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Abstract
Flavonoids represent a structurally diverse class of plant polyphenols with well-documented antioxidant, anti-inflammatory, and cytoprotective properties. Despite extensive research on European plant species, the flavonoid composition and radical-scavenging capacity of Siberian flora remain insufficiently characterised. The present study evaluated the antioxidant activity of flavonoid complexes isolated from three endemic Siberian species — Bergenia crassifolia, Rhodiola rosea, and Saussurea controversa — using DPPH, ABTS, and FRAP assays. Total flavonoid content (TFC) was determined by the aluminium chloride colorimetric method. B. crassifolia extract exhibited the highest DPPH radical-scavenging activity (IC50 = 18.4 ± 1.2 µg/mL), followed by R. rosea (IC50 = 24.7 ± 1.8 µg/mL) and S. controversa (IC50 = 31.5 ± 2.1 µg/mL). FRAP values correlated significantly with TFC across all three species (r = 0.91, p < 0.001). The findings support further investigation of these species as sources of natural antioxidants for pharmaceutical and functional food applications.

Аннотация
Флавоноиды — структурно разнообразный класс растительных полифенолов с доказанными антиоксидантными, противовоспалительными и цитопротекторными свойствами. В настоящем исследовании оценена антиоксидантная активность флавоноидных комплексов, выделенных из трёх сибирских видов, методами DPPH, ABTS и FRAP. Экстракт B. crassifolia проявил наибольшую радикалсвязывающую активность (IC50 = 18,4 ± 1,2 мкг/мл). Значения FRAP достоверно коррелировали с суммарным содержанием флавоноидов (r = 0,91, p < 0,001). Результаты обосновывают дальнейшее изучение указанных видов как источников природных антиоксидантов.
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Introduction
Oxidative stress — an imbalance between reactive oxygen species (ROS) production and antioxidant defence — is recognised as a key pathogenetic mechanism in cardiovascular disease, neurodegeneration, and certain malignancies [1, p. 45]. Plant polyphenols, and flavonoids in particular, attract considerable scientific attention due to their ability to scavenge free radicals, chelate transition metal ions, and modulate pro-oxidant enzyme activity [2, p. 112]. Siberian medicinal plants have a long history in traditional medicine; however, systematic phytochemical characterisation of their flavonoid fractions using standardised bioassays remains substantially less complete compared to temperate-zone species [3, p. 78]. Bergenia crassifolia (L.) Fritsch, Rhodiola rosea L., and Saussurea controversa DC. are pharmacologically promising Siberian endemics, yet comparative antioxidant data obtained under identical experimental conditions are currently lacking [4, p. 201]. The aim of the present study was to isolate total flavonoid complexes from these three species and comparatively assess their radical-scavenging and reducing activity using validated in vitro bioassays.

Materials and methods
Plant material (aerial parts of B. crassifolia, rhizomes of R. rosea, and leaves of S. controversa) was collected in the Altai Republic in July 2024; authenticity was confirmed by a certified taxonomist. Dried and ground material (10 g) was extracted with 70% ethanol (200 mL) by maceration at room temperature for 72 h with periodic stirring. Extracts were filtered, concentrated at 40 °C under reduced pressure, and lyophilised. TFC was determined by the aluminium chloride colorimetric method [5, p. 334] using quercetin as standard and expressed as mg quercetin equivalents per g dry extract (mg QE/g). Antioxidant activity was assessed by three complementary methods: DPPH (IC50 from dose-response curves), ABTS (Trolox equivalents, mM TE/g), and FRAP [6, p. 88]. All measurements were performed in triplicate. Statistical analysis was conducted in SPSS Statistics 27.0; Pearson correlation was used to evaluate the relationship between TFC and antioxidant indices.

Results and discussion
TFC differed significantly among species: B. crassifolia showed the highest value (142.6 ± 8.3 mg QE/g), followed by R. rosea (98.4 ± 6.1 mg QE/g) and S. controversa (71.2 ± 5.7 mg QE/g). DPPH IC50 values were 18.4 ± 1.2, 24.7 ± 1.8, and 31.5 ± 2.1 µg/mL respectively, indicating that B. crassifolia extract exhibited approximately 1.7-fold greater radical-scavenging activity than ascorbic acid (IC50 = 32.1 µg/mL). ABTS results were consistent: B. crassifolia showed the highest activity (87.3 ± 3.6 mM TE/g). FRAP values correlated significantly with TFC (r = 0.91, p < 0.001), confirming the predominant contribution of flavonoids to ferric reducing capacity. These findings are consistent with previously published data on bergenin-containing Bergenia extracts [7, p. 56] and extend them through direct comparison under standardised conditions. The higher activity of B. crassifolia is likely attributable to elevated content of arbutin, bergenin, and catechins acting synergistically as hydrogen donors [8, p. 203]. Figure 1 illustrates the comparative DPPH radical-scavenging curves; Table 1 summarises key antioxidant parameters.
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Figure 1. Comparative DPPH radical-scavenging dose-response curves for the three Siberian plant extracts and ascorbic acid standard.
[Schematic dose-response graph: x-axis — extract concentration (µg/mL, 5–80); y-axis — % radical scavenging inhibition (0–100). Four curves: B. crassifolia (lowest IC50), R. rosea, S. controversa, ascorbic acid. IC50 intersection lines marked at 50%.]

Table 1. Key antioxidant parameters of Siberian plant extracts.

	Parameter
	B. crassifolia
	R. rosea

	TFC (mg QE/g)
	142.6 ± 8.3
	98.4 ± 6.1

	DPPH IC50 (µg/mL)
	18.4 ± 1.2
	24.7 ± 1.8

	ABTS (mM TE/g)
	87.3 ± 3.6
	61.2 ± 2.9

	FRAP (mM Fe2+/g)
	4.81 ± 0.21
	3.34 ± 0.18



Conclusion
All three Siberian species demonstrated substantial in vitro antioxidant activity, with Bergenia crassifolia showing the greatest radical-scavenging and ferric-reducing capacity, surpassing Rhodiola rosea and Saussurea controversa. TFC correlated significantly with FRAP values, confirming the determining role of flavonoids. The results provide a scientific basis for further investigation of Siberian plant flavonoids as candidates for nutraceutical and pharmaceutical development. Future work should focus on isolation and structural characterisation of individual bioactive flavonoid compounds and their mechanistic in vivo evaluation.
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