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Abstract: Viola, an edible wild plant, is valued for its distinctive flavor and health-promoting
properties. This study examines the proximate composition, bioactive compounds, and
in vitro biological activities of seven Viola leaves (Viola prionantha, Viola collina, Viola acumi-
nata, Viola variegata, Viola tokubuchiana var. takedana, Viola mirabilis, and Viola philippica).
Findings reveal that the leaves of the seven Viola species are rich in phenolic compounds
(131.13 mg gallic acid equivalents (GAE)/100 g fresh weight (FW)-384.80 mg GAE/100 g
FW), flavonoids (13.09 mg rutin equivalents (RE) /100 g FW—40.08 mg RE/100 g FW), fatty
acids (palmitic acid, linoleic acid, oleic acid, and «-linolenic acid), and essential minerals,
such as potassium, calcium, and magnesium. The leaf extracts demonstrated significant
inhibitory effects on «-glucosidase (84.17%) and pancreatic lipase (77.54%) at a concen-
tration of 1 g of extract per milliliter of solution. Additionally, the biological activity of
Viola leaves, particularly their antioxidant capacity, is associated with their phenolic and
flavonoid content, with caffeic acid contributing up to 35.2% of the total phenolic acids
and isoquercitrin being one of the most bioavailable flavonoids. These results indicate that
Viola offers potential notable health benefits, presenting a valuable addition to enhancing
modern dietary patterns and overall health.

Keywords: wild edible plant; Viola; proximate composition; phenolic compounds;
coumarins; bioactive properties

1. Introduction

Unhealthy diets and sedentary lifestyles have emerged as predominant health risks in
recent decades, contributing significantly to the rising prevalence of non-communicable
diseases, such as Alzheimer’s, hypertension, hyperlipidemia, and obesity. Consequently,
there is an increasing need to adopt a sustainable, green, and health-oriented dietary
structure [1,2]. In response to the growing demand for healthier, environmentally conscious
living, wild edible plants have gained popularity in the culinary industry across various
European countries and regions. These plants, integral to traditional diets, are nutrient-
dense and supply high-quality fatty acids and essential trace elements, presenting a natural
approach to address modern dietary deficiencies [3].

Research underscores that wild edible plants are generally abundant in vitamins,
minerals, and bioactive compounds, making them valuable sources of nutrition, antioxi-
dants, and enzyme inhibitors [4]. Among these, the genus Viola holds both nutritional and
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economic significance. As the largest genus within the Violaceae family, Viola comprises
perennial or biennial herbaceous species, with over 500 identified worldwide, predomi-
nantly distributed across the Northern Hemisphere’s temperate regions, as well as Hawaii,
Oceania, and the Andes of South America [5]. Notably, Viola contains diverse bioactive
compounds, such as phenols, flavonoids, alkaloids, coumarins, and phenylpropanoids,
supporting a wide range of biological functions [6]. In vitro studies confirm the extensive
biological activities of Viola (including Viola yedoensis, Viola tricolor, Viola odorata, and others)
extracts derived from both the whole plant and its aerial parts, obtained using water or
ethanol as solvents, including antibacterial, anti-inflammatory, and antioxidant effects,
underscoring their potential in disease prevention and health maintenance [7]. For exam-
ple, studies utilizing a Caenorhabditis elegans obesity model revealed that Viola tricolor
flowers exert lipid-lowering and anti-aging effects [8]. Additionally, Viola philippica extracts
exhibited significant inhibition of Hepatitis C Virus protease and x-glucosidase and demon-
strated protective effects against immunological liver damage, suggesting applications in
liver-related disease management [9,10]. Similarly, Viola odorata L. extracts have shown
efficacy in reducing blood pressure and lipid levels and supporting weight management,
likely due to their antioxidant activity and inhibition of lipid synthesis [11]. Further studies
reveal that Viola odorata L. is a potent source of antioxidants with neuroprotective effects,
indicating potential therapeutic applications for neurodegenerative diseases [12]. To date,
research has not reported any significant cytotoxicity associated with Viola, reinforcing its
value as a safe, functional, plant-based resource [13].

In the Liaodong Peninsula of northeastern China, wild Viola leaves are a common
dietary component, valued by local residents for both their nutritional and medicinal
properties, including anti-inflammatory and swelling-reduction effects. Traditional records
across Asia describe decoctions of dried whole plant of Viola as effective in disease treat-
ment. Market surveys and sample analyses of wild Viola varieties popular in local markets
have been conducted, focusing on proximate composition, mineral content, phenolic and
flavonoid profiles, and key bioactive components. This study aims to characterize these
species’ biological activities and identify bioactive compounds with nutritional and health-
care potential, maximizing their application in these fields. The properties of wild edible
plants are subject to multiple influencing factors, necessitating thorough evaluation of their
nutritional profile, antioxidant capacity, enzyme inhibition potential, and antibacterial activ-
ities [14,15]. In this context, a preliminary comparative analysis investigates the Viola genus
as a viable source of nutraceuticals, antioxidants, and enzyme inhibitors. Results from
this research may enhance the development and utilization of Viola resources, providing
insights that contribute to improved dietary practices and support broader health outcomes.

2. Materials and Methods
2.1. Plant Materials

The plant materials were collected from three locations in the Liaodong Peninsula
region of China (with the central coordinates being 123.232799° E, 40.287175° N, and
an average collection altitude of 220 m); the Viola samples were identified by Professor
Junlin Yu. The samples were gathered in mid-May 2023 from fully natural growth forest
areas; the collection sites of wild plants are shown in Figure 1. The seven edible Viola
species were collected as whole plants: Viola prionantha, Viola collina, Viola acuminata, Viola
variegata, Viola tokubuchiana var. takedana, Viola mirabilis, Viola philippica (Figure 2a,b). The
selected species were chosen based on their actual consumption by local residents and their
presence in local markets in northeastern China. The specific geographical information of
the collection sites is as follows: Viola prionantha, Viola tokubuchiana var. takedana, and Viola
acuminata were collected from Zhuanghe City, Dalian, Liaoning Province (122.861440° E,
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40.023382° N, 216 m a.s.1.). Viola collina, Viola variegata, and Viola mirabilis were collected
from Fengcheng City, Dandong, Liaoning Province (123.814077° E, 40.742570° N, 249 m
a.s.l.). Viola philippica was collected from Xiuyan County, Anshan, Liaoning Province
(123.022881° E, 40.095574° N, 201 m a.s.l.). The fresh Viola samples were cleaned, flash-
frozen, and stored at —20 °C, while air-dried samples were oven-dried at 60 °C, ground to
powder, and stored in sealed containers for analysis.
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Figure 1. Map of the seven Viola species collection sites within the Liaodong Peninsula study area,
Liaoning Province, China.
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Figure 2. (a) Images of the environment of the seven Viola species collected. (b) Leaves of the
seven Viola species.
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2.2. Sample Processing

Viola leaf samples were processed following the method established by Justine
Chervin et al. [16]. Fresh Viola plants were promptly preserved, transported to the lab-
oratory, and processed by removing damaged parts and foreign materials before collecting
the leaves. The leaves were flash-frozen in liquid nitrogen and stored at —20 °C. To obtain
dry plant samples, the fresh samples were first air-dried and then placed in an oven at
60 °C for over 48 h until a constant weight was achieved. The dried samples were ground
into powder using a grinder, sieved through a 20-mesh screen, and stored in a sealed
container in a cool, ventilated, dry place. The samples were extracted with 80% ethanol
(EtOH:H;0O, 80:20 v/v) by adding 10 mL of the solution to 0.50 g of fresh leaf samples.
After ultrasonic treatment at room temperature and centrifugation, the supernatant was
collected. This extraction process was repeated, and the two supernatants were combined
to create a crude ethanol extract of Viola leaves. The combined supernatants were used for
nutrient, physicochemical, and bioactivity assays, while mineral and fatty acid analyses
were performed on dried samples.

