


Exploring the Antioxidant Efficacy of Sinopodophyllum hexandrum Rhizomes: Bioactivity and Implications for Therapeutic Use 
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The present study investigates the antioxidant efficacy of hydro methanolic rhizome extracts of Sinopodophyllum hexandrum, a high-value medicinal plant known for its pharmacological significance. Antioxidant activity was evaluated through three standard in vitro assays: DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging, superoxide anion radical scavenging and reducing power assay. The hydro methanolic extracts demonstrated substantial radical neutralizing capacity, with IC₅₀ values of 48.34 µg/mL for DPPH and 51.06 µg/mL for superoxide anion scavenging, respectively, indicating potent antioxidant potential. The reducing power of the extract exhibited a dose-dependent increase, suggesting the presence of electron donating phytochemicals capable of reducing ferric ions to ferrous form. These findings not only confirm the strong antioxidant properties of S. hexandrum rhizomes but also support its potential application in therapeutic formulations aimed at oxidative stress related disorders. Furthermore, given the endangered status of this Himalayan species, the study underscores the urgent need for its sustainable utilization and implementation of effective conservation strategies.
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1. Introduction
Medicinal plants have been a cornerstone of human healthcare for millennia, representing a rich source of bioactive compounds with profound therapeutic potential. Various parts of plants, such as the rhizome, roots, bark, stems, leaves, and flowers, have been traditionally used for the treatment of various diseases since ancient times [1, 2]. The substances or metabolites derived from medicinal plants and microorganisms are being explored as potential sources of therapeutic compounds. 
The World Health Organization (WHO) defines traditional medicinal plants as natural plant materials which are used at least or in the absence industrial processing for the treatment of diseases at a local or regional scale [3]. According to global data, nearly 80% of people use plants or plant components as traditional medicine. The availability, affordability and absence of harmful side effects associated with medicinal plants contribute to their widespread usage [4]. They are also considered to be a cost-effective means of developing new and breakthrough drugs. The importance of medicinal plants and derivatives is growing rapidly with human progress in pharmaceutical fields. These plants are a potential source of bio-molecules that play a major role in modern medicine in the treatment of diseases like cancer, diabetes and hypertension among others. These medicinal plants have vast traditional importance and huge demand in the market, opening doors for phytochemical research for providing bioactive molecules/formulation and raising economic aspects. Different traditional medicinal systems around the world have documented a wide array of plants, highlighting the profound therapeutic significance of medicinal plants. Ayurveda, Unani, Siddha, Homeopathy, Sowa-Rigpa, and Naturopathy come under the Indian traditional system of medicine, among which Ayurveda is the most widely practiced with global acceptance and reliability [5].
Oxidative stress, primarily induced by reactive oxygen species (ROS), can damage both cellular and extracellular components, contributing to the development of degenerative diseases such as cancer, peptic ulcers, Alzheimer’s disease, and atherosclerosis [4]. Antioxidants play a crucial role in mitigating this damage by donating electrons to neutralize free radicals. The body relies on a defense system comprising enzymatic antioxidants like superoxide dismutase and catalase, alongside non-enzymatic compounds such as vitamins C and E, glutathione, and polyphenols, to maintain redox homeostasis and protect against oxidative injury. Dietary intake of antioxidant compounds in plants can delay or inhibit the oxidation of lipids or other molecules by inhibiting the initiation or propagation of oxidative chain reactions [6]. In recent times, interest in the application of plant extracts was grow rapidly, mainly because of their antioxidant properties and which play a crucial role in combating superoxide radicals and acting as active oxygen scavengers and pose valuable effects associated health-promoting effects for humans [7]. Furthermore, natural antioxidants are preferred to minimize the adverse effects of synthetic antioxidants.  These properties of extracts are connected to the presence of several phytochemicals, particularly polyphenols such as polyphenolic acids, tannins, and anthocyanins, are well-known for their antioxidant and free radical-scavenging properties which can counteract the development of coronary heart disease, inflammation, diabetes and cancer [8, 9].
