]. Molecularly, CRC is characterized by chromosomal instability (CIN), microsatellite instability (MSI), and epigenetic modifications such as the CpG island methylator phenotype (CIMP), all of which contribute to variability in therapeutic response [5].
Standard chemotherapeutics including 5-fluorouracil, irinotecan, and oxaliplatin, although widely used, are often associated with dose-limiting toxicities and off-target effects, which can significantly impair patients’ quality of life [6]. Additionally, mutations in genes like KRAS and BRAF contribute to drug resistance, making treatment outcomes less predictable and reinforcing the need for novel, more selective therapeutic options [6].
As a result, attention has increasingly shifted towards bioactive compounds derived from natural sources, particularly those with known antioxidant, anti-inflammatory, and anticancer properties [7,8,9]. Natural substances often act through multi-targeted pathways and present fewer side effects compared to conventional agents, thus making them promising candidates for integrative oncology approaches [10]. Among these, plant-derived polysaccharides have emerged as significant due to their capacity to modulate oxidative stress, immunity, and cellular metabolism [11,12].
Gum Arabic (GA) is a natural, gummy exudate predominantly obtained from the umbrella-shaped branches of Acacia senegal and Acacia seyal, primarily cultivated in Sudan, Chad, and Nigeria [13,14]. Structurally, GA consists mainly of an arabinogalactan-protein complex and serves as a rich source of dietary fiber enriched with essential minerals such as calcium (Ca²⁺), magnesium (Mg²⁺), and potassium (K⁺) [15,16]. This distinctive biochemical composition not only supports its conventional use as a stabilizing agent in the food industry but also underpins its emerging pharmacological importance due to a wide array of bio-functional properties. Notably, GA has gained increasing recognition for its antioxidant, anti-inflammatory, gut-supportive, and anticancer properties, making it a promising candidate for various therapeutic applications, particularly in cancer management [17,18,19,20,21]. Recent findings also suggest that GA may modulate redox signaling and oxidative stress responses—mechanisms intricately linked to colorectal tumorigenesis [17]. However, despite these promising observations, there is still a lack of comprehensive molecular-level investigations assessing the selectivity and mechanistic pathways of GA in colorectal cancer models.
[bookmark: _Hlk204628896]This study investigates the anticancer potential of Gum Arabic in two CRC cell lines (HT-29 and HCT-116) compared to healthy human fibroblasts (MRC-5). The cytotoxic effects were evaluated via MTS assay, and gene expression analyses were conducted to assess antioxidant response. In addition, changes in extracellular metal ion concentrations were measured to explore GA’s possible involvement in redox regulation through ionic pathways. By integrating these assessments, this study aims to provide novel insights into the selective action of GA in cancer cells and its potential application as a natural therapeutic agent in CRC.




