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Abstract 

Ficus hispida L. f. (F. hispida) is commonly used in traditional medicine for various 

health problems. No comprehensive analysis of all its components has yet been 

undertaken, despite researchers having explored its chemical constituents and 

biological activities. Using untargeted metabolomics, we aimed to assess the chem-

ical compositions and metabolic differences among the five parts of F. hispida: bark, 

fruits, leaves, twigs, and stalks. To discover the compounds that might be account-

able for the noted efficacy, our study assessed the correlation between the identified 

metabolites and anticancer activities. We applied untargeted metabolomics using 

UHPLC-QTOF-MS/MS to confirm a total of 82 metabolites. These compounds were 

classified into six phytochemical groups with predominant accumulation in each part: 

fatty acids and their conjugates (twigs), terpenoids (stalks), phenylpropanoids (bark 

and twigs), alkaloids (bark and leaves), saccharides and their conjugates (bark), and 

amino acids and peptides (twigs and stalks). Multivariate analysis showed mark-

edly distinct metabolic patterns across the five tested parts, especially leaf and bark 

extracts. The sulforhodamine assay (SRB) for the cytotoxicity test revealed that the 

bark and leaf extracts had the highest potential to inhibit the viability of cholangio-

carcinoma (CCA) cells, with IC
50

 values of 0.71 ± 0.17 µg/mL and 0.82 ± 0.22 µg/mL 

for KKU-213A, and 0.78 ± 0.13 µg/mL and 1.03 ± 0.21 µg/mL for KKU-055. Univariate 

analysis revealed that four metabolites, including catharanthine, cianidanol, procy-

anidin B2, and quinic acid, had significant correlation with these anticancer abili-

ties. Subsequent cytotoxicity studies on these candidate metabolites revealed that 

catharanthine suppressed CCA cell viability at the IC
50

 of 41.0 ± 0.99 µM (KKU-213A) 

and 47.4 ± 4.34 µM (KKU-055) over other candidates. Our research suggests that 
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catharanthine, which is a terpene indole alkaloid found in the bark and leaves of F. 

hispida, is responsible for the anticancer efficacy against CCA cells.

1.  Introduction

Ficus hispida L. f. (F. hispida) is a medicinal plant of the Moraceae family that is 
commonly used in traditional medicine in China, India, Sri Lanka, Myanmar, Thailand, 
and Australia [1]. The root, leaf, fruit, and bark of this plant have been applied to treat 
ulcers, jaundice, diabetes, bleeding, and dysentery, among other medical conditions 
[2]. Comprehensive research has revealed an extensive variety of phytochemicals 
in different parts of F. hispida, comprising phenols, flavonoids, glycosides, alkaloids, 
steroids, sterols, saponins, and terpenes [3,4]. Terpenoids, flavonoids, and alkaloids 
are recognized as the most prominent and prevalent biologically active substances, 
potentially having a role in antioxidant and anticancer effects, among other biological 
activities [4].

A metabolomic approach is a potent tool for a comprehensive analysis of plant 
metabolites with high-throughput analytical methods such as mass spectrometry [5]. 
Metabolomics offer key insights into the biochemical constitution of plant material by 
methodically profiling metabolites in plant tissues, extracts, and derivatives [6]. We 
have applied UHPLC-QTOF-MS/MS, a high-throughput technique, in metabolomics 
to identify metabolites and classify them into each phytochemical class. Ethanol was 
used as an extraction solvent to obtain moderately polar metabolites with antioxidant 
and anticancer effects, including phenolic acids, flavonoids, alkaloids, terpenoids, 
and small peptides. Statistical analyses, including principal component analysis 
(PCA), partial least squares discriminant analysis (PLS-DA), and hierarchical cluster 
analysis, were performed to generate metabolomics profiling that allowed for the 
comparison of metabolite changes in various parts of plants [7]. Moreover, specific 
significant metabolites can be evaluated for their correlation with biological activities 
such as antioxidant, antibacterial, and anticancer activities to identify specific bioac-
tive molecules responsible for biological effects observed in an extract.

Globally, cancer remains a leading cause of death. Cholangiocarcinoma (CCA), or 
bile duct cancer, is an aggressive and highly lethal malignancy originating from bile 
duct epithelial cells that is generally associated with a poor prognosis [8]. Current 
treatments, such as surgery, radiation, and chemotherapy, frequently exhibited limited 
effectiveness against CCA due to the aggressive characteristics of this cancer and 
prevalent drug resistance [9,10]. Consequently, the study and development of effec-
tive natural therapeutic agents derived from medicinal plants may prove beneficial for 
CCA treatment.

F. hispida has been identified as a potential source of novel anticancer agents and 
has previously demonstrated anticancer effects on various cell lines [11]. Previous 
research has shown that stem extract has strong antineoplastic activity against breast 
cancer [12], that crude extracts of leaves and the bark have antiproliferative potency 
against glioblastoma (U87MG), and that methanolic fruit extract has cytotoxic activity 
against HL60, KB, HeLa, HT29, and HepG2 cells [13]. Additionally, a previous study 
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identified several compounds from fruits that may serve as promising lead candidates for androgen-dependent prostate 
cancer [14,15]. These results indicate that F. hispida is a significant source of therapeutically relevant phytochemicals that 
can be developed into natural chemopreventive anticancer agents.

Therefore, our study aimed to utilize an untargeted metabolomic approach to evaluate the chemical compositions and 
metabolic variations among five specific parts of F. hispida: the bark, fruits, leaves, twigs, and stalks. Furthermore, we 
aimed to assess the in vitro anticancer activity, specifically the cytotoxicity against CCA cells, and investigate the relation-
ship between the identified metabolites and this anticancer activity to discover the compounds that might be responsible 
for the noted efficacy.

2.  Materials and methods

2.1  Chemicals and reagents

Commercial-grade 99.7% ethanol was obtained from S.C. Science Co., Ltd., Thailand. Dimethyl sulfoxide (DMSO), sulfor-
hodamine B (SRB), Dulbecco's Modified Eagle Medium (DMEM), (-)-quinic acid, (+)-Catechin (cianidanol), and procyani-
din B2 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Catharanthine was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). Gemcitabine was purchased from Fresenius Kabi (Maharashtra, India). Trichloroacetic 
acid (TCA), penicillin-streptomycin, and trypsin-EDTA were obtained from Life Technologies (Grand Island, NY, USA).

2.2  Plant materials and sample preparation

The fresh F. hispida samples were collected from the Romklao Kallapruek Park, Khon Kaen University, Khon Kaen, 
Thailand (16°28’25.3"N 102°49’03.0"E), in January 2024. The plant material was identified by Mr. Piya Sukkharom, and 
a voucher specimen (S. Thammawithan 1) was deposited at the KKU Herbarium (KKU No. 27631), Khon Kaen, Thailand 
(check the details in S1 File). The collected samples were subsequently chopped and washed with water to eliminate the 
surface dirt and adhering particles. Subsequently, the samples were then dried in a hot air oven at 60°C. The dried sam-
ples were ground into fine powder and stored at 4°C until the subsequent step.