SinoPodophyllum hexandrum Royle T.S. Ying commonly known as ‘Himalayan Mayapple’ or ‘Bankakri, formerly known as Podophyllum hexandrum Royle (http://www.worldfloraonline.org/) is a perennial herb highly valued medicinal herb found in Alpine Himalayas of Jammu & Kashmir, Himachal Pradesh, Uttarakhand, Sikkim and Arunachal Pradesh at an altitude of 2700–4200 m above sea level. The rhizomes of this plant are the source of naturally occurring lignin, podophyllotoxin (PTOX) used as a precursor for the semi-synthesis of etoposide (VP-16–213) and teniposide (VM-26) [10]. Podophyllotoxin (PTOX) showed significant anticancer effects used for treating tumors (lung cancer, and leukemia) via inhibition of polymerization of tubulin and topoisomerase II respectively, leading to cell cycle arrest and suppression of the formation of the mitotic spindles microtubules. Derivatives of PTOX such as etoposide and teniposide have already been used for cancer therapy, revealing their potency as putative anticancer drugs [11]. Many pharmacological properties such as antimicrobial, antineoplastic, insecticidal, antiparasitic, antioxidant and radioprotective are depicted in PTOX derivatives which are used to treat leukemia, rheumatoid arthritis and various other ailments leading to its elevated demand around the world [12, 13]. Due to the difficulty in chemically synthesizing PTOX and its unavailability in commercial markets, the rhizomes and leaves of S. hexandrum are illegally harvested from the wild, resulting in the plant becoming rare and threatened [14]. This study, therefore, aims to investigate the antioxidant potential of a methanolic extract of S. hexandrum.
2. Materials and methods 
2.1. Plant selection and collection
The rhizomes of S. hexandrum were collected in the month of March 2023 from Deoban, Chakrata, located in the hilly regions of Uttarakhand at an altitude of approximately 2,850 m above sea level (30°44′50″ N latitude and 77°50′56″ E longitude).
2.2 Preparation of extract
The preparation of S. hexandrum rhizome extracts was carried out using a previously described procedure with slight modification [15]. The rhizomes of S. hexandrum were carefully cleaned so that any soil and dust particles was removed, shade-dried, and by using a mortar and pestle finely ground the samples into fine powder. The resulting powdered material was subjected to solvent extraction. To ensure the isolation of numerous type of bioactive compounds, methanol was utilized. 10 grams of powdered rhizome material were extracted using 100 mL of 80% (v/v) methanol solution under continuous agitation. The extraction was performed in a shaking incubator under continuous agitation for 48 hours at 100 rpm to ensure thorough mixing. After the extraction, the mixture was first passed through muslin cloth to remove coarse debris and then filtered again using Whatman No. 1 filter paper for finer clarification. The filtered solution was concentrated at 45°C using a rotary evaporator and the resulting extract was subsequently freeze-dried through lyophilization to obtain the final product. The final extract was measured for quantification and stored at -20°C in a deep freezer to maintain its stability and preserve its integrity for future analyses (Figure 1).
2.3. Yield 
The concentrated or solid extracts were weighed to determine the yield efficiency on a dry weight basis. 10g of powdered rhizome were extracted using 100 mL of 80% (v/v) methanol. The yield percentage for each solvent extract was calculated using the following formula:
Y (%) = Z2/ Z1 × 100 
Where, Z1 is the initial weight (g) of dried plant powder, Z2 is the final dry weight (g) of solid extract (Table 1).
2.4. Antioxidant assay of Sinopodophyllum hexandrum
2.4.1. Free radical scavenging analysis using 2, 2-diphenyl-β-picrylhydrazyl (DPPH) method