2. Materials and Methods
2.1. Cell Lines and Cell Culture Conditions
Human colorectal adenocarcinoma cell lines, HT-29 (HTB-38) and HCT-116 (CRL-247), along with the normal human lung fibroblast cell line MRC-5 (CRL-171), were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). HT-29 cells were maintained in Roswell Park Memorial Institute medium (RPMI-1640, #11875093, Gibco), whereas HCT-116 and MRC-5 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, #41966-029, Gibco). All culture media were supplemented with 10% fetal bovine serum (FBS, #10500-064, Gibco) and 1% Penicillin-Streptomycin-Amphotericin (PSA, Gibco). Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO₂.
2.1 Cell Viability Assay
The cytotoxic effect of Acacia gum (purchased from Nexira) was evaluated using the MTS assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt] (#G3582, CellTiter 96® AQueous One Solution, Promega, Southampton, UK), following the manufacturer’s protocol. HCT-116, HT-29, and MRC-5 cells were seeded at a density of 5,000 cells per well in 96-well flat-bottom plates and incubated for 24 hours at 37 °C in a humidified incubator with 5% CO₂.
After initial attachment, cells were treated with Acacia gum at six different concentrations, ranging from 3000 µg/mL to 93.75 µg/mL, and further incubated for 24, 48, and 72 hours. At the end of each time point, the culture medium was carefully aspirated and replaced with an MTS solution (prepared in PBS containing 10% MTS reagent and 4.5 g/L D-glucose). Following a 90-minute incubation at 37 °C, absorbance was measured at 490 nm using an ELISA microplate reader (BioTek, Winooski, VT, USA). Cell viability was calculated as a percentage relative to the untreated control group for each cell line (HCT-116, HT-29, and MRC-5). 
2.3.	Real-Time PCR
Total RNA was isolated by using an RNA isolation kit (#740955.250, Macherey-NAGEL, Düren, Germany) according to the manufacturer’s instructions. RNA concentrations were determined by absorbance at 260 nm using a spectrophotometer. After that, cDNA was synthesized using QuantiTect Reverse Transcription Kit (#205313, QIAGEN, Hilden, Germany) according to the manufacturer’s protocols. RT-PCR was performed using SYBR Green (#4309155, Thermo Fisher, Waltham, ABD) and assayed in triplicate using the iCycler RT-PCR detection system (Bio-Rad, Hercules, CA, USA). The expression levels were normalized with respect to RPL30 (Ribosomal Protein L30) gene (F: 5’-ACAGCATGCGGAAAATACTAC-3’ R: 5’-AAAGGAAAATTTTGCAGGTTT-3’) levels. Genes and their corresponding primer sequences used in this study were as follows; SOD1 gene (F:5’- GGCCTAGCGAGTTATGGCGA-3’ R: 5’- CCCAAGTCTCCAACATGCCTCT-3’), GPX4 gene (F:5’-AAGTGGAACTTCACCAAGTTTGGAC-3’ R: 5’- GATTTTCGGGTCTGCCCCAC-3’), GSTA2 gene (F:5’-AGACATAAAGGAGAGAGCCCTGATT-3’ R: 5’-  TCACCTTCAGCAGAGGGAAGC-3’), CAT gene (F: 5’- CATGCAGGACAATCAGGGTGG-3’ R: 5’- CTCCCGTAGTCAGGGTGGAC-3’), NFKB1 gene (F: 5’-CCGCTTAGGAGGGAGAGCC-3’ R: 5’- AAGGTATGGGCCATCTGCTGT-3’).
2.3 Trace Element Analysis in Culture Medium
The elemental concentrations of Al²⁷, Mg²⁴, Mg²⁵, K³⁹, K⁴¹, Ca⁴³, Ca⁴⁴, Mn⁵⁵, Zn⁵⁵, and Zn⁶⁷ in the cell culture media were measured using an inductively coupled plasma mass spectrometry (ICP-MS, iCAP RQ, Thermo Scientific, USA). For sample preparation, 100 µL of culture supernatant was collected and diluted with ultrapure water to a final volume of 5 mL in acid-cleaned polypropylene tubes. The instrument was operated under optimized conditions with a nebulizer gas flow of 1.14 L/min, coolant gas flow of 14 L/min, auxiliary gas flow of 0.8 L/min, and a plasma power of 1051 W. Calibration was performed using certified standard solutions (Sigma Aldrich, Cat. No: 1.11355.0100) in multiple concentrations to ensure accurate quantification.