2.3  Sample extraction

The extraction process was performed according to a previous study with some modifications [16]. The powder of each 
sample was extracted with 99.7% ethanol. Briefly, 20 g of powder was added to 80 mL of ethanol. The mixture was sub-
jected to sonication using an ultrasonic bath cleaner (Jeken, China) at 40 Hz for 30 min. Various previous studies [17,18] 
have used this sonication treatment, which effectively enhances the antioxidant compounds. The extraction was repeated 
three times for the high yield recovery and then combined and filtered with Whatman filter paper no. 1. A rotatory evapora-
tor (Buchi/R-100, Buchi (Thailand) Ltd.) and SpeedVac (Labconco, Wertheim, Germany) were used for concentrating and 
evaporating the filtered extracts at 40°C under reduced pressure for 48 h and then kept at 4°C.

2.4  LC-MS/MS method for metabolomics analysis of F. hispida extracts

The metabolomics analysis was carried out by using ultra-high-pressure liquid chromatography (UHPLC) coupled to a 
QTOF impact II mass spectrometer (Bruker Daltonics, Bremen, Germany). Briefly, ethanolic extracts of the plant were 
diluted to a concentration of 5 mg/mL and filtered using a 0.2 μm syringe filter. Thereafter, the extracts were separated by 
an Intensity Solo 2 C18 chromatographic column (100 x 2.1 mm, 2.1 mm). The flow rate was set at 0.4 mL/min, with a 5 
μL injection volume. The temperature of the autosampler was set at 10°C and a column oven temperature of 40°C. Mobile 
phases A and B were used: A was a mix of ultrapure water and methanol (99:1) with 5 mM ammonium formate and 0.01% 
formic acid, while B was methanol with 5 mM ammonium formate and 0.01% formic acid. The LC gradient program started 
with 0.1% B from 0 to 1 min, followed by a linear increase to 99.9% B at 10 min for the separation of plant metabolites. 
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The mobile phase composition was maintained for 12 min for the column washing step, then returned to the initial con-
ditions at 12.1 min and held until 15 min for column re-equilibration prior to the next injection. The mass spectra were 
acquired through data-dependent acquisition (DDA) in positive and negative polarity modes. The scan range was from 50 
to 1300 m/z with a high-resolution accurate mass at 120,000. The precursor ions were fragmented at collision energies of 
20, 25, and 30 eV, with a resolution of 30,000 for fragmented ions.

2.5  Anticancer activities of F. hispida extracts

Cell culture.  The CCA cell lines KKU-213A and KKU-055 were obtained from the Japanese Collection of Research 
Bioresources (JCRB) Cell Bank, Osaka, Japan (check the details in S2 in S1 File), and cultured in Dulbecco's modified 
Eagle medium (DMEM) mixture supplemented with 10% fetal bovine serum and 100 IU/mL of penicillin-streptomycin. The 
cultured cell lines were incubated at 37˚C in a humidified incubator with a 5% CO

2
 atmosphere.

Cytotoxicity test by sulforhodamine B (SRB) method.  The cell lines were plated into a 96-well plate at a density of 
2.5 x 103 cells per well. After culturing for 12–13 h, the various concentrations of crude extract were added, and the cells 
were cultured for a further 48 h. Gemcitabine served as a positive control. A plate containing only cell suspension for a 
no-growth control (day 0) was set, and cell viability was measured by the Sulforhodamine B (SRB) method [19]. Briefly, 
the cells were fixed in 10% trichloroacetic acid for 1 h and washed three times with DI water. Then, fifty microliters of 0.4% 
SRB were exposed and incubated for 45 min. After unbound dye was washed with 1% acetic acid, SRB was solubilized 
with 200 µl of 10 mM Tris-base pH 10.5, and the optical density was read at 540 nm with a microplate reader (Tecan, 
Switzerland).

2.6  Statistical analysis and data analysis

Statistical analysis of the cytotoxic test was conducted by using GraphPad Prism software. All assays were performed in 
three independent experiments, and data were reported as mean values with standard deviations (mean ± SD). The data 
were analyzed using the one-way analysis of variance (ANOVA) to evaluate the differences between the samples. A p-
value of less than 0.05 was considered statistically significant. The analysis of the complex data, which included methods 
such as principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA) score plots, variable 
importance in projection (VIP) score plot analysis, a heatmap plot, and univariate analysis, was done using MetaboAnalyst 
6.0.

3.  Results

3.1  Metabolite identification and classification among five parts of F. hispida extract by UHPLC-QTOF-MS/MS 
analysis

The chemical compositions of the bark, fruits, leaves, twigs, and stalks of F. hispida extract were investigated using 
UHPLC-QTOF-MS/MS in the positive and negative ionization modes to identify various components. A comparison of 
chromatograms among the five parts of F. hispida extract is shown in S1 in S1 File. The chromatogram in positive mode 
revealed that the categories of metabolites among five parts were similar, while the content of many metabolites varied 
(S1A Fig in S1 File). It was noted that the chromatogram showed peak intensity at 325 m/z in all parts. This characteristic 
was annotated to be denatonium, a synthetic compound, which is used for denaturing ethanol. Therefore, denatonium 
was excluded from our analysis. In contrast, the types and the content of metabolites were different between the bark 
and other parts in negative mode (S1B Fig in S1 File). The ethanol extract of F. hispida yielded metabolites in the positive 
rather than the negative mode. Tentative metabolite identifications were evaluated by comparing MS/MS fragment ions, 
retention time, and comparability with available literature data and open-source software, including MZmine, GNPS, and 
SIRIUS. We confirmed a total of 82 metabolites under both ionization modes, belonging to various classes, including fatty 
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acids and conjugates, terpenoids, phenylpropanoids, alkaloids, saccharides and conjugates, amino acids, peptides, and 
analogues (S1 Table). Of all the metabolites, we found 68 and 16 in the positive and negative modes, respectively. Two 
metabolites, procyanidin B2 and chlorogenic acid, were detected in both modes. The total number of compounds varied 
among all groups. There were 26, 14, 37, 47, and 45 metabolites identified in the bark, fruits, leaves, twigs, and stalks, 
respectively.