2.3. Proximate Composition
2.3.1. Soluble Sugars and Proteins

The anthrone-sulfuric acid colorimetric method quantified soluble sugar content: 2 mL
of anthrone-sulfuric acid solution (0.03 g/mL) was added to the crude ethanol extract,
incubated in boiling water for 10 min, then cooled to room temperature, with absorbance
recorded at 610 nm on a UV spectrophotometer. Results were expressed as grams per 100 g
of fresh weight. Protein content was measured using the Kjeldahl method, with samples
(0.20 g) digested using Kjeldahl catalyst tablets and sulfuric acid [17].

2.3.2. Total Phenols and Total Flavonoids

For total phenolic and flavonoid analyses, extracts were diluted with 80% ethanol. The
Folin—Ciocalteu method determined phenolic content, measured at 765 nm and expressed
as mg of gallic acid equivalents (GAE) per 100 g of extract [18]. Flavonoid content was
assessed following the method by Guo et al., with absorbance at 415 nm and expressed as
mg of rutin equivalents (RE) per 100 g of extract [19].

2.3.3. Total Carotenoids, Chlorophyll, and Ascorbic Acid

To measure total carotenoid and chlorophyll content of the seven Viola leaves, 0.1 g
samples were soaked in 10 mL of 80% acetone for 24 h, centrifuged, and absorbance
recorded at 663, 645, and 470 nm. Ascorbic acid content was quantified using UHPLC with
an Agilent Eclipse Plus C18 column (Agilent Technologies, Santa Clara, CA, USA) and
detection at 245 nm, referencing a standard curve.

2.3.4. Fatty Acids

Medium- and long-chain fatty acids were analyzed through ion/selected ion monitor-
ing, with modifications based on Thurnhofer et al.’s methodology [20]. Thawed samples
(at 4 °C) were extracted using a dichloromethane-methanol solution (2:1 v/v). Extracts
were washed with deionized water, dried under nitrogen gas, redissolved in n-hexane,
and methylated. Final analysis was conducted by gas chromatography-mass spectrometry
(GC-MS) using an Agilent 190915-433UI capillary column (Agilent Technologies., Santa
Clara, CA, USA) and helium as the carrier gas. Mass spectrometric analysis utilized an
Agilent 5977B MSD (Agilent Technologies, Santa Clara, CA, USA) with electron impact
(EI) ionization in SCAN/SIM mode. Data, including standard curve construction and fatty



Foods 2025, 14, 302

50f19

acid content calculations, were processed using MSD ChemStation software (G1701DA Rev.
D.01.00-SP 1).

2.3.5. Mineral Composition

Mineral content in Viola leaves was analyzed using an Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES) device (PerkinElmer, Optima 8300, Waltham,
MA, USA). The process involved digesting dehydrated sample powder with a 5:1 mixture
of nitric and perchloric acids. Following established protocols, the elemental content,
specifically aluminum (Al), calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium
(Mg), manganese (Mn), molybdenum (Mo), zinc (Zn), and sodium (Na), was determined by
referencing the calibration curve from standard solutions, blank samples, and test samples,
with background absorption subtracted for accurate values.

2.3.6. Untargeted Primary Metabolites Profiling of Plant Samples Using GC-MS

Plant samples were extracted following the procedure outlined in Section 2.2, with
modifications based on Li et al. [21]. In brief, 0.9 g of the sample was combined with
cold methanol, L-2-chlorophenylalanine, and chloroform, followed by ultrasonication
and centrifugation. The resulting residue was derivatized and analyzed using an Agilent
7890-5977B GC-MS system (Agilent Technologies, Santa Clara, CA, USA) equipped with
an HP-5 ms Ultra Inert 7-inch Capillary Column (30 m x 0.25 mm x 0.25 um, temperature
limits: —60 °C to 325 °C). High-purity helium gas (He > 99.999%) was supplied by Harbin
Qinghua Gas Industry (Harbin, China). The system was equipped with an Agilent 7693A
automatic liquid sampler (Product Number: G4513A).

2.3.7. Characterization of Phenolic and Flavonoid Compounds by LC-MS

A targeted quantitative analysis of 34 phenolic and flavonoid compounds was con-
ducted based on previous research methods from the research group [22,23]. Briefly, a
fresh plant sample (0.15 g) was mixed with 10 mL of 70% methanol (methanol: H,O, 70:30,
v/v) and subjected to ultrasonic extraction at 40 °C for 40 min. After centrifugation, the
supernatant was collected for subsequent instrument analysis.

2.3.8. Identification and Quantitative Analysis of Coumarins Using UHPLC

The identification and quantification of four coumarin compounds in the seven Viola
species were performed using ultra-high-performance liquid chromatography (UHPLC).
Chromatographic conditions included an Agilent Eclipse Plus C18 column (3.0 x 150 mm),
with a mobile phase of 0.02% phosphoric acid aqueous solution and acetonitrile (40:60
v/v) at a flow rate of 1.0 mL/min. The detection wavelength was set at 342 nm, with
a 20 pL injection volume, and a column temperature of 30 °C. A standard curve was
developed using a mixed solution of the four coumarin standards at various concentrations,
allowing for the measurement and calculation of coumarin content across different samples.
See Supplementary Materials for the chromatogram, the regression equation, correlation
coefficient, and limit of detection of the compounds identified.

2.4. Bioactive Activity
2.4.1. Antioxidant Activity in Vitro

The DPPH radical scavenging activity was measured following Sarmento et al.’s
method, with anhydrous ethanol as the control [24]. Extracts at varying concentrations
were combined with DPPH radicals and incubated in darkness for 30 min, after which
absorbance was recorded at 517 nm. IC50 values were calculated using ascorbic acid
as the reference standard. The ABTS radical scavenging activity and ferric ion reducing
antioxidant power (FRAP) were assessed according to Sharma et al. [25]. For ABTS, a radical
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cation solution was prepared and diluted to reach an absorbance of 0.70 £ 0.02 at 734 nm,
mixed with extracts, and absorbance was measured after 6 min. FRAP was analyzed using
a standard curve with ferrous sulfate, with results expressed as mg ferrous sulfate per
100 mg of extract.

2.4.2. Antimicrobial Activity

Antimicrobial activity of the seven wild Viola species was evaluated by determining
inhibition zone diameter, minimum inhibitory concentration (MIC), and minimum bac-
tericidal concentration (MBC) against Staphylococcus aureus (ATCC 25923), Escherichia coli
(ATCC 25922), Pseudomonas aeruginosa (ATCC 15442), and Candida albicans (ATCC 10231).
These strains were cultured in a Luria—Bertani medium at 37 °C to a concentration of
106 CFU/mL [26].

The inhibition zone diameter, MIC, and MBC were evaluated based on the pro-
tocols outlined by Leja and Zhao et al., with sterile water and kanamycin as controls
for inhibition zone assessment and ampicillin as the positive control for MIC and MBC
measurements [27,28].