3. Results

The cytotoxic effect of Gum Arabic (GA) was evaluated in colorectal cancer and normal cell lines using the MTS assay. HCT-116 and HT-29 colorectal cancer cell lines, along with the MRC-5 normal human lung fibroblast line, were exposed to a range of GA concentrations (2.5% to 50% w/v) for 72 hours. GA treatment induced a dose-dependent reduction in cell viability in both cancer cell lines. Notably, HT-29 cells showed a more pronounced sensitivity to GA compared to HCT-116, as demonstrated by a sharper decline in viability at lower concentrations (Figure 3.1a, 3.1b).
In contrast, MRC-5 normal fibroblast cells retained relatively higher survival rates, particularly at concentrations below 10%, indicating a potential selective cytotoxic effect of GA favoring malignant cells over non-malignant ones (Figure 3.1c). The half-maximal inhibitory concentrations (IC₅₀) were estimated based on cell viability curves and are summarized in Table 1. The IC₅₀ for HCT-116 cells was calculated to be approximately 10%, while that of HT-29 cells ranged between 5% and 10%, confirming their higher susceptibility. For MRC-5 cells, the IC₅₀ value was broader, between 10% and 20%, further suggesting reduced toxicity in normal cells.
These findings support the hypothesis that Gum Arabic may exhibit selective anticancer activity, warranting further investigation into its molecular mechanism and potential therapeutic application.
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Figure 3.1. MTS assay results showing the cell survival rates (%) of (a) HCT-116 and (b) HT-29 colorectal cancer cell lines, and (c) MRC-5 normal fibroblast cells after 72 hours of GA exposure at varying concentrations (w/v). Cell viability is presented as the percentage of viable cells relative to the negative control (NC).







Table 1. IC50 Values of treatment for cell lines.
	Treatments
	IC-50 Value of HCT-116 (w/v)
	IC-50 Value of 
HT-29 (w/v)
	IC-50 Value of MRC-5 (w/v)

	Gum Arabic (GA)
	10 %
	7.5%
	15%



In order to assess the cellular response to GA treatment, the expression levels of antioxidant-related genes along with the concentrations of extracellular metal ions were analyzed in HCT-116 and HT-29 colorectal cancer cell lines (Figure 3.2a and Figure 3.2b). GA exposure resulted in a marked upregulation of GPX4 and NFKB expression levels in both HCT-116 and HT-29 cell lines compared to the negative control (****p < 0.0001). While the expression levels of CAT and SOD1 remained unchanged in HCT-116 cells, a significant elevation of SOD1 expression was observed in HT-29 cells (p < 0.01), suggesting a cell line-specific antioxidant response. GST2A expression, however, showed no significant change in either of the cell lines
To further elucidate the extracellular biochemical alterations induced by GA, metal ion concentrations (Mg²⁴, Mg²⁵, K³⁹, K⁴¹, Ca⁴³, and Ca⁴⁴) in the culture media of HCT-116 and HT-29 cells were measured after 72 hours of exposure. A substantial increase in the concentrations of magnesium (both Mg²⁴ and Mg²⁵), potassium (K³⁹ and K⁴¹), and calcium isotopes (Ca⁴³ and Ca⁴⁴) was observed in GA-treated groups compared to the negative control in both cell lines (***p < 0.0001). This elevation indicates a potential disruption in ion homeostasis and highlights the involvement of GA in modulating extracellular mineral dynamics.
Following GA treatment, the concentrations of selected heavy metal ions—namely Al²⁷, Mn⁵⁵, Zn⁶⁵, and Zn⁶⁷—in the extracellular medium were significantly increased in both HT-29 and HCT-116 cell lines compared to their respective controls (Figure 3.4a, 3.4b). Among these, Zn isotopes showed the most prominent elevation (***p < 0.0001), suggesting a possible alteration in zinc homeostasis. Interestingly, Al²⁷ levels did not significantly change in HT-29 cells, whereas a slight but statistically insignificant increase was observed in HCT-116 cells (ns). These findings might reflect a GA-induced modulation of metal ion transport or cellular detoxification processes.
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Figure 3.2 Relative mRNA expression levels of antioxidant-related genes in (a) HT-29 cancer cell line (b)HCT-116 cancer cell line after 72 hours of GA exposure.  (ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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[bookmark: _Hlk203475184]Figure 3.3 Concentrations of selected metal ions (Mg²⁴, Mg²⁵, K³⁹, K⁴¹, Ca⁴³, and Ca⁴⁴) in the culture medium of (a) HT-29 and (b) HCT-116 colorectal cancer cell lines after 72 hours of Gum Arabic (GA) treatment. Metal ion levels were determined using ICP-MS. Statistical significance is indicated as follows: ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3.4 Concentrations of selected trace elements (Al²⁷, Mn⁵⁵, Zn⁶⁵, and Zn⁶⁷) in the culture medium of (a) HT-29 and (b) HCT-116 colorectal cancer cell lines after 72-hour Gum Arabic (GA) treatment. The levels of trace elements were quantified using ICP-MS. Metal ion levels were determined using ICP-MS. Statistical significance is indicated as follows: ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