Fig 1 illustrates the phytochemical classes present in five parts of F. hispida. The identified compounds encompassed 
various fatty acids and conjugates, terpenoids, phenylpropanoids, alkaloids, saccharides and conjugates, amino acids, 
peptides, and analogues, which accounted for 28.4%, 28.4%, 23.7%, 10.1%, 6.51%, and 2.96% of the total (Fig 1A), 

Fig 1.  Classification of phytochemical classes in different parts of F. hispida. (A) The number of differential metabolites that accumulated predomi-
nantly in each part of F. hispida. (B) % Composition of metabolite in each phytochemical class in five parts of F. hispida.

https://doi.org/10.1371/journal.pone.0343411.g001

https://doi.org/10.1371/journal.pone.0343411.g001
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respectively. When comparing the five parts of the extract, the maximum numbers of metabolites in fatty acids and conju-
gates and terpenoids were accumulated in the twigs and stalks. The phenylpropanoid content was found in the bark and 
twig extracts, respectively. In contrast, alkaloids, saccharides and conjugates, and amino acids, peptides, and analogues 
were predominantly accumulated in leaves, bark, and twigs together with stalks, respectively. Comparing the phytochemical 
classes in each part of the plant, the bark extract contained the greatest phenylpropanoid content, with 38.5% (Fig 1B). The 
fruit and twig extracts had higher amounts of fatty acids and conjugates than other classes, with 42.9% and 38.3%, respec-
tively. The leaf and stalk extracts comprised the highest amount of terpenoids, with 29.7% and 33.3%, respectively. The 
results indicated that the metabolite content varied among the five parts of the F. hispida extract for each chemical class.

3.2  The metabolic variations among the five parts of F. hispida

To differentiate the various metabolite profiles across the five parts of the ethanolic F. hispida extract, multivariate analy-
ses were conducted, including unsupervised principal component analysis (PCA) score plots and supervised partial least 
squares discrimination analysis (PLS-DA) score plots, utilizing UHPLC-QTOF-MS/MS data in both positive and negative 
modes. Results are shown in Fig 2. The PCA, unsupervised multivariate analysis, was employed to evaluate natural 
sample variance, clustering, and outlier identification. In the positive mode, PC1 and PC2 explained 44.3% and 39.1% 
of the variance, respectively (Fig 2A). The initial two components accounted for 83.4% of the overall data variance. As a 
result, metabolite profiles among five parts were grouped into 3 distinct clusters, namely bark, leaves, and overlapping 
of fruits, twigs, and stalks. Bark, fruits, twigs, and stalks exhibited a close correlation, whereas these four parts were 
separated from leaf extract. On the other hand, PCA score plots for the negative data analysis demonstrated a distinct 
division between the bark extract and other groups (Fig 2B). PC1 and PC2 accounted for 67.1% and 14.2% of the vari-
ance, respectively. These first two factors explained 81.3% of the variation in the data. In addition, PCA score plots for 
both modes showed that all samples in the score plots were within the 95% Hotelling’s T-squared ellipse. These results 
indicated no outlier among the analyzed samples. To further investigate differences in metabolic variance among the five 
parts, a supervised analysis of PLS-DA was employed. In positive mode, the PLS-DA revealed that the samples could be 
divided into five distinct clusters (Fig 2C). As a result, there were differences in the metabolic variations of the five parts in 
positive mode. In particular, leaf extract was discriminated from other groups. The PLS1 explained 35.8% of the variation, 
while PLS2 explained 14.0%, according to the PLS-DA score plots. The quality metrics for PLS-DA were indicated by R2 
and Q2 to evaluate modeling and predictive performance. The values of R2 and Q2 were 0.734 and 0.660, respectively. 
This model was considered reliable and showed no indications of overfitting. The PLS-DA score plot in negative mode 
showed clear differences in the metabolite patterns between the bark extract and the others (Fig 2D). PLS1 and PLS2 
explained 66.8% and 12.9%, respectively. The model showed R2 and Q2 values were 0.758 and 0.701, respectively. 
Accordingly, R2 and Q2 confirmed that the model was effective with satisfactory predictable accuracy.

3.3  The distribution of metabolites in the five parts of F. hispida

The hierarchical cluster analysis and heatmap plot were performed to cluster and visualize the content profile of the 
metabolites across five parts of F. hispida extract. Fig 3 displayed the distribution of different metabolites among the five 
parts. In positive mode, the hierarchical cluster showed that bark, fruits, leaves, twigs, and stalks were separated into five 
clusters (Fig 3A). The leaf extract was sorted out from the other groups. Following the deeper colors on the heatmap plot 
(Fig 3B), each part of the extract exhibited different metabolite expression levels. The twig extract had the greatest metab-
olite expression, followed by the leaf and stalk extracts, whereas bark and fruit extracts exhibited lower concentration lev-
els. Conversely, differential metabolites in negative mode exhibited a clear clustering pattern into two groups, comprising 
bark and other components (Fig 3C). The heatmap plot distinctly illustrated two variations in metabolite distribution char-
acterized by high and low expression levels (Fig 3D). The main distribution of metabolites was found in the bark extract, 
while extracts from fruits, leaves, twigs, and stalks exhibited minimal distribution and contents of metabolites.
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3.4  The significantly different metabolites among the five parts

The metabolites that significantly differed among the five parts were determined by an ANOVA statistical assay 
with p-values less than 0.05 and PLS-DA based on the values of variable importance in the projection (VIP) more 

Fig 2.  Multivariate data analysis of the metabolites. Principal component analysis (PCA) scores plots and partial least square-discriminant analysis 
(PLS-DA) scores plots of bark, leaf, fruit, twig, and stalk extracts. PCA score plots in positive mode (A) and negative mode (B). PLS-DA scores plot for 
positive mode (C) and negative mode (D). Shaded areas are the 95% confidence regions of each group.

https://doi.org/10.1371/journal.pone.0343411.g002

https://doi.org/10.1371/journal.pone.0343411.g002
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Fig 3.  Hierarchical cluster and heat map illustrating the distribution of metabolites across the five parts of F. hispida. (A) Hierarchical cluster 
analysis between five parts and (B) heat map of metabolite distribution in positive mode. (C) Hierarchical cluster analysis between five parts and (D) 
heat map of metabolite distribution in negative mode. Each sample is represented by a column, and each metabolite is represented by a row. The blue 
and red colors refer to low and high abundance, respectively.

https://doi.org/10.1371/journal.pone.0343411.g003

https://doi.org/10.1371/journal.pone.0343411.g003
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than 1. Thirteen metabolites significantly differed among the five parts of F. hispida extract, including phytosphin-
gosine, 9-Oxo-10E,12Z- octadecadienoic acid, delta-9-tetrahydrocannabinol, catharanthine, 2-[[(2R,3S)-2-(3,4- 
dihydroxyphenyl)-3,5-dihydroxy-3,4-dihydro-2H-chromen-7-yl]oxy]oxane-3,4,5-triol, 13S-hydroxy-9Z,11E, 
15Z-octadecatrienoic acid, pheophorbide A, 1-hexadecanoyl-sn-glycerol, harmol, quinic acid, embelin, procyan-
idin B2, and cianidanol (Fig 4A and 4B). Among these, phytosphingosine, 9-Oxo-10E,12Z-octadecadienoic acid, 
2-[[(2R,3S)-2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-3,4-dihydro-2H-chromen-7-yl]oxy]oxane-3,4,5-triol, 13S- 
hydroxy-9Z,11E,15Z-octadecatrienoic acid, pheophorbide A, and 1-hexadecanoyl-sn-glycerol had the highest 
expression in twigs. Delta-9-tetrahydrocannabinol and catharanthine showed maximum expression in stalks and 
leaves, respectively, while harmol, quinic acid, embelin, procyanidin B2, and cianidanol exhibited maximum accu-
mulation in bark.