2.4.3. Enzyme Activity Inhibition Capacity

The inhibitory effects of Viola on pancreatic lipase and x-glucosidase were assessed as
follows: for pancreatic lipase inhibition, 0.1 g of porcine pancreatic lipase was suspended in
5 mL of Tris-HCl buffer (50 mM, pH 7.2-7 4, containing 0.1% gum arabic and 0.2% sodium
deoxycholate) and centrifuged at 2000 g for 10 min. In a 96-well plate, 10 uL of the sample,
30 uL of Tris-HCl buffer, and 150 uL of enzyme solution were combined and incubated
at 37 °C for 20 min, followed by the addition of 10 uL of p-nitrophenyl palmitate (PNPP,
10 mM). Absorbance at 405 nm was monitored over 20 min. For a-glucosidase inhibition,
140 uL of PBS (pH 7.2-7.4), 20 uL of a-glucosidase (7 units/mL), and 20 pL of the sample
or control were incubated at 37 °C for 20 min, after which 20 pL of p-nitrophenyl-o-D-
glucopyranoside (2.5 mM) was added. Following a further 20 min incubation at 37 °C,
absorbance at 405 nm was recorded to calculate enzyme inhibition.

2.5. Statistical Analysis

All experiments were conducted in triplicate, and data analysis involved analysis of
variance (ANOVA), followed by Duncan’s post hoc test using SPSS software (version 22.0;
IBM Corp., Armonk, NY, USA). Graphs were compiled using GraphPad Prism 8.0 (Graph-
Pad Software, San Diego, CA, USA), Adobe Illustrator 2022 (Adobe Inc., San Jose, CA,
USA), and ArcMap 10.8 (ArcGIS Software, Redlands, CA, USA).

3. Results and Discussion

3.1. Proximate Composition
3.1.1. Physicochemical Characterization

The data on the seven Viola species (Viola prionantha, Viola collina, Viola acuminata, Viola
variegata, Viola tokubuchiana var. takedana, Viola mirabilis, and Viola philippica) for leaf biomass,
water content, soluble sugars, protein, total phenolic and flavonoid contents, carotenoids,
chlorophyll, ascorbic acid, and fatty acid composition are detailed in Table 1. The dry
matter ranged from 0.19 g to 1.04 g per whole Viola plant, with water content between
82% and 90%, reflecting significant interspecies differences in biomass. Protein content
among the species showed considerable variability, with values between 1.35% FW and
5.74% FW. Notably, Viola acuminata and Viola mirabilis exhibited higher protein levels at
5.74 + 0.17% FW and 5.49 £ 0.01% FW, respectively, which is higher than that in Raphanus
sativus L. leaves (3.81 4= 0.32 g/100 g DW) [29]. Soluble sugar content in the seven Viola
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leaves ranged from 4.70% FW to 7.31% FW, higher than levels found in vegetables like
Brassica oleracea and Raphanus raphanistrum [30]. The slightly higher soluble sugar content
may be attributed to the fact that the Viola plants collected were in their seedling stage,
selected for better flavor and texture. During early growth, leaves generally have higher
soluble sugar content to support plant development. This indicates the nutritional richness
of Viola as a potential dietary resource.

Table 1. The biomass, water content, proximate, and fatty acids composition of the seven Viola leaves.

Va Ve Vm Vp Vr Vit Vv
Biomass (g FW) 7.18 £047a 209+0.17e 3.80£0.18b 3.52+£0.04bc 3.31 £ 0.07 be 2.62 £ 0.42 de 2.84+0.07 cd
Water content (%)  85.35 & 4.37ab 90.96 + 0.57 ab 84.32 + 4.64 ab 82.65 +2.16b 86.71 +2.68a 84.43 +3.62ab 85.67 + 1.18 ab
I(’r/"ifvl\rl‘)s 574+017a 218+049¢ 549 £0.01a 2.95+0.18be 3.63+046b 135+0.27d 237+£035¢
5"11(‘51;‘5/;‘?“5 731+ 1.14a 514+ 111c 6.14+0.74b 47040194 525+ 0.06c 585+ 021b 5.08+ 042 cd
(]
Total phenolic
(r;‘;“é%ts / 37741 +10547a  191.174+28.10bc  384.80+£894a  14459+2553bc  359.16 £93.46a 131.13+£851c 27226 +1470ab
100 g FW)
Total flavonoid
(ﬁgtﬁgt/ 26.89 £ 0.27b 15.64 +0.16 de 40.08 £0.40a 13.09 +£0.13 e 21.89+£0.22¢ 18.98 £0.19 cd 16.60 £ 0.17 de
100 g FW)
Carotenoid 18.62 +0.93 ¢ 1023 +031e 431+£0.05f 10.12 +£0.27 e 5221 +0.67a 1342 +051d 34.31+£0.89b
(mg/100 g FW)
Chlorophyll 41552 +4.86a 250.16 £1.92e 29447 £234d 341.64 £ 1.53b 10112 £2.07g 163.66 £ 2.52 f 308.69 + 1.64 ¢
(mg/100 g FW)
Ascorbic acid 404.12+7731a 102.76 £ 23.16 ¢ 259.89 + 5556 b 198.94 +10.31b 86.84 +8.23 ¢ 58.14 +17.25¢ 51.89 & 18.63 ¢
(mg/100 g FW)

Fatty acids

(ng/gDW)

Butyric acid 0.03+001e 0.10 £ 0.00 be 0.12+0.02a 0.08 £ 0.01 cd 0.06 +0.01d 0.11 + 0.01 ab 0.03+001e
Hexanoic acid 0.07 £ 0.01 bed 0.06 £ 0.01 cd 0.08 == 0.01 be 0.07 £ 0.00 bed 0.05+0.01d 0.08£0.01b 0.11+001a
Octanoic acid 0.71 £ 0.08 bed 0.64 £ 0.05 cd 0.96 £ 0.06 b 0.89 £ 0.09 be 0.60 £0.01d 0.93+0.09b 381+027a
Decanoic acid 0.66 +0.07d 0.55+0.03d 2.00+0.29b 1.37 £ 0.06 be 052+0.01d 2.00+0.16b 3.05+0.19a

Undecanoic acid 0.09+0.01d 0.08 +0.00d 0.17 £ 0.00 be 024 +0.04a 0.09 +£0.01d 0.13 +0.01 cd 0.20 £ 0.04 ab
Lauric acid 452+045¢ 459+0.17¢ 18.86 +1.09a 943+£093b 3.86+0.60 ¢ 8.12+0.74b 8.79+0.38b
Tridecanoic acid 0.23+0.02d 0.25+0.02d 0.53 £ 0.09 ab 0.61+0.00a 024 +0.03d 0.40+0.01 ¢ 0.51+0.03b
Myristic acid 29.81+3.24cd 2491+1.75de 86.70£7.55a 53.55+£4.93b 19.83 £ 094 e 30.17 £ 0.59 cd 3472 £1.07¢
Myristoleic acid 1.09 £ 0.16 be 0.79 £ 0.09 cd 1.79 £0.28a 1.15+0.01b 0.76 +0.10 cd 0.57 +0.08d 1.01 £ 0.16 be
Pe“taiféa“‘“c 6.75 +0.23 f 10.93 +0.25 cd 9.69 £ 0.92 ab 1414 +1.63a 855+ 0.52 e 12.7 +0.06 be 2359 +0.94a
10Z-
Pentadecenoic 1.39+£0.07a 0.97 +0.10¢ 1.31+0.20ab 136 +0.12a 1.15 £ 0.16 abc 1.01 £ 0.05be 1.10 £ 0.18 abc
acid