DPPH is a stable free radical with a deep violet color due to electron delocalization. When mixed with antioxidant containing samples capable of donating hydrogen atoms, DPPH is reduced to its non-radical form (DPPH-H), resulting in a color change from violet to pale yellow. This reduction is accompanied by a decrease in absorbance, which was measured at 517 nm using a UV–Vis spectrophotometer. The extent of discoloration indicates the scavenging potential of the sample. Antioxidant activity was expressed as IC₅₀, defined as the concentration of the extract required to reduce the initial DPPH concentration by 50%. A lower IC₅₀ value indicates higher antioxidant capacity [16, 17]. The antioxidant potential of the samples was evaluated using the 2, 2-diphenyl-β-picrylhydrazyl (DPPH) free radical scavenging assay, following the previously described method [18]. 1 mg/mL stock solutions of plant extract and ascorbic acid were prepared. The experimental procedure involved a volume of 150 μL of plant extract, prepared at concentrations ranging from 200 to 1000 μg/mL, was combined with 1.5 mL of DPPH solution and allowed to incubate in the dark for 30 minutes. The absorbance of each sample was then recorded at 517 nm using a eppendorf  Bio-Spectrophotometer. Complete experiment was performed in triplicates. The antioxidant activity was characterized through two primary parameters: the percentage of radical scavenging activity (RSA) and the half-maximal inhibitory concentration (IC50). The DPPH radical scavenging activity was determined using a standard calculation method, which would be expressed through a specific equation to quantify the extract's ability to neutralize free radicals. The DPPH scavenging activity was calculated using the following equation:
                     Percent Radical Scavenging Activity (RSA) = (Ac − As) Ac× 100 
Ac is the absorbance of control; As is the absorbance of sample.
2.4.2. Superoxide anion scavenging activity
Superoxide radicals are biologically significant reactive oxygen species that can give rise to more damaging species such as singlet oxygen and hydroxyl radicals. The accumulation of superoxide anions contributes to oxidative stress and redox imbalance, ultimately leading to cellular and physiological damage. In this assay, superoxide radicals are generated through a non-enzymatic reaction involving the phenazine methosulfate (PMS)–nicotinamide adenine dinucleotide (NADH) system. The superoxide radicals formed from molecular oxygen via PMS–NADH coupling reduce nitro blue tetrazolium (NBT) to form a colored purple formazan, which can be quantitatively measured spectrophotometrically. The intensity of the color, measured at 560 nm, is directly proportional to the amount of superoxide radicals present. The presence of antioxidant compounds in the test samples, such as plant extracts or standard antioxidants like ascorbic acid, scavenges the superoxide radicals and inhibits the reduction of NBT. This results in a decrease in absorbance, which reflects the superoxide scavenging activity of the tested compounds.
The superoxide radical scavenging activity was assessed based on the reduction of nitro blue tetrazolium (NBT) using the previously described method [19]. 1 mg/mL stock solutions of plant extract and ascorbic acid were prepared. This experiment was carried out based on the reduction of NBT by plant extracts. Stock solutions (1 mg/mL) of plant extracts and ascorbic acid were prepared. The reaction mixture consisted of 3 mL sodium phosphate buffer (20 mM, pH 7.4), 1 mL NBT solution (50 µM), 1 mL NADH (73 µM) and 1 mL of varying concentrations of plant extracts or ascorbic acid (1–100 µg/mL). The reaction was initiated by adding 1 mL PMS (15 µM) and the mixture was incubated at room temperature for 5 minutes and the absorbance was measured at 562 nm against a blank to quantify the amount of formazan formed. After incubation, absorbance was measured at 560 nm against a blank using a UV–visible spectrophotometer. The blank contained 3 mL sodium phosphate buffer (20 mM, pH 7.4), 1 mL NBT (50 µM), 1 mL NADH (73 µM), and 1 mL distilled water. The percentage inhibition of superoxide generation was calculated, and results were expressed as IC₅₀ values. Ascorbic acid served as the positive control, and each experimental condition was performed in triplicate to ensure reproducibility.