3.5  Cytotoxicity of crude extract against CCA cell lines

The viability of KKU-213A and KKU-055 cells was expressed in Fig 5. The results showed that all crude extracts 
reduced a percentage of cell viability on the two CCA cell lines in a dose-dependent manner. Bark and leaf extracts 
significantly inhibited CCA cell viability more than fruit, twig, and stalk. The IC

50
 values (S2 in S1 Table) of bark, 

leaves, fruits, twigs, stalks, and gemcitabine on KKU-213A were 0.71 ± 0.17, 0.82 ± 0.22, 7.96 ± 3.29, 7.53 ± 4.24, 
8.51 ± 1.59, and 0.02 ± 0.00 µg/mL, respectively. The IC

50
 values of bark, leaves, fruits, twigs, stalks, and gemcitabine 

on KKU-055 were 0.78 ± 0.13, 1.03 ± 0.21, 11.5 ± 3.18, 9.98 ± 7.02, 11.9 ± 1.72, and 0.05 ± 0.00 µg/mL, respectively. 
These revealed that all crude extracts showed potential inhibition of CCA cell lines. In particular, the bark and leaf 
extracts had the lowest IC

50
 values on the two CCA cell lines. Compared to gemcitabine, the reference drug, the cyto-

toxicity of those extracts was lower.

Fig 4.  VIP score plot and significantly differential metabolites among the five parts of F. hispida. VIP scores are derived from PLS-DA analysis 
at different parts (bark; B, fruits; F, leaves; L, stalks; ST, twigs; TW) of F. hispida in (A) positive mode and (B) negative mode. The column to the right of 
each figure indicates variations in metabolite peak intensities. * is added to the significant metabolites with VIP scores >1 and p < 0.05.

https://doi.org/10.1371/journal.pone.0343411.g004

https://doi.org/10.1371/journal.pone.0343411.g004


PLOS One | https://doi.org/10.1371/journal.pone.0343411  March 3, 2026 10 / 17

3.6  Identification of key metabolites correlated to the anticancer activities of F. hispida extract

The univariate analysis with Pearson's correlation coefficient was determined between thirteen of the significant metab-
olites and the IC

50
 values. This correlation can evaluate the extent to which one variable may impact another, potentially 

indicating a positive or negative correlation. A heatmap of three colors was plotted to observe the correlation data: the 
shades of red represent positive correlations (0 < r < 1), whereas shades of blue represent negative correlations (−1 < r < 0). 
A significant correlation was considered at a p-value less than 0.05. Among high-level metabolites, catharanthine showed 
a strong negative correlation as well as p-values less than 0.01 with the IC

50
 values (r = −0.615 (KKU-213A), −0.634 (KKU-

055)) (Fig 6 and S3 in S1 Table). Moreover, there were 4 metabolites that showed a moderate negative correlation (r = 
(−0.40) – (−0.59)) as well as p-values less than 0.05 with the cytotoxicity test (IC

50
 value) in the following order: cianida-

nol > procyanidin B2 > quinic acid > embelin (Fig 6 and S3 in S1 Table).

3.7  Cytotoxic effect of key metabolites on CCA cell lines

The cytotoxic effect of key metabolites on CCA cells was performed using the SRB assay. The IC
50

 values were assessed 
after KKU-213A and KKU-055 cells were treated with catharanthine, cianidanol, procyanidin B2, and quinic acid for 
72 h. The percentage of cell viability is shown in Fig 7. Catharanthine, cianidanol, and procyanidin B2 decreased the 
cell viability of KKU-213A and KKU-055 in dose-dependent manners. The IC

50
 values of catharanthine, cianidanol, and 

procyanidin B2 on KKU-213A were 41.0 ± 0.99, 812 ± 166, and >500 μM (S4 in S1 Table), respectively. The IC
50

 values of 

Fig 5.  Cytotoxic effect of various parts of F. hispida on CCA cell viability. (A and B) KKU-213A and (C and D) KKU-055 after treatment with each 
extract for 48 h (* and ** indicate statistical significance; p < 0.05 and p < 0.001, respectively).

https://doi.org/10.1371/journal.pone.0343411.g005

https://doi.org/10.1371/journal.pone.0343411.g005
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catharanthine, cianidanol, and procyanidin B2 on KKU-055 were 47.4 ± 4.34, 474 ± 155, and >500 μM. Nevertheless, qui-
nic acid at the concentration of 0–1000 μM did not inhibit the viability of KKU-213A and KKU-055. The result indicated that 
catharanthine and cianidanol exhibited a cytotoxicity effect against KKU-213A and KKU-055 cells.

4.  Discussion

Our study revealed a metabolite profile of five parts of F. hispida (bark, fruits, leaves, twigs, and stalks) using UHPLC-
QTOF-MS/MS in both positive and negative ionization modes, demonstrating 82 metabolites across various phytochemical 
classes, including fatty acids and conjugates, terpenoids, phenylpropanoids, alkaloids, saccharides and conjugates, amino 

Fig 6.  Correlation patterns of metabolites and anticancer activities. Correlation map of the metabolites analyzed by UHPLC-QTOF-MS/MS with 
cytotoxicity (IC

50
). The shades of red represent positive correlations (0 < r < 1), whereas shades of blue represent negative correlations (−1 < r < 0). Each 

square indicates Pearson’s correlation coefficient of a pair of metabolites and IC
50

. **, * indicates p-values less than 0.05 with a strong correlation (r = 
(−0.6) – (−0.79)) and a moderate correlation (r = (−0.40) – (−0.59)), respectively.

https://doi.org/10.1371/journal.pone.0343411.g006

https://doi.org/10.1371/journal.pone.0343411.g006
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acids, peptides, and their analogues. The majority of metabolites in positive ionization mode corresponded to  
previous findings indicating that ethanol extracts of Ficus species prefer the ionization of non-polar or moderately polar 
compounds, such as terpenoids and fatty acids [4,20]. Consistent with earlier reports, terpenoids, phenylpropanoids, and 
flavonoids were identified as the main chemical components contributing to the antioxidant and anti-inflammatory properties 
of F. hispida [2]. Bark extract contained a high proportion of phenylpropanoids (38.5%). It is rich in phenolic compounds that 
may contribute to its traditional use in skin and liver diseases. Terpenoids, which are known as photoprotective and cyto-
protective agents, were abundant in leaves and stalks [21]. The abundance of fatty acids and conjugates in twigs and fruits, 
such as linoleic, linolenic, and 13-hydroxy-octadecatrienoic acids, indicates their functions in structural and energy storage 
metabolism, supporting the tissue-specific specialization observed in other Ficus taxa [22,23]. In addition, the discovery of 
alkaloids, such as catharanthine and harmol, in various regions enriches the chemical profile of F. hispida and aligns with 
evidence suggesting that phenanthroindolizidine alkaloids exhibit antiproliferative effects [24,25]. Our results demonstrate 
more chemical diversity and clearer patterns of accumulation for each part compared to previous studies that primarily 
examined single parts or isolated compound groups. This comprehensive profiling highlights F. hispida as a chemically 
versatile medicinal species, revealing previously unrecognized insights into its tissue-specific metabolite biosynthesis and 
affirming its ethnomedicinal significance for antioxidant, anti-inflammatory, and anticancer applications.