Palmitic acid 1270.85 bi 147.17 1187.711; 18428 ooiyaigeeq 169389 :[ 193.67 962.1i Cl; 28.85 77899 4 118.71 d 1186.68]; 163.86

Palmitoleic acid 8.63+£0.65¢ 22.66 £ 2.08 cd 63.91+£9.46a 2556 £3.30 ¢ 13.26 £ 1.26 de 12.18 + 1.56 de 4671+£721b

Hept?:ie;ano‘c 1745+ 1.71cd 16.13 +0.15cd 13.82+0.75d 3317+026a 1512 +1.69 cd 1888 +1.89¢ 2517 +£3.09b
10Z-

Heptadecenoic 2.58 +£0.06b 1.64+021c 0.86 £ 0.14 cd 6.63£098a 1.30 +0.01 cd 0.69+0.11d 0.99 £ 0.02 cd
acid

Stearic acid 13879 +17.28a  110.70 +5.33 be 83.26 + 6.86 14507 +12.44a 10977 +£640bc  85.65+13.04bc  111.57 £1593b

Elaidic acid 0.52+0.05b 0.37 £ 0.05be 0.55 + 0.06 b 12140.19a 0.31+0.04c 0.47 £+ 0.03 be 0.47 +0.03 be

Oleic acid 39825+4372a  358.62+26.78a 336.81 £ 8.66a 38438 +62.13a  198.69+11.93b  240.64+38.19b 350.21 +5.88a
Linolelaidic acid 0.20+0.02d 0.21+0.00d 0.31+£0.00b 0.27+£0.01c 0.34+0.04b 0.14£0.01e 0.40+0.01a
Linoleic acid 9539+3421c 929492738 628.0745230d OO EISI g1 7u8567¢  es671£1474d 11531144229
~y-Linoleic acid 079+ 0.05a 0.68+0.11b 0.57 +£0.01¢ 0.85+0.04a 0.39+0.01d 0.31+0.02d 0.54 £ 0.06 ¢
) o 233852 £368.05  1843.87+227.83  114124+£153.03  2580.16+£28322  1291.50 + 146.93 2067.12 4 84.05
«-Linolenic acid b c d a d 571.02 +65.01e be
Arachidic acid 8.12+0.11d 7.71+057d 23.13+£032a 2124 +£267a 1652 £0.10b 12.90 £ 0.68 ¢ 17.02 £ 1.67b
HZ'E;Z;’;"“O‘C 13.65 £ 0.55b 12.77 £0.12b 11.36 £ 0.10b 26.11+421a 1418 £0.01b 1251 +£1.12b 14.02 £ 1.57b
117,147~
Eicosadienoic 8.57+£0.90 ¢ 10.57 +£0.43b 6.15+£0.61d 1433 £050a 10.79 £ 1.61b 6.04+0.01d 12.61+£055a
acid
87,117,147~

Eicosatrienoic 0.06 +0.00 0.11 £ 0.01 de 115+ 0.07b 0.30 +0.02d 0.78 £ 0.07 ¢ 0.28 +0.01d 1.55+0.22a

acid

117,147,17Z-

Eicosatrienoic 9.43+036b 6.83 +1.09¢ 439+ 031de 11.99 £ 145a 381+0.12e 1.69 £0.16 f 5.89 +0.62 cd

acid
Arachidonic acid 0.35+0.01 ¢ 0.52+0.03¢ 228+0.14a 0.85+0.15b 0.86+£0.10b 0.88£0.02b 2.27+0.09a
57,87,11Z,14Z,17Z-
Eicosapentaenoic 7.51+0.04c¢ 8.42+0.50¢ 1426 £2.01a 13214+ 098a 1236 + 1.16 ab 7.99+0.19¢ 10.88 £ 0.12b

acid
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Table 1. Cont.
Va Ve Vm Vp Vr Vit Vv
He“eicc‘i’;a“"ic 1.58 +0.06 d 1.72 +0.00 cd 351+020a 252+0.29b 1.924+0.20 cd 2.02+0.12¢ 334+021a
Behenic acid 0.78£0.01 ¢ 1.18 £0.10bc 197 +032a 1.04 £ 0.14be 0.78 £0.07 ¢ 1414+022b 207+£0292
Frucic acid 154+0.22b 1.94+031a 2.16+0.02a 218+0.01a 0.85 4 0.08 ¢ 1.01£0.10¢ 21440122
137,16Z-
Docosadienoic 7.39+£0.67b 437+036¢ 6.84+£0.84b 6.95+0.67b 475+0.02¢ 8.64£090b 10.74 +1.40a
acid
Adrenic acid nd nd nd nd nd nd nd
47,77,107,13Z,16Z-
Docosapentaenoic 0.50 +0.08 b 0.74+0.08a 0.35+0.05¢ 0.61+0.05b 0.60 +0.11 ab 0.68+0.02a 0.33+0.01 ¢
acid
47,77,10Z,13Z,16Z,
19z- 223+£028¢ 223+0.09¢ 3.98+£0.05b 1.84 +£0.04¢ 1.65+0.19 ¢ 439+0.19b 523+0.85a
Docosahexaenmc
acid
Tricosanoic acid 15.40 +£0.10b 16.28 +0.66b 14.20 +£1.46b 2260+1.0la 14.84 £2.28b 12.62 +£2.04b 19.81 +£2.16a
Lignoceric acid 56.52 £ 4.07b 61.14 +6.94b 4095+1.14¢ 92.17 £8.09a 59.59 + 6.46 b 39.80+£1.71¢ 56.38 £ 4.37b
Nervonic acid 3.07 £ 0452 24540.10b 0.95 £+ 0.03 cd 2,90 £ 0.31ab 129+£0.14¢ 0.89 £ 0.13 cd 0.69 £0.07d
SFA 155234 + 745 b 1444.68;5 221.93 1211.22 di 6553 509209 4+ 6678 2 1214.505 16820 10001+ 66.66d 14%.86bf 226.17
MUFA 43072 £65.16a  402204+2616a  419.71+1756a  45149+1561a 231.78 £4.19b 269.96 +0.46 b 41734 +£2494a
PUFA 330309 11430 280992? 10805 ig1083 95860 P00 LS om0496a50d 125994 169.08F 327166+ 282b
w3-PUFA 2359'8‘;3[ 291 g3 +6197c  116512+8090d 200965 ai 25991 431008 +6629d 58621 +39.08e 2090'“& 209.45
w6-PUFA 94325+ 125.11c 94670 £3652c  645714+8374d  1360.85+4655a 91020+ 1740c  673.69+7236d  1181.54 +73.04b

Data are expressed as mean & SD on fresh weight basis (n = 3). Different letters indicate significant differences
(p < 0.05) among treatment means as determined by Duncan’s test. nd—not detected, indicating that the substance
was below the detection limit of the analytical method used. DW—dry weight; FW—fresh weight. Va—Viola
acuminata; Ve—Viola collina; Vm—Viola mirabilis; Vp—Viola philippica.; Vr—Viola prionantha; Vt—Viola tokubuchiana
var. takedana; Vv—Viola variegata.