Inhibition percentage was calculated using the following formula: 
Percentage Inhibition = (Ac− As ) Ac × 100
 Where, Ac stands for control absorbance and As stands for sample/known standard absorbance.
2.4.3 Reducing power capacity
The reducing power assay evaluates the electron-donating ability of antioxidant compounds, which reflects their potential to act as reductants. In this method, antioxidants present in the sample reduce ferric ions (Fe³⁺) in the potassium ferricyanide complex to ferrous ions (Fe²⁺). The resulting Fe²⁺ forms a Prussian blue-colored complex upon reaction with ferric chloride, and the intensity of this color, measured at 700 nm, indicates the reducing power of the sample. An increase in absorbance corresponds to a higher reducing power, signifying greater electron-donating capacity of the extract. This mechanism is particularly relevant in assessing the antioxidant potential of phenolic compounds [20].
The reducing power of the plant extract was quantitatively evaluated using the previously described method with slight modification [21]. 1 mg/mL stock solutions of plant extract and ascorbic acid were prepared. 1 mL of the plant extract and ascorbic acid  of varying concentrations ranging from 0 to 200 μg/mL combined with 2.5 mL of phosphate buffer (0.1 M, pH 6.6) and 2.5 mL of potassium ferricyanide (1% w/v). The mixture was incubated at 50 °C for 30 minutes. The reaction was then terminated after incubation by adding 2.5 mL of trichloroacetic acid (TCA) solution (10% w/v), followed by centrifugation at 3000 rpm for 10 minutes. The resulting supernatant (2.5 mL) was then diluted with equal volume of water and combined with 0.5 mL of fresh ferric chloride (0.1% w/v) solution. The absorbance of the mixture was measured at 700 nm against a blank by using UV-visible spectrophotometer. A reaction mixture containing 1 mL of distilled water in place of the sample solution was used as a blank. Ascorbic acid served as the reference standard and all experiments were carried out in triplicate. A higher absorbance value directly corresponded to an increased reducing power of the plant extract, indicating its potential antioxidant capacity.  
2.5 Statistical analysis 
Data analysis was conducted using Origin Software, with results presented as mean values accompanied by their standard deviations (±SD). The assessment of statistical differences between experimental and control groups was performed through one-way analysis of variance (ANOVA). Results were deemed statistically significant when probability values fell below 0.05 (p < 0.05)
3. Result 
3.1 Percentage Yield of Hydro methanolic Extract of S. hexandrum 
The percent yield of hydro methanolic extract of S. hexandrum rhizome was obtained to be 19% as presented in Table 1, Fig. 1. The extract was concentrated and dried, yielding 1.9 g of residue, corresponding to a 19% (w/w) extraction yield based on dry weight.
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Fig. 1 Sequential Representation of S. hexandrum Plant, Rhizome and Extract Utilized in Antioxidant and Phytochemical Studies      