Fig 7.  Cytotoxic effect of key metabolites on CCA cell viability. (A) KKU-213A and (B) KKU-055 after treatment with 0, 1, 10, 100, 500, and 1,000 
μM of catharanthine, cianidanol, procyanidine B2, and quinic acid for 72 h.

https://doi.org/10.1371/journal.pone.0343411.g007

https://doi.org/10.1371/journal.pone.0343411.g007
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Thereafter, we used PCA, PLS-DA, the hierarchical cluster, and heatmaps to evaluate the similarities and differences 
in metabolite profiles between five parts of F. hispida extract. In positive mode, the results indicated distinct clustering 
patterns among the five groups, with the leaf extract separated from other groups. For the negative mode, there was 
some overlapping of metabolite profiles, but bark extract separated from the other four parts. The hierarchical cluster 
and heatmaps of metabolites confirmed separation of each group. The results showed that the types and the content of 
metabolites were different in each group. The total number and the contents of compounds were found to be the highest 
in the ethanolic twig extract for positive mode, while negative mode indicated the highest metabolite distribution only in 
bark extract. Furthermore, the fruit, leaf, twig, and stalk extracts exhibited a very low number of metabolites (1–3) in the 
negative mode. This phenomenon explains why the metabolite profiles in the four different parts overlapped in negative 
mode.

Subsequently, the VIP score highlighted significant metabolites based on relative variables, facilitating the identification of 
potential metabolite markers. This study identified thirteen metabolites that vary significantly in content across the five parts of 
the F. hispida extract. Among thirteen metabolites, 9-oxo-10E,12Z-octadecadienoic acid, delta-9-tetrahydrocannabinol, catha-
ranthine, 2-[[(2R,3S)-2-(3,4-dihydroxyphenyl)-3,5-dihydroxy-3,4-dihydro-2H-chromen-7-yl] oxy]oxane-3,4,5-triol, 13S- 
hydroxy-9Z,11E,15Z-octadecatrienoic acid, 1-hexadecanoyl-sn-glycerol, harmol, and embelin are plant metabolites that have 
not been reported in any Ficus species. These metabolites were initially discovered in F. hispida, which may contribute to the 
medicinal properties of this plant. In contrast, phytosphingosine, pheophorbide A, and procyanidin B2 have not been reported 
in F. hispida; however, they are found in other Ficus species [26–29]. Of these, quinic acid and cianidanol were reported in F. 
hispida extract in a previous study [3].

The results showed that five parts of F. hispida have potent anticancer activity to CCA cell lines of KKU-213A 
and KKU-055 with IC

50
 values of 0.71 ± 0.17–11.9 ± 1.72 µg/mL. This value conformed to the anticancer potency 

set by the National Cancer Institute standard for the plant extracts with an IC
50

 < 30 µg/mL [30]. Previous studies 
on the cytotoxicity test of bark and leaf extracts against human cancer cell lines (U87MG, A549, HT-29) showed 
that the IC

50
 values were higher than those in this study [31]. The cytotoxicity of fruit extract was in agreement with 

a previous study by Jie Zhang et al., 2018. They reported the IC
50

 values of fruit extract on human cancer cell lines 
(HL60, A549, SKBR3, KB, Hela, HT29, HepG2, and LO2) were in the range of 0.1–100 μg/mL [13]. Furthermore, 
our results revealed that bark and leaf extracts had the greatest potential cytotoxicity against the tested CCA cells. 
The results related to the variation of metabolites is that the main metabolite in bark extract consists of phenolic 
compounds. Many studies define phenolic compounds as potential anticancer agents against several types of 
cancer [32]. The leaf extract showed the maximum number of metabolites in the alkaloids class compared to other 
extracts. Numerous research studies have confirmed the antiproliferative and anticancer effects of the alkaloids 
[33]. Therefore, phenolic compounds and alkaloid metabolites may play an important role in anticancer activities of 
bark and leaf extracts.

After evaluation of the cytotoxicity assay, univariate analysis was performed to identify key metabolites that are 
responsible for anticancer capability. As shown in previous analyses, thirteen metabolites were identified that sig-
nificantly differed among five parts. The correlation analysis between significant metabolites with cytotoxicity (IC

50
 

values) revealed a strong negative correlation to catharanthine that exhibited high accumulation in bark and leaf 
extracts. Catharanthine is a pharmaceutically important antitumor alkaloid that is found in Catharanthus roseus [34]. 
It was reported to have an anticancer effect on liver carcinoma cells (HepG2) [35], leukemia cells (HL60, K562) [36], 
and colorectal carcinoma cells (HCT 116) [37]. Moreover, a moderate negative correlation appeared in four metabo-
lites, including cianidanol, procyanidin B2, quinic acid, and embelin, that exhibited the highest accumulation in bark 
extract. Cianidanol, or (+)-catechin, a polyphenolic antioxidant plant metabolite, occurs in green tea, red wine, choc-
olate, and cocoa [38]. The metabolite shows various medicinal effects, such as antioxidant, antimicrobial, anticancer, 
and anti-inflammatory properties [39]. Procyanidin B2, a flavonoid compound, is a potent natural antioxidant that is 
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present in grape seeds, apples, and cacao beans [40]. It has properties that fight cancer, viruses, inflammation, and 
free radicals [41]. Additionally, prior studies indicated that procyanidin B2 suppressed the proliferation of liver, breast, 
and gastric cancer cells [42–44]. Quinic acid is a naturally occurring phenolic compound found in many plants, 
such as coffee, bilberries, prunes, cranberries, and kiwifruit [45–47]. These compounds exhibited various biological 
activities, such as antioxidant, antidiabetic, anticancer, antimicrobial, antiviral, aging-protective, antinociceptive, and 
analgesic effects [39]. Embelin is a plant-based benzoquinone alkaloid that displays various biological activities, 
including antioxidant, antidiabetic, analgesic, antibacterial, antitumor, and anti-inflammatory activities [48,49]. These 
compounds exhibited various biological activities, such as antioxidant, antidiabetic, antimicrobial, antiviral, aging- 
protective, antinociceptive, and anticancer effects [50].