The total phenolic content in the seven Viola leaves ranged from 131.13 mg GAE/100 g
FW to 384.80 mg GAE/100 g FW, while the total flavonoid content varied between
15.64 mg RE/100 g FW and 40.08 mg RE/100 g FW, aligning well with values re-
ported by Kaundal et al., confirming the reliability of their findings [31]. Among the
species, Viola mirabilis, Viola acuminata, and Viola prionantha exhibited the highest pheno-
lic levels, at 384.80 + 8.94 mg GAE/100 g FW, 377.41 + 105.47 mg GAE/100 g FW, and
359.16 £ 93.46 mg GAE/100 g FW, respectively, with specific phenolic compositions de-
tailed in Section 2.2. Although phenolic and flavonoid levels across the seven wild Viola
species generally fell within the expected range, some variation was noted, primarily due to
environmental factors such as altitude, soil conditions, and geographical location. In terms
of total chlorophyll and carotenoid content, carotenoid content ranged from 4.31 mg/100 g
FW to 52.21 mg/100 g FW, while chlorophyll levels varied from 101.12 mg/100 g FW to
415.52 mg/100 g FW, demonstrating interspecies differences. Viola acuminata displayed
the highest ascorbic acid content, reaching 404.12 & 77.31 mg/100 g FW, followed by Viola
mirabilis (259.89 &+ 55.56 mg/100 g FW) and Viola philippica (198.94 & 10.31 mg/100 g FW).
Known as vitamin C, ascorbic acid is a potent antioxidant beneficial to human health, with
the ability to synergize with tocopherols to boost antioxidant efficacy [32].

3.1.2. Fatty Acids

This study identified 40 types of fatty acids in the leaves of seven wild Viola species,
quantifying total fatty acids, saturated fatty acids (SFA), polyunsaturated fatty acids (PUFA),
and monounsaturated fatty acids (MUFA). Detailed fatty acid types and concentrations are
shown in Table 2 and Figure 3a. A quality control check validated data reliability, with the
PCA plot displayed in Figure S2g. Detected fatty acids in Viola leaves included w-3 and
w-6 PUFAs, such as 57,87,117,147,17Z-eicosapentaenoic acid (EPA), 7Z,10Z,13Z,16Z,19Z-
docosapentaenoic acid (DPA), 47,77,10Z,132,16Z,19Z-docosahexaenoic acid (DHA), v-
linoleic acid, and arachidonic acid (ARA), with composition illustrated in PUFA 3b. Among
species analyzed, Viola philippica had the highest total fatty acid content, followed by Viola
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acuminata and Viola variegata. Of the thirty-nine identified fatty acids, eight were MUFA,
fifteen were PUFA, and sixteen were SFA. As shown in Figure 3b, unsaturated fatty acids
were significantly more abundant than saturated fatty acids, with polyunsaturated fatty
acids as the primary component, followed by saturated and, to a lesser extent, monounsat-
urated fatty acids. Balanced fatty acid intake is essential in human diets. While saturated
fatty acids, commonly found in foods like fatty meats, butter, and lard, contribute to en-
ergy intake, unsaturated fatty acids, particularly w-3 and w-6 PUFAs, offer notable health
benefits [33]. The World Health Organization advises reducing saturated fat intake to
below 10% of total energy and replacing saturated and trans fats with unsaturated fats,
especially polyunsaturated fats. Additionally, a balanced intake of w-3 and w-6 PUFAs
is critical. Modern diets often have an w-6 to w-3 PUFA imbalance, which may increase
cardiovascular and inflammatory disease risk [34]. The w-3 to w-6 PUFA ratio in Viola
leaves ranged from 0.8 to 2.5, averaging a near-ideal 7:4 balance that optimally supports
fatty acid function in the body. w-3 PUFAs, abundant in foods like fish, flaxseed, and wal-
nuts, are recognized for their anti-inflammatory properties. In similar studies, researchers
have identified fatty acids, such as arachidonic acid, palmitoleic acid, oleic acid, linoleic
acid, and «-linolenic acid, in the edible flowers of pansy (Viola). This finding highlights
the widespread presence of these fatty acids across plants in the Viola genus [13]. Among
the fatty acids identified in the seven Viola leaves, a-linolenic acid had the highest con-
centration, followed by palmitic acid, linoleic acid, oleic acid, and stearic acid. As an w-3
PUFA, «a-linolenic acid is highly valued for its role in maintaining cognitive function in
adults, preventing neurodegenerative conditions, and reducing cardiovascular disease risk,
making it an economically significant polyunsaturated fatty acid [35]. Linoleic acid, an w-6
PUFA, and oleic acid, a MUFA, also contribute to the fatty acid profile. The presence of
palmitic acid, a saturated fatty acid, corroborates findings from Section 3.1.1. Although
often limited in dietary recommendations, palmitic acid plays a valuable role in energy
balance. In fact, a balanced intake of saturated fatty acids, alongside unsaturated fatty acids,
is essential for maintaining optimal energy levels and supporting a well-rounded diet.
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Figure 3. The composition of fatty acids and mineral ions in the leaves of the seven Viola species.

(a) Distribution of individual fatty acids across the species. (b) Breakdown of fatty acids by type,

showing saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty

acids (PUFA), and the specific categories of w-3 and w-6 polyunsaturated fatty acids present in the

seven Viola leaves. (¢) Composition of mineral ions in the seven Viola leaves.



Foods 2025, 14, 302 10 of 19
Table 2. The phenolic, flavonoid, and coumarin compounds of the seven Viola leaves.
Compound Name
No. (ug/kg FW) Va Ve Vm Vp Vr Vit Vv
] p—Hydr(;)gfcclmnamm wswresia  IBBIBL yguopm, IMGTEET  DBISVEAD 20T 404201440
) Benoic acid Mo ioseoy  DOBENT AT gy ygg,  DATEH0 VI0ERG  77L47E5120
3 Gentianic acid 4920+ 480 ¢ MBETS  gra0ri027e MOV EWT BOLBI0 65044600 5887+£2360¢
4 Eugenic acid 207+787c  9393+1540a  5667+513b  4680+693b  953+120c  8.00+£L13c  41.67+567b
5 Cinnamic acid 12653 +2167b 07 P1673 SI6T3LH653 BRI ANSBEDBK 53530198 130 +49.07be
. Caffeic acid satinay TN TN 70060  RNTHKH  ABENN oy,
7 Procatechin 19.93 +507a 093+£020d  11.07+167bc  353+127cd  1340+£473ab  287+113cd  2140+547a
o Vanillic acid S9o7irsaobe  FBENS  RRLBT  1TEBE g4 195 IBBEB0 69017
9 Rosmarinic acid 3280+827ab  1853+433b  17.93+380b  3460+800ab  4980+2073a  49.60+7.40a  18.87+7.87b
10 Mustelic acid 407+ 147D 653+307b  8400+1053a  073+£007b  1147+473b  287+053b  6.60+587b
" Genistein NMETBEUBLS BT LSS SSWEBY  yoyingyrg  VOEBN gy syrrisa
12 Apigenin 101653 £12687 ea07 27340 PBPENB gegi0s00ea  OFEIB pg0i7ard 135347804
13 Naringin 13440£3507b  1953+£533c SO0 EBB ge7i1a0c 398041460c  767£100c  1920+240¢
u Quercetin 00ta0abe  SUTEZA 12871000 HBOLUN  MTLOD 19015, g4, 4627 EBT
15 Catechin 1BA7 LA 5567211730 BO7EILETD 62404573 7947+1080b  5467£800b  6613419.80b
16 Kaempferol 3647+933bc 620153 5673+1647b 0¥ 10 MOFERIT 19316330 21074247
17 Glycyrrhizin 0.73+0.33¢ 707+333bc  4874+140abc  2.07+133bc  4.67+373abc  167+100bc  9.13+220a
18 Galangin 18420£947a  6047+1867b 00180 usi3ag00c  21204960c 5604233 267+033c
19 Rutin 1520+ 3.33 be 160+£0.67c  7347+847a  3.07+£100c  2587+1260b  14.67+080bc 1827 +£2.60b
20 Genistin 56267201332 2307£1000b OO0 EITOT 55574 57y 1A EOLDTABSTEIBET 5540070
21 Echinacoside 18327+215be  6573£820d O ERYg9730 60000 a0934447q OV IO 19727 LS00
” Isoqueritzin PBLI0M0c  Sewrtinrd  SOTEEY  IOFL0N NG LSTERY 0026
. 60,446.09 = 8282.43 + 57,788.55 +
23 Esculin 9115.45 nd nd 801.62 nd nd 1873.16
. 10,502.51 =
24 Esculetin nd nd nd 4062.15 £+ 44.25 1399 32 nd nd