4. Discussion
Gum Arabic (GA), a natural exudate derived from Acacia species, was approved by the U.S. Food and Drug Administration (FDA) in 1969 as a safe food additive [22]. Chemically, it is classified as a complex, water-soluble dietary fiber composed primarily of arabinogalactan-protein complexes [23,24]. Beyond its nutritional role, GA has a long-standing history of use in traditional medicine and continues to be extensively employed in the food, pharmaceutical, and cosmetic industries due to its emulsifying, stabilizing, and bioactive properties [23,25]. In recent years, there has been growing scientific interest in the therapeutic potential of GA owing to its notable anti-obesity [26], antioxidant [27], antimicrobial [28], immunomodulatory [29], and anticancer activities [30]. Furthermore, studies have shown that GA can mitigate ischemia/reperfusion injury in cardiac tissue by modulating oxidative stress and inflammatory pathways [31], support kidney function in chronic kidney disease [32], and serve as a biocompatible scaffold for drug delivery systems in cancer nanomedicine [33]. These findings underscore the versatile bioactivity of GA and its relevance as a multifunctional agent in both clinical and pharmaceutical contexts.
In light of these promising properties, this study aimed to investigate the potential anticancer effects of Gum Arabic (GA) in colorectal cancer models. To achieve this, in vitro experiments were conducted using HCT-116 and HT-29 colorectal cancer cell lines. The cytotoxic effects of GA were assessed via MTS assays, and the expression levels of antioxidant-related genes (GPX4, CAT, SOD1, GSTA2, and NFKB) were analyzed by qPCR following 72-hour treatment. In addition, extracellular concentrations of key metal ions such as magnesium (Mg²⁺), calcium (Ca²⁺), potassium (K⁺), and zinc (Zn²⁺), were measured via inductively coupled plasma mass spectrometry (ICP-MS), providing further insights into the ionic alterations associated with GA exposure. In this context, the analyses were aimed to examine the effects of GA on cell viability, antioxidant response and mineral balance in colorectal cancer cells.
In this study, GA treatment resulted in a concentration-dependent reduction in cell viability in both HCT-116 and HT-29 colorectal cancer cell lines. Notably, HT-29 cells exhibited a more pronounced sensitivity to GA, while the normal MRC-5 fibroblast cell line demonstrated relatively higher viability across the same concentration range.
In this study, the effect of Gum Arabic (GA) on cell viability was firstly evaluated in colorectal cancer cell lines (HCT-116 and HT-29) and a normal human fibroblast cell line (MRC-5). The MTS assay results demonstrated a dose-dependent reduction in viability in both cancer cell lines after 72 hours of GA exposure. It is noteworthy that HT-29 cells exhibited a heightened sensitivity to GA treatment in comparison to HCT-116 cells. On the other hand, MRC-5 cells exhibited higher levels of viability across the same concentration range, indicating a selective cytotoxic effect of GA on malignant cells. These results suggest that GA exerts selective toxicity towards colorectal cancer cells while sparing normal fibroblasts, supporting its potential as a safe anticancer agent. This observation is consistent with previous findings on plant-derived polysaccharides, which have demonstrated selective cytotoxicity by preferentially targeting cancer cells while exerting minimal effects on normal cells [34]. 