Subsequently, we confirmed the anticancer effect of the metabolites on CCA cells. Among four potential metab-
olites, including catharanthine, cianidanol, procyanidin B2, and quinic acid, our result showed that catharanthine, 
cianidanol, and procyanidin B2 had cytotoxicity on CCA cells. Nonetheless, catharanthine exhibited the most 
significant inhibitory effect on CCA cell viability. Catharanthine is a precursor to the potent chemotherapeutic 
vinca alkaloids, such as vinblastine and vincristine [51]. This finding aligns with previous research, indicating that 
alkaloids play a role in the anticancer activity of F. hispida (bark and leaves) [18]. A previous study has shown 
that hispiloscine, a phenanthroindolizidine alkaloid isolated from the stems, bark, and leaves of the Malaysian 
F. hispida, showed appreciable antiproliferative activities against MDA-MB-231, MCF-7, A549, HCT-116, and 
MRC-5 cell lines [25]. O-methyltylophorinidine was isolated from the leaves and stalks of F. hispida and showed 
a potent cytotoxic effect on Lu1 (lung) and Col2 (colon) cancer cells [52]. A comparison of IC

50
 values to the 

crude extracts, catharanthine (41–47 µM or 13–16 µg/mL) was found to be higher than the bark and leaf extracts 
(0.7–1 µg/mL). Due to plants containing plenty of phytochemical substances and targeting several biological 
pathways, they can occasionally work synergistically to increase overall potency and solubility. Thus, these sub-
stances could sometimes be more potent than the pure substance [53,54]. In addition, extracts work in concert to 
enhance activity, potentially to lessen side effects and drug resistance, while pure compounds offer precision in 
targeting cancer cells.

We have shown, for the first time, that the anticancer effect attributed to catharanthine on CCA cells is present in the 
bark and leaves of F. hispida. Because there are no previous reports on the use of catharanthine against CCA, we can 
only compare the IC

50
 value to reported results for other cancers. We found that the IC

50
 value of catharanthine for CCA 

cells in this study was lower than that observed for HepG2 cells (IC
50

 at 130–135 µM) in the past. They demonstrated that 
catharanthine-triggered apoptosis was linked to increased autophagy signaling pathways by interacting with caspase-8, 
inhibiting the PI3K/Akt/mTOR pathway, upregulating Beclin-1, LC3, and ULK1, and enhancing SIRT1 expression [35]. In 
CCA cells, they may be cytotoxically affected by catharanthine via a synergistic anti-cancer effect through a multimodal 
mechanism of action typical of vinca alkaloids. Hence, it is necessary to further clarify the biological mechanisms of 
catharanthine that underlie its anti-CCA activity. Furthermore, in comparison to chemotherapy drugs, such as gemcitabine, 
the cytotoxic potency of catharanthine is typically lower in vitro and requires higher dosages to impede growth as much. 
Despite this, its different mechanisms of action, such as activating autophagy signaling pathways, highlight the potential 
of catharanthine for development as an adjuvant or combination therapy. This could potentially enhance the efficacy of 
treatment or help overcome drug resistance in cancer cells. Nonetheless, our study has limitations, as all findings were 
derived from in vitro experiments, which fail to adequately represent the complexity of tumor-stromal interactions or phar-
macokinetic constraints in vivo. In addition to this, data on the stability, bioavailability, and metabolic pathway of catha-
ranthine are lacking, limiting clinical interpretation. Concurrently with clarifying the mechanisms of action in CCA cells, 
further studies should focus on validating results in animal models, analyzing pharmacokinetics, and evaluating synergis-
tic effects with standard chemotherapeutic agents to more accurately determine the therapeutic potential of catharanthine 
in cholangiocarcinoma.
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5.  Conclusion

Our findings show that F. hispida contains a wide range of metabolites and has a pharmacological potential that provides 
a valuable source for natural product development. The identification of catharanthine as a major cytotoxic metabolite 
provides new information about the bioactive compounds in this species, and establishes a promising basis for future 
mechanistic and therapeutic advancements against CCA. Further research should focus on elucidating the exact anti-
cancer mechanisms by which catharanthine exerts anti-CCA effects, paving the way for the development of alternative 
chemotherapeutic agents.

Supporting information

S1 File. Plant material. Detailed information on plant identification.
(PDF)

S1 Table. Metabolites identified and phytochemical classes in various parts of F. hispida extract by UHPLC-
QTOF-MS/MS analysis. 
(ZIP)

Acknowledgments

We would like to acknowledge Professor Ross H Andrews for editing this manuscript.

Author contributions

Conceptualization: Saengrawee Thammawithan, Nisana Namwat.

Data curation: Saengrawee Thammawithan, Thapanee Pruksatrakul.

Formal analysis: Saengrawee Thammawithan, Sirinya Sitthirak, Thapanee Pruksatrakul.

Funding acquisition: Watcharin Loilome, Nisana Namwat.

Investigation: Saengrawee Thammawithan, Jirattiporn Thanuma, Piya Prajumwongs.

Methodology: Saengrawee Thammawithan, Jirattiporn Thanuma, Chadapohn Panplu.

Resources: Arporn Wangwiwatsin, Poramate Klanrit, Watcharin Loilome, Nisana Namwat.

Supervision: Nisana Namwat.

Validation: Saengrawee Thammawithan.

Visualization: Saengrawee Thammawithan, Sirinya Sitthirak.

Writing – original draft: Saengrawee Thammawithan.

Writing – review & editing: Saengrawee Thammawithan, Arporn Wangwiwatsin, Watcharin Loilome, Nisana Namwat.

References
	1.	 Ripu MK, Bussmann R. Ficus (Fig) species in Nepal: A review of diversity and indigenous uses. J Ecol Appl. 2006;11:85–97.