Data represent the mean values for each sample + standard deviation (n = 3). Different letters in a, b, cand d
indicate significant differences between different ferns by Duncan’s test (p < 0.05). Detection limit, 0.0002 mg/g.
nd: not detected.

3.1.3. Mineral Composition

The essential minerals in the seven Viola species, including Mg, Ca, Mn, Zn, Na, K,
Fe, Al, Mo, and Cu, are outlined in Table S1 and Figure 3c. These leaves are particularly
rich in macro-elements like K, Ca, and Mg while showing a low Na content, making them
a valuable dietary source. Approximately 70 g of Viola leaves can fulfill daily potassium
requirements. Cooking, particularly boiling, can reduce mineral content by 20% to 60%;
therefore, raw consumption in salads is recommended to retain their nutrient profile and
enhance flavor [36].

3.1.4. Identification of Primary Biometabolites in the Seven Viola Species

Using GC-MS analysis, 58 common primary metabolites were identified in ethanol
extracts from the leaves of seven wild Viola species. These compounds included 23 organic
acids, 16 sugars, 5 amino acids, and 14 additional substances. Key organic acids with
high abundance were glyceric acid, malic acid, citric acid, and D-gluconic acid, while the
most prominent sugars included D-talose, D-fructose, sucrose, and D-glucose. Detected
amino acids comprised L-serine, L-threonine, L-aspartic acid, L-isoleucine, and L-valine,
with L-isoleucine, L-threonine, and L-valine classified as essential amino acids. Addition-
ally, two saturated fatty acids, palmitic acid and stearic acid, along with myo-inositol,
important for cellular function and metabolism, were identified across all seven Viola



Foods 2025, 14, 302

11 of 19

species, underscoring the leaves’” high nutritional value with compounds vital for human
health [37].

3.1.5. Distribution of Phenolic, Flavonoid, and Coumarin Compounds of Seven
Viola Species

Phenolic compounds are essential for human health, particularly in their ability to mod-
ulate digestive enzymes like lipase, which plays an essential role in dietary lipid hydrolysis.
Wild edible plants, known for their phenolic richness, exhibit various biological activities
associated with these compounds [24]. In this study, targeted liquid chromatography-mass
spectrometry (LC-MS) was utilized to quantitatively profile the phenolic compounds in
the seven Viola leaves, identifying 22 phenolic and flavonoid compounds as shown in
Table 2 and Figure S1b. Of these, 10 were phenolic acids (No. 1-No. 11), including p-
hydroxycinnamic acid, benzoic acid, gentianic acid, eugenic acid, cinnamic acid, caffeic
acid, procatechin, vanillic acid, rosmarinic acid, and mustelic acid. The remaining 12 were
flavonoids (No. 12-No. 22), such as genistein, apigenin, naringin, quercetin, catechin,
kaempferol, glycyrrhizin, galangin, rutin, genistin, echinacoside, and isoquercitrin. Pre-
dominant compounds included isoquercitrin, catechin, caffeic acid, apigenin, genistein,
p-hydroxycinnamic acid, and vanillic acid, with notable interspecies variability in con-
centrations (Figure S1b). Viola acuminata displayed the highest content of phenolic and
flavonoid compounds, followed by Viola mirabilis.

The loading plot (Figure 5c) highlights relationships among the phenolic and flavonoid
compounds, with distances between points indicating correlation strengths. Among the
compounds in the seven Viola species, quercetin and catechin showed the greatest influence
on the dataset, with catechin and apigenin contributing most to variance. Catechin, a po-
tent antioxidant, was abundant in Viola acuminata leaves, reaching 1238.47 £ 246.33 pug/kg
FW [38]. Additionally, Viola acuminata and Viola mirabilis had high genistein and api-
genin content, compounds known for health benefits, genistein may support women'’s
health, while apigenin offers anti-tumor and anti-inflammatory benefits, contributing to
cardiovascular health [39]. Viola variegata exhibited the highest vanillic acid content at
689.6 & 33.73 ug/kg FW and comparable levels of isoquercitrin and other compounds.
The diversity and bioactivity of these phenolic and flavonoid compounds suggest Viola
species are promising candidates for functional food research and potential applications in
health-promoting products.

Viola is recognized for its medicinal properties, particularly due to its characteristic
bioactive coumarins [40]. Coumarins, a subclass of phenylpropanoid compounds, demon-
strate notable biological activity by forming non-covalent interactions with enzymes and
receptors in biological systems [41]. This study focused on four coumarins, esculetin,
esculin, scopoletin, and umbelliferone, previously identified in the seven Viola species.
UHPLC was used to analyze the distribution of these compounds across the seven wild
Viola samples. Results revealed the absence of scopoletin and umbelliferone in the tested
samples, while esculetin and esculin were present. Esculetin and esculin, known for their
anti-inflammatory and antioxidant properties, have been documented to exhibit synergistic
effects [42]. In the tested Viola species, esculin content ranged from 8282.43 £ 801.62 ug/kg
to 60,446.09 £ 9115.45 ug/kg, and esculetin levels varied between 4062.15 + 44.25 ug/kg
and 10,502.51 £ 1399.32 ug/kg. Notably, this study is the first to report the specific distri-
bution of esculetin in Viola acuminata and Viola variegata and the presence of esculin in Viola
prionantha, providing new insights into the bioactive potential of these wild Viola species.
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3.2. Bioactive Activity
3.2.1. In Vitro Antioxidant Activity

Antioxidant data for ethanol extracts of the seven wild Viola species leaves is detailed
in Table S3, with the antioxidant capacity expressed as the concentration of extract needed
to achieve a 50% radical scavenging rate (IC50). Antioxidant activity was assessed using
DPPH and ABTS radical scavenging assays, along with ferric-reducing antioxidant power.
Results indicated that Viola tokubuchiana var. takedana and Viola philippica exhibited the
highest DPPH and ABTS radical scavenging activities, as evidenced by their low IC50
values. In the FRAP assay, Viola variegata demonstrated the strongest iron-reducing capacity
(0.13 £ 0.02 mg FE/g). These variations in antioxidant capacity across Viola species are
likely attributable to differing concentrations of active compounds, such as polyphenols and
flavonoids. These results underscore the potential of Viola species as natural antioxidant
sources, offering promise for functional health food development.