Table 1: Percentage yield of hydromethanolic rhizome extract of S. hexandrum
	S.No.
	Plant
	Weight of Dried plant rhizome (gm)
	Weight of hydromethanolic extract obtained (gm)
	Percent Yield (%)

	1
	S. hexandrum 
	10
	1.9
	19



3.2 Free radical scavenging analysis using 2, 2-diphenyl-β-picrylhydrazyl (DPPH) method
The DPPH radical scavenging activity of the methanolic root extract of Sinopodophyllum hexandrum increased in a concentration-dependent manner. The percentage (%) scavenging of extracts were recorded (Fig. 2). At 100 μg/mL, the extract exhibited 69.34 ± 1.86% scavenging activity, compared to 86.78 ± 1.74% for ascorbic acid. The IC₅₀ value of the extract was determined to be 48.35 μg/mL, which is higher than that of ascorbic acid (25.66 μg/mL), indicating that while the extract has significant antioxidant potential, it is less potent than the standard. The results revealed that the ability of rhizome extract to scavenge DPPH radicals increased with higher concentrations, as illustrated in Fig. 2 and Table 2 (p < 0.05). 

Figure 2: DPPH radical scavenging activity of hydromethanolic rhizome extract of S. hexandrum. 
3.3 Superoxide free radical scavenging activity
The hydro methanolic root extract also demonstrated superoxide radical scavenging activity, which increased with concentration. At 100 μg/mL, the extract achieved a maximum inhibition of 82.65 ± 1.82%, while ascorbic acid showed higher inhibition of 93.79 ± 0.89% at the same concentration. The IC₅₀ value of the extract was 51.06 μg/mL, compared to 38.35 μg/mL for ascorbic acid (Table 2). Statistical analysis revealed a strong positive correlation (R² = 0.98) between the concentration of the extract and its superoxide scavenging activity. Rhizome methanolic extract effectiveness in neutralizing superoxide radicals significantly increased with higher concentrations (Table 2 and Fig.3).

Figure 3: Superoxide radical scavenging activity scavenging activities of hydro methanolic rhizome extract of S. hexandrum. 
Table 2: Antioxidant Potential of Hydro methanolic Rhizome Extract 
	S.No.
	Assay
	IC₅₀ (µg/mL) Standard
	IC₅₀ (µg/mL) Extract

	1
	DPPH Radical Scavenging Activity
	25.66
	48.34

	2
	Superoxide Radical Scavenging Activity
	
38.55
		51.06






3.4 Reducing Power Assay
The absorbance of extract determines how powerfully it can reduce. The experimental findings demonstrate that rhizome extract exhibit the dose response curve as the concentration of hydro methanolic extract increases along with the reduction power (Table 2 and Fig. 2). The reducing power of the hydro methanolic root extract of S. hexandrum increased progressively with concentration, indicating significant electron-donating ability. At 200 μg/mL, the extract recorded an absorbance of 0.841 ± 0.014, which was lower than that of ascorbic acid (1.428 ± 0.016) at the same concentration, suggesting moderate reducing capacity compared to the standard. 