	2.	 Ali M, Chaudhary N. Ficus hispida Linn.: A review of its pharmacognostic and ethnomedicinal properties. Pharmacogn Rev. 2011;5(9):96–102. 
https://doi.org/10.4103/0973-7847.79104 PMID: 22096323

	3.	 Kumar S, Singh A, Kushwaha AK, Tiwari R, Chaudhary LB, Srivastava M, et al. The UPLC–ESI–QqQ LIT –MS/MS method for quantitative deter-
mination of phytochemicals in ethanolic extracts of different parts of eight Ficus species: Development and validation. International Journal of Food 
Properties. 2018;21(1):328–44. https://doi.org/10.1080/10942912.2017.1414838

	4.	 Cheng J-X, Zhang B-D, Zhu W-F, Zhang C-F, Qin Y-M, Abe M, et al. Traditional uses, phytochemistry, and pharmacology of Ficus hispida L.f.: A 
review. J Ethnopharmacol. 2020;248:112204. https://doi.org/10.1016/j.jep.2019.112204 PMID: 31669442

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343411.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343411.s002
https://doi.org/10.4103/0973-7847.79104
http://www.ncbi.nlm.nih.gov/pubmed/22096323
https://doi.org/10.1080/10942912.2017.1414838
https://doi.org/10.1016/j.jep.2019.112204
http://www.ncbi.nlm.nih.gov/pubmed/31669442


PLOS One | https://doi.org/10.1371/journal.pone.0343411  March 3, 2026 16 / 17

	 5.	 Shen S, Zhan C, Yang C, Fernie AR, Luo J. Metabolomics-centered mining of plant metabolic diversity and function: Past decade and future per-
spectives. Mol Plant. 2023;16(1):43–63. https://doi.org/10.1016/j.molp.2022.09.007 PMID: 36114669

	 6.	 Manickam S, Rajagopalan VR, Kambale R, Rajasekaran R, Kanagarajan S, Muthurajan R. Plant Metabolomics: Current Initiatives and Future 
Prospects. Curr Issues Mol Biol. 2023;45(11):8894–906. https://doi.org/10.3390/cimb45110558 PMID: 37998735

	 7.	 Plumb RS, Gethings LA, Rainville PD, Isaac G, Trengove R, King AM, et al. Advances in high throughput LC/MS based metabolomics: A review. 
TrAC Trends in Analytical Chemistry. 2023;160:116954. https://doi.org/10.1016/j.trac.2023.116954

	 8.	 Brindley PJ, Bachini M, Ilyas SI, Khan SA, Loukas A, Sirica AE, et al. Cholangiocarcinoma. Nat Rev Dis Primers. 2021;7(1):65. https://doi.
org/10.1038/s41572-021-00300-2 PMID: 34504109

	 9.	 Tepsiri N, Chaturat L, Sripa B, Namwat W, Wongkham S, Bhudhisawasdi V, et al. Drug sensitivity and drug resistance profiles of human intrahe-
patic cholangiocarcinoma cell lines. World J Gastroenterol. 2005;11(18):2748–53. https://doi.org/10.3748/wjg.v11.i18.2748 PMID: 15884115

	10.	 Marin JJG, Lozano E, Herraez E, Asensio M, Di Giacomo S, Romero MR, et al. Chemoresistance and chemosensitization in cholangiocarcinoma. 
Biochim Biophys Acta Mol Basis Dis. 2018;1864(4 Pt B):1444–53. https://doi.org/10.1016/j.bbadis.2017.06.005 PMID: 28600147

	11.	 Cabanlit KL, Torres MAJ, Demayo CG. Ficus spp. (Figs) and their anticancer potential: A systematic review of laboratory studies and traditional 
uses in the Philippines. J Herbmed Pharmacol. 2025;14(2):133–52. https://doi.org/10.34172/jhp.2025.52854

	12.	 Pratumvinit B, Srisapoomi T, Worawattananon P, Opartkiattikul N, Jiratchariyakul W, Kummalue T. In vitro antineoplastic effect of Ficus hispida L. 
plant against breast cancer cell lines. J Med Plant Res. 2009;3(4):255–61. https://doi.org/10.5897/JMPR.9000746

	13.	 Zhang J, Zhu W-F, Xu J, Kitdamrongtham W, Manosroi A, Manosroi J, et al. Potential cancer chemopreventive and anticancer constituents from the 
fruits of Ficus hispida L.f. (Moraceae). J Ethnopharmacol. 2018;214:37–46. https://doi.org/10.1016/j.jep.2017.11.016 PMID: 29197545

	14.	 Rahman H, Rahman A, Zahan S, Biswas P, Sohag AAM, Islam S, et al. A Pharmacoinformatics and molecular dynamics approach to the phyto-
chemical screening of Ficus hispida fruits for prostate cancer therapy. Curr Comput Aided Drug Des. 2025;:10.2174/0115734099409352251103111
907. https://doi.org/10.2174/0115734099409352251103111907 PMID: 41276981

	15.	 Tabrez S, Hoque M, Suhail M, Khan MI, Zughaibi TA, Khan AU. Identification of anticancer bioactive compounds derived from Ficus sp. by 
targeting Poly[ADP-ribose]polymerase 1 (PARP-1). Journal of King Saud University - Science. 2022;34(5):102079. https://doi.org/10.1016/j.
jksus.2022.102079

	16.	 Mutungi MM, Muema FW, Kimutai F, Xu Y-B, Zhang H, Chen G-L, et al. Antioxidant and Antiproliferative Potentials of Ficus glumosa and its bioac-
tive polyphenol metabolites. Pharmaceuticals (Basel). 2021;14(3):266. https://doi.org/10.3390/ph14030266 PMID: 33804242

	17.	 Annegowda HV, Bhat R, Min-Tze L, Karim AA, Mansor SM. Influence of sonication treatments and extraction solvents on the phenolics and antioxi-
dants in star fruits. J Food Sci Technol. 2012;49(4):510–4. https://doi.org/10.1007/s13197-011-0435-8 PMID: 23904662

	18.	 Sérgio PL, Tiago BA, Thiago RB, Michel R dos RS, Claudia ALC, Laíza CK, et al. Ultrasonic assisted extraction of bioactive compounds from differ-
ent parts of Hancornia Speciosa Gomes. J Med Plants Res. 2020;14(7):300–8. https://doi.org/10.5897/jmpr2020.6944

	19.	 Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat Protoc. 2006;1(3):1112–6. https://doi.org/10.1038/
nprot.2006.179 PMID: 17406391

	20.	 Cruz JMDA, Corrêa RF, Lamarão CV, Kinupp VF, Sanches EA, Campelo PH, et al. Ficus spp. fruits: Bioactive compounds and chemical, biological 
and pharmacological properties. Food Res Int. 2022;152:110928. https://doi.org/10.1016/j.foodres.2021.110928 PMID: 35181099

	21.	 Karinchai J, Buacheen P, Rodthayoy D, Yodweerapong T, Imsumran A, Wongnoppavich A, et al. Anti-inflammatory and anti-adipocyte dysfunction 
effects of Ficus lindsayana latex and root extracts. Pharmaceuticals (Basel). 2024;17(3):287. https://doi.org/10.3390/ph17030287 PMID: 38543073

	22.	 Knothe G, Razon LF, de Castro MEG. Fatty acids, triterpenes and cycloalkanes in ficus seed oils. Plant Physiol Biochem. 2019;135:127–31. 
https://doi.org/10.1016/j.plaphy.2018.11.030 PMID: 30529978

	23.	 Hasnat H, Alam S, Akter Shompa S, Saha T, Richi FT, Hossain MH, et al. Phyto-pharmacological wonders of genus Ficus: Ethnopharmacological 
insights and phytochemical treasures from natural products. Saudi Pharm J. 2024;32(12):102211. https://doi.org/10.1016/j.jsps.2024.102211 PMID: 
39697478