3.2.2. Antimicrobial Activity

The antimicrobial activity of the seven wild Viola species against five microbial strains,
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans, was
evaluated using inhibition zone diameter, MIC, and MBC, as shown in Table 3 Ethanol
extracts displayed inhibitory effects on microorganisms, with greater efficacy against
Gram-positive bacteria compared to Gram-negative and relatively limited activity against
fungi. Viola philippica and Viola variegata exhibited the strongest inhibitory effects overall.
Specifically, Viola philippica was most effective against Staphylococcus aureus and Escherichia
coli, while inhibition of Pseudomonas aeruginosa was relatively consistent across species.
The extracts demonstrated a more pronounced antibacterial effect than antifungal, with
Viola philippica and Viola variegata showing the highest activity. MIC and MBC data were
consistent with the inhibition zone results, reinforcing the potential of Viola species as
natural antimicrobial agents.

Table 3. The antimicrobial activity of the seven Viola leaf extracts against Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, and Candida albicans.

Antibacterial Activity Antifungal Activity
Gram+ Gram—
S. aureus E. coli P. aeruginosa C. albicans
Species
Inhibition Inhibition Inhibition Inhibition
Zone MIC MBC Zone MIC MBC Zone MIC MBC Zone MIC MBC
Diameter Diameter Diameter Diameter
250 mg/mL (mg/mL) (mg/mL) 250 mg/mL (mg/mL) (mg/mL) 250 mg/mL (mg/mL) (mg/mL) 250 mg/mL (mg/mL) (mg/mL)
Va 7.60£0.30b 125 125 7'6150'27 125 125 791+0.50a 125 125 7'94;0'29 62.5 125
Ve 8.61+047a 62.5 62.5 7'7651'15 125 125 8.19+0.66a 125 125 7.39biC0.10 62.5 62.5
vm  689+019c  >250 >0 Y007 o5 sos0 z78k005a 250 5250 8554014 250 >250
Vp 9.01£0.11a 62.5 125 11.09£1.10 125 250 7.80+£097a 125 250 7.26 £1.16 62.5 62.5
a bc
Vi 857+007a 625 625  753+£039d  >250 >0  823+016a >0 250 208 125 125
Vit 7.04+£0.30c 125 125 8'37550'38 125 >250 8.55+0.08a >250 >250 6.88+0.11¢c 125 125
Vv 8.73+0.63a 62.5 62.5 9.92+0.50b 62.5 62.5 8.22+0.57a 62.5 125 8.44+0.69a 62.5 62.5
’:’gtlelf 6.00 £ 0.00 nd nd 6.00 £ 0.00 nd nd 600+ 0.00 nd nd 6.00 £ 0.00 nd nd
Ampicillin nd <10 <10 nd 10 10 nd 20 >20 nd nd nd
Kanamycin 10.79 4 0.02 nd nd 9.06 +£0.41 nd nd 9.97 £0.41 nd nd 6.79 £0.41 nd nd

Values are expressed as mean 4 SD with three replications (1 = 3) for inhibition zone diameter data. Different
letters in the same column indicate significant differences (p < 0.05). Inhibition zone diameter represents the
clear area around a sample where bacterial growth is inhibited, measured in millimeters. nd: not detected.
MIC—minimal inhibitory concentration; MBC—minimal bactericidal concentration. The concentration of ampi-
cillin was 0.25 x 1073 g/mL, and the concentration of kanamycin was 0.25 x 10~3 g/mL, both dissolved in
ethanol. S. aureus—Staphylococcus aureus; E. coli—Escherichia coli; P. aeruginosa—Pseudomonas aeruginosa; C. albi-
can—Candida albicans.
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3.2.3. Enzyme Activity Inhibition Capacity

To further explore the bioactivity of the seven Viola extracts, in vitro studies were
conducted on enzymes related to diabetes and hyperlipidemia, specifically x-glucosidase
and pancreatic lipase, both of which serve as markers for non-communicable diseases and
are key digestive enzymes [43,44]. The high phenolic content, including specific flavonoids
(e.g., quercetin and kaempferol derivatives) and other phytoconstituents identified in Viola
leaves, has been shown in previous research to exert inhibitory effects on digestive enzymes
in vitro [45]. These phytochemicals are known for their ability to bind to the active sites
of a-glucosidase and pancreatic lipase, potentially altering enzyme activity and reducing
substrate cleavage efficiency. Detailed enzyme inhibition data for the seven wild Viola
extracts are presented in Table S3 and Figure 4. Figure 4a,c display the inhibition rates
and IC50 values for x-glucosidase at various concentrations, while Figure 4b,d illustrate
the inhibition rates and IC50 values for pancreatic lipase. The crude Viola extracts demon-
strated significant inhibitory effects on «-glucosidase and pancreatic lipase, with IC50
values ranging from 0.35 & 0.11 mg/mL to 2.95 & 0.21 mg/mL for a-glucosidase and
from 0.63 & 0.03 mg/mL to 1.18 & 0.12 mg/mL for pancreatic lipase. In a comparable
study, a 50% ethanol extract of frangipani flower at 1 mg/mL exhibited approximately
90% inhibition of a-glucosidase, aligning with the inhibitory levels observed in the seven
Viola extracts in this study, suggesting robust reliability of the results [46]. Additionally,
the enzyme inhibition capacity of the extracts was positively correlated with increased
concentrations; at 1.0 mg/mL, a-glucosidase activity inhibition approached 80%, while
pancreatic lipase inhibition reached around 90%. Previous studies suggest that phenolic
compounds inhibit a-glucosidase and pancreatic lipase through competitive binding at
the enzyme’s active site or by altering its conformation through hydrogen bonding and
mi-7t interactions [47]. Moreover, the antioxidant properties of these phytoconstituents may
further stabilize the enzyme-substrate complex, enhancing inhibitory efficiency. This find-
ing suggests that a moderate intake of Viola extracts may potentially reduce x-glucosidase
and lipase activity, offering possible benefits for individuals with diabetes, obesity, and
related conditions. Among the tested species, Viola prionantha (78.80%), Viola mirabilis
(78.41%), and Viola acuminata (78.39%) exhibited the highest x-glucosidase inhibition rates.
Significant differences in enzyme inhibition were observed across the seven Viola species
(p < 0.05), with comparisons made solely among the extracts, excluding control groups.
For pancreatic lipase inhibition, Viola prionantha (77.54%) and Viola tokubuchiana (77.32%)
were the most effective. Remarkably, these extracts exhibited higher inhibition rates than
standard drugs acarbose and orlistat, possibly due to the solid starch content in control
tablets, as starch granules do not dissolve uniformly in water, potentially diminishing
their inhibitory efficacy. Although these bioactivity assessments were conducted in vitro
under conditions replicating physiological pH (7.2-7.4) and temperature, further in vivo
investigations are warranted to substantiate and expand upon the bioactive potential of
Viola extracts across distinct plant parts.