In order to further investigate the cellular antioxidant response induced by Gum Arabic (GA), the expression levels of key genes associated with oxidative stress were evaluated, namely GPX4, GSTA2, CAT, NFKB, and SOD1. Firstly, SOD1, CAT, and GPX4 act in concert as essential components of the cellular antioxidant defense system: SOD1 converts superoxide radicals into hydrogen peroxide, which is then detoxified by CAT and GPX4 to prevent oxidative cellular damage [35]. Additionally, GSTA2 plays a role in glutathione metabolism and contributes to cellular defense mechanisms against oxidative stress induced by reactive oxygen species (ROS) [36]. Furthermore, NF-κB has been reported to contribute to cellular protection during oxidative stress by limiting the accumulation of reactive oxygen species (ROS) and modulating redox-sensitive signaling pathways [37]. In the present study, GA treatment significantly upregulated GPX4, GSTA2, and NFKB expression in both HT-29 and HCT-116 cell lines, while CAT and SOD1 levels remained unchanged. These results suggest that GA selectively activates glutathione-dependent antioxidant pathways and stress-responsive signaling, rather than the classical hydrogen peroxide detoxification enzymes, as part of its cytoprotective mechanism.
In the present study, GA treatment significantly upregulated GPX4 and GSTA2 expression in both HT-29 and HCT-116 cell lines. These findings may indicate that GA supports glutathione-dependent detoxification mechanisms and contributes to the attenuation of lipid peroxidation. This response could potentially be associated with reduced oxidative stress and the inhibition of ferroptosis-like pathways, which are tightly regulated by GPX4 activity and intracellular glutathione levels [38]. By contrast, CAT and SOD1 expression levels remained unchanged, suggesting that GA’s antioxidative effect may act preferentially through the glutathione-dependent pathway rather than classical ROS-scavenging.
To gain further insight into the ionic microenvironment influenced by GA treatment, the concentrations of selected metal ions—including Fe²⁺, Mg²⁺, Zn²⁺, Mn²⁺, Cu²⁺, and Al³⁺—were measured in the culture media of GA-treated cells. Among these, Fe²⁺, Mg²⁺, Zn²⁺, and Mn²⁺ levels showed a significant increase following GA exposure in both HT-29 and HCT-116 cell lines. This increase may reflect a cellular response to oxidative stress or altered membrane transport activity, potentially contributing to redox modulation. Elevated Fe²⁺ levels, in particular, may be relevant to redox-active iron’s involvement in regulated cell death pathways such as ferroptosis, as previously proposed in iron-driven cytotoxicity models [39]. Increased Zn²⁺ and Mn²⁺—as essential cofactors for antioxidant enzymes such as superoxide dismutase and catalase—could also suggest enhanced enzymatic defense capacity under GA treatment [40]. On the other hand, Al³⁺ levels remained unchanged, indicating that GA does not affect the uptake of non-essential or potentially toxic metals under the tested conditions.







5. Conclusions
GA exhibited selective cytotoxicity in both colorectal cancer cell lines (HT-29 and HCT-116) while showing non-toxic effect on healthy cell line (MRC-5). The increased expression of GPX4 and GSTA2 suggests activation of glutathione-dependent antioxidant defenses. Changes in NFKB expression and metal ion levels (Fe²⁺, Zn²⁺, Mn²⁺) further indicate that GA may modulate redox homeostasis through both genetic and ionic mechanisms. These findings support the therapeutic potential of GA in oxidative stress–related cancer biology.
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The following abbreviations are used in this manuscript:
	GA
	Gum Arabic

	CRC
	Colorectal Cancer

	MTS
	3-(4,5-dimethyl-thiazol-2)-5-(3-carboxy-methoxy-phenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium salt

	PFA
	Paraformaldehyde

	RPL30
	Ribosomal Protein L30
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