4. Discussion
Plants are a rich source of bioactive compounds with diverse biological functions and minimal adverse effects [22]. Phytochemical analysis of S. hexandrum has confirmed the presence of various bioactive metabolites, including flavonoids, glycosides, alkaloids, terpenoids, saponins, quinones and steroids with methanolic extracts displaying the highest diversity of these compounds [4]. The potent antioxidant properties of S. hexandrum are primarily attributed to its high content of phenolics and flavonoids which act as radical scavengers and mitigate oxidative stress by donating hydrogen atoms or electrons to neutralize reactive species thereby preventing oxidative damage associated with numerous degenerative diseases [23]. In the present study, the hydro-methanolic extraction of S. hexandrum rhizome yielded 19% extract, which was subsequently subjected to antioxidant activity evaluation. The antioxidant activity of S. hexandrum rhizome methanolic extract was comprehensively evaluated using DPPH radical scavenging, superoxide radical scavenging and reducing power assays. Each method is based on a different principle, enabling a comprehensive evaluation of the extract’s antioxidant potential. The antioxidant activity of S. hexandrum extracts was evaluated using the DPPH radical scavenging assay, which operates on the principle that antioxidants donate hydrogen atoms or electrons to reduce the stable free radical DPPH• into its non-radical form. This reduction leads to a measurable decrease in absorbance at 517 nm, directly indicating radical scavenging ability. A lower IC₅₀ value signifies stronger antioxidant activity.
The hydro methanolic extract of the rhizome exhibited the highest DPPH radical scavenging activity, with an IC₅₀ value of 48.34 μg/mL. This was significantly lower than that of the aqueous and hexane extracts, suggesting the superior efficiency of methanol in extracting phenolic and flavonoid compounds responsible for antioxidant action. The standard antioxidant, ascorbic acid, showed an even lower IC₅₀ of 25.66 μg/mL, confirming its potent free radical scavenging activity. These findings align with earlier studies emphasizing the importance of extraction solvents in maximizing antioxidant yield [4]. Compared to those reports, our hydro methanolic extract demonstrated a notably stronger antioxidant potential. For instance, the IC₅₀ values observed in our study were lower than those previously reported for the methanolic extract (215.37 ± 2.89 μg/mL) and ascorbic acid (173.71 ± 2.2 μg/mL) [4]. Similarly, the comparable findings were also reported in Solanum surattense and Amaranthus hybridus L. and Berberis aristata supporting the reliability of our results [24, 25, 26].
Superoxide radical is believed to be the most potent biological source of reactive oxygen species. Despite being a weak oxidant, the superoxide anion produces singlet oxygen and strong hydroxyl radicals, which contribute to redox imbalance and cause tissue damage by interacting with biological macromolecules [27, 28]. The superoxide radical scavenging assay assesses the ability of antioxidants to inhibit the reduction of nitroblue tetrazolium (NBT) by superoxide radicals, which are generated in vitro through various enzymatic or chemical systems. Our results demonstrated that the hydro methanolic rhizome extract inhibited superoxide radicals in a dose-dependent manner, confirming its effectiveness as a radical scavenger. Similar results were found by [4] who demonstrated that methanol exhibited the inhibition of superoxide radicals in a dose-dependent manner, followed by the ethyl acetate extract. Similar findings were reported in Torilis leptophylla extracts using methanol and ethyl acetate solvents [29] and in Nardostachys jatamansi rhizomes using ethanol [30].
The reducing power assay measures the electron-donating ability of antioxidant compounds, reflecting their capacity to reduce ferric ions (Fe³⁺) to ferrous ions (Fe²⁺). Increased absorbance at 700 nm indicates higher reducing power, which correlates with the sample’s potential to neutralize free radicals through electron transfer mechanisms. In the current study, the hydro methanolic rhizome extract exhibited significant reducing power, indicating a strong ability to donate electrons and thus mitigate oxidative stress. This result supports findings from recent studies that highlight the link between antioxidant activity and reducing power [31]. Comparable trends were reported in methanolic extracts of Hyssopus officinalis L. [32], reinforcing the importance of solvent choice in maximizing antioxidant extraction.
The observed differences in IC₅₀ values may be attributed to variations in extraction protocols, phytochemical content, and environmental factors such as altitude, climate, and soil composition, which influence secondary metabolite accumulation in S. hexandrum. Notably, the hexane extract exhibited the weakest antioxidant activity, further supporting the inefficiency of non-polar solvents in extracting phenolic and flavonoid compounds [4]. In addition, rhizome extracts consistently showed greater antioxidant potential compared to other plant parts, as previously noted by [33]. Our findings not only support previous reports but also shed new light on the antioxidant potential of S. hexandrum. The pronounced DPPH scavenging activity of the hydro methanolic rhizome extract, together with its strong superoxide quenching capacity and notable reducing power, emphasizes the influence of solvent polarity and plant part selection on antioxidant yield. Collectively, these results highlight S. hexandrum as a valuable source of natural antioxidants with promising therapeutic potential. Future research should focus on isolating and characterizing the active constituents and exploring their relevance in pharmaceutical and nutraceutical applications.
5. Conclusion
The present study establishes S.  hexandrum, particularly its rhizome hydro methanolic extract as a potent source of natural antioxidants. Across all assays DPPH, superoxide scavenging and reducing power the hydro methanolic extract consistently exhibited the lowest IC₅₀ values, indicating superior radical scavenging and electron-donating capacities. These activities are attributed to the presence of lignans (notably podophyllotoxin), flavonoids, and phenolic compounds. Our findings not only corroborate earlier research but also suggest that S. hexandrum has antioxidant potential comparable to or greater than several well-known medicinal plants and synthetic antioxidants. These results highlight its therapeutic promise in managing oxidative stress-associated conditions and its potential applications in the pharmaceutical, nutraceutical, and cosmeceutical industries. Future investigations should aim to identify and purify the specific bioactive compounds responsible for antioxidant activity, standardize extraction methodologies for optimal yield and conduct preclinical and clinical trials to confirm efficacy and safety. Additionally, given its endangered status and restricted distribution, conservation and sustainable utilization strategies must be prioritized to preserve this valuable Himalayan medicinal plant. In conclusion, S. hexandrum represents a promising source of natural antioxidants with potential applications in pharmaceutical, nutraceutical, and cosmeceutical formulations targeting oxidative stress-associated pathologies.
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