3.3. Correlation Analysis Between Chemical Composition and Bioactive Functions

The interaction heatmap (Figure 5a) illustrates the correlations between the bioactivity
of ethanol crude extracts from the seven Viola leaves and their chemical components, using
Pearson’s correlation coefficient (p < 0.05). The legend on the right side indicates whether
these correlations are positive or negative. As shown in Figure 5a, the bioactivity of the
seven Viola extracts is closely associated with their chemical composition. Specifically,
the antibacterial activity of the extracts shows a highly significant correlation with total
flavonoid content (p < 0.01) and a significant correlation with caffeic acid content (p < 0.05).
Furthermore, both lipase inhibitory activity and antioxidant capacity exhibit highly sig-
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nificant correlations with total phenolic content, suggesting that the observed bioactivity
of the seven Viola leaves is predominantly linked to phenolic and flavonoid compounds,
which aligns with findings by Alam et al. [48]. This likely reflects the redox properties
and unique chemical structures of phenolic compounds that contribute to their strong
antioxidant effects [49].
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Figure 4. The antioxidant and enzyme inhibition activities of the seven Viola leaves: (a) DPPH
scavenging rate across various concentrations, the legend’s meaning is consistent with that in (b).
(b) ABTS scavenging rate. (c) IC50 values for DPPH scavenging. (d) ABTS scavenging activity.
(e) FRAP assay results. (f) x-glucosidase inhibition rate. (g) Lipase inhibition rate, the legend’s
meaning is consistent with that in (f). (h) IC50 for x-glucosidase inhibition. (i) IC50 for lipase
inhibition. Statistical significance among species (p < 0.05) is denoted by different letters.

Additionally, the antioxidant capacity of the extracts significantly correlates with caf-
feic acid and isoquercetin levels, while ascorbic acid also shows a positive correlation with
both antioxidant and antibacterial activities. Caffeic acid, a critical polyphenolic compound
in the phenylpropanoid family, is known for its potent antioxidant and anti-inflammatory
effects through its regulation of multiple metabolic pathways [50]. The structural character-
istics of caffeic acid, particularly the hydroxyl groups in the ortho-position, enable effective
radical scavenging and metal ion chelation, which likely contribute to its antioxidant and an-
tibacterial properties [51]. Flavonoids, similarly, offer substantial health benefits. Quercetin,
a well-studied flavonoid, not only provides general polyphenolic benefits but also inhibits
viral replication by interfering with the viral lifecycle and supports blood pressure regula-
tion and vascular health. Isoquercetin, a glycosylated derivative of quercetin, is particularly
significant. Glycosylated bioactives often have enhanced health benefits due to their limited
natural presence in foods and low water solubility, which restricts bioavailability. However,
isoquercetin is more readily absorbed in the gut, where it quickly converts to quercetin
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in vivo, providing amplified effects [52]. Phenolic and flavonoid compounds are known
to disrupt bacterial membranes by altering membrane permeability and inducing leakage
of intracellular contents. Additionally, these compounds can inhibit bacterial enzymes
involved in DNA replication and protein synthesis, further enhancing their antibacterial
effects. These mechanisms may explain the significant correlations observed between total
flavonoid content and the antibacterial activity of Viola extracts.
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Figure 5. (a) Heatmap illustrating the correlation between the bioactivity of the seven Viola leaf
extracts and their chemical composition. ** denotes a highly significant correlation (p < 0.01), while
* indicates a significant correlation (p < 0.05). (b) Pie chart representing the proximate composition of

substances in seven Viola leaves. (c) Loading plot depicting the distribution of phenolic and flavonoid
compounds across Viola leaves.

Coumarin compounds are generally regarded as key bioactive components in the
seven Viola species. In this study, two coumarins, esculetin and esculin, were identified
and quantified in Viola extracts, although they did not show significant correlations with
bioactivity in the interaction analysis. This may be due to the presence of other coumarins
in effective concentrations or the predominant influence of phenolic and flavonoid com-
pounds, resulting in potential synergistic or antagonistic effects among compounds. Further
studies focusing on the purification of individual compounds and functional validation
experiments are recommended to confirm these results and to evaluate the potential role
of coumarin compounds in the seven Viola species. It should be noted that the correla-
tions identified between bioactive components and biological activities are based on crude
extracts, which may not account for potential synergistic among individual compounds.
Further studies are needed to comprehensively assess this aspect.

4. Conclusions

This study demonstrated that the wild edible plant Viola is a rich source of essential
nutrients, including protein, organic acids, phenolic and flavonoid compounds, as well as
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w-3 fatty acids like EPA and DHA, which are beneficial for heart health. The seven Viola
extracts displayed substantial antioxidant activity and strong enzyme inhibition, primarily
linked to their phenolic and flavonoid content, especially caffeic acid and isoquercetin.
These findings highlight Viola’s potential in enhancing dietary quality and preventing
disease, suggesting applications as a natural source for vegetables, supplements, and
pharmaceuticals, particularly as antioxidants and enzyme inhibitors. Future studies are
encouraged to isolate and characterize individual bioactive compounds from Viola species
to gain a deeper understanding of their specific mechanisms of action and to explore their
potential applications in functional foods, nutraceuticals, and pharmaceuticals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods14020302/s1, Table S1: Minerals composition of seven Viola
leaves; Table S2: In vitro antioxidant and enzyme activity inhibition capacity of seven Viola leaves;
Table S3: The regression equation, correlation coefficient, and limit of detection of the compounds
identified; Figure S1. Heatmap illustrating the distribution of small molecules, phenolic compounds,
and flavonoids in different Viola leaves. (a) Heatmap shows the abundance of sugars, organic
acids, and amino acids, where green represents low abundance, pink indicates high abundance,
and white is neutral. (b) Heatmap details the abundance of phenolic and flavonoid compounds
across the seven Viola species; Figure S2. Principal component analysis (PCA), loading plot, and
permutation tests for various chemical constituents in Viola leaves. (a) PCA plot showing fatty acid
distribution across Viola leaves. (b) Loading plot of small molecular compounds contributing to
principal components in Viola composition. (c) PCA plot highlighting small molecular substances
in Viola leaves. (d) Permutation test results for small molecular substances, displaying R2 and Q2
values. (e) PCA plot illustrating phenolic and flavonoid compounds. (f) Permutation test results for
phenolic and flavonoid substances, with R2 and Q2 values. (g) Quality Control (QC) plot for fatty
acid detection in seven Viola species; Figure S3. Petri dish images of antimicrobial inhibition tests for
seven Viola species. Each dish contains one microorganism (bacteria or fungi), with six discs soaked
in four different concentrations of Viola leaf extracts, deionized water, and kanamycin. Ethanol-
water extracts of leaves from seven Viola species were tested against four microorganisms, with
six biological replicates for each treatment. (a) Experimental image. (b) A Petri dish containing
Staphylococcus aureus. The arrow indicates the diameter of the inhibition zone, which is used to
quantitatively analyze the effectiveness of the antimicrobial agent, with its diameter reflecting the
strength of the antimicrobial activity. (c) Experimental image of a Petri dish containing Escherichia
coli. (d) A Petri dish containing Pseudomonas aeruginosa. (e) A Petri dish containing Candida albicans;
Figure S4: Chromatogram of standard compounds (compounds are UPLC-grade) with a standard
concentration of 0.25 mg/mL dissolved in ethanol; Figure S5: Chromatograms of leaf extracts from
seven Viola species: (a) Viola acuminata. (b) Viola collina. (c) Viola mirabilis. (d) Viola philippica. (e) Viola
prionantha. (f) Viola tokubuchiana var. takedana. (g) Viola variegata.
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