	24.	 Jia X-Y, Wu Y-M, Li J-Y, Lei C, Hou A-J. Alkaloid constituents of ficus hispida and their antiinflammatory activity. Nat Prod Bioprospect. 
2020;10(1):45–9. https://doi.org/10.1007/s13659-020-00233-5 PMID: 32072482

	25.	 Yap VA, Loong B-J, Ting K-N, Loh SH-S, Yong K-T, Low Y-Y, et al. Hispidacine, an unusual 8,4’-oxyneolignan-alkaloid with vasorelaxant activ-
ity, and hispiloscine, an antiproliferative phenanthroindolizidine alkaloid, from Ficus hispida Linn. Phytochemistry. 2015;109:96–102. https://doi.
org/10.1016/j.phytochem.2014.10.032 PMID: 25468714

	26.	 Dongfack MDJ, Lallemand M-C, Kuete V, Mbazoa CD, Wansi J-D, Trinh-van-Dufat H, et al. A new sphingolipid and furanocoumarins with antimicro-
bial activity from Ficus exasperata. Chem Pharm Bull (Tokyo). 2012;60(8):1072–5. https://doi.org/10.1248/cpb.c12-00279 PMID: 22863713

	27.	 Murni A, Hanif N, Kita M, Darusman LK. Methyl 10-epi-pheophorbide a from mcf-7 Cells Active Layer Of The Indonesian Ficus Deltoidea jack 
leaves. Int J Pharm Pharm Sci. 2017;9(8):183. https://doi.org/10.22159/ijpps.2017v9i8.18750

	28.	 Lata S, Koli P, Singh S, Bhadoria BK, Chand U, Yadav DK, et al. Proanthocyanidins isolated from the leaves of Ficus glomerata evaluated on the activi-
ties of rumen enzymes: in vitro and in silico studies. Front Chem. 2024;12:1359049. https://doi.org/10.3389/fchem.2024.1359049 PMID: 38380397

	29.	 Sonibare O, Sojinu S. Chemical composition of leaf lipids of angiosperms: origin of land plant-derived hydrocarbons in sediments and fossil fuel. 
Eur J Sci Res. 2009;25(2):192–9.

https://doi.org/10.1016/j.molp.2022.09.007
http://www.ncbi.nlm.nih.gov/pubmed/36114669
https://doi.org/10.3390/cimb45110558
http://www.ncbi.nlm.nih.gov/pubmed/37998735
https://doi.org/10.1016/j.trac.2023.116954
https://doi.org/10.1038/s41572-021-00300-2
https://doi.org/10.1038/s41572-021-00300-2
http://www.ncbi.nlm.nih.gov/pubmed/34504109
https://doi.org/10.3748/wjg.v11.i18.2748
http://www.ncbi.nlm.nih.gov/pubmed/15884115
https://doi.org/10.1016/j.bbadis.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28600147
https://doi.org/10.34172/jhp.2025.52854
https://doi.org/10.5897/JMPR.9000746
https://doi.org/10.1016/j.jep.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29197545
https://doi.org/10.2174/0115734099409352251103111907
http://www.ncbi.nlm.nih.gov/pubmed/41276981
https://doi.org/10.1016/j.jksus.2022.102079
https://doi.org/10.1016/j.jksus.2022.102079
https://doi.org/10.3390/ph14030266
http://www.ncbi.nlm.nih.gov/pubmed/33804242
https://doi.org/10.1007/s13197-011-0435-8
http://www.ncbi.nlm.nih.gov/pubmed/23904662
https://doi.org/10.5897/jmpr2020.6944
https://doi.org/10.1038/nprot.2006.179
https://doi.org/10.1038/nprot.2006.179
http://www.ncbi.nlm.nih.gov/pubmed/17406391
https://doi.org/10.1016/j.foodres.2021.110928
http://www.ncbi.nlm.nih.gov/pubmed/35181099
https://doi.org/10.3390/ph17030287
http://www.ncbi.nlm.nih.gov/pubmed/38543073
https://doi.org/10.1016/j.plaphy.2018.11.030
http://www.ncbi.nlm.nih.gov/pubmed/30529978
https://doi.org/10.1016/j.jsps.2024.102211
http://www.ncbi.nlm.nih.gov/pubmed/39697478
https://doi.org/10.1007/s13659-020-00233-5
http://www.ncbi.nlm.nih.gov/pubmed/32072482
https://doi.org/10.1016/j.phytochem.2014.10.032
https://doi.org/10.1016/j.phytochem.2014.10.032
http://www.ncbi.nlm.nih.gov/pubmed/25468714
https://doi.org/10.1248/cpb.c12-00279
http://www.ncbi.nlm.nih.gov/pubmed/22863713
https://doi.org/10.22159/ijpps.2017v9i8.18750
https://doi.org/10.3389/fchem.2024.1359049
http://www.ncbi.nlm.nih.gov/pubmed/38380397


PLOS One | https://doi.org/10.1371/journal.pone.0343411  March 3, 2026 17 / 17

	30.	 Suffness M, Pezzuto JM, Hostettmann K. Methods in plant biochemistry: assays for bioactivity. In: Hostettmann K, editor. Methods in Plant Bio-
chemistry. 1990. p. 33–71.

	31.	 Abubakar IB, Lim K-H, Loh H-S. Alkaloid extracts of Ficus species and palm oil-derived tocotrienols synergistically inhibit proliferation of human 
cancer cells. Nat Prod Res. 2015;29(22):2137–40. https://doi.org/10.1080/14786419.2014.991927 PMID: 25515603

	32.	 Bakrim S, El Omari N, El Hachlafi N, Bakri Y, Lee L-H, Bouyahya A. Dietary phenolic compounds as anticancer natural drugs: recent update on 
molecular mechanisms and clinical trials. Foods. 2022;11(21):3323. https://doi.org/10.3390/foods11213323 PMID: 36359936

	33.	 Mondal A, Gandhi A, Fimognari C, Atanasov AG, Bishayee A. Alkaloids for cancer prevention and therapy: Current progress and future perspec-
tives. Eur J Pharmacol. 2019;858:172472. https://doi.org/10.1016/j.ejphar.2019.172472 PMID: 31228447

	34.	 Ferreres F, Pereira DM, Valentão P, Oliveira JMA, Faria J, Gaspar L, et al. Simple and reproducible HPLC-DAD-ESI-MS/MS analysis of alkaloids in 
Catharanthus roseus roots. J Pharm Biomed Anal. 2010;51(1):65–9. https://doi.org/10.1016/j.jpba.2009.08.005 PMID: 19720492

	35.	 Gholami F, Seyedalipour B, Heidari-Kalvani N, Nabi-Afjadi M, Yaghoubzad-Maleki M, Fathi Z, et al. Catharanthine, an anticancer vinca alkaloid: 
an in silico and in vitro analysis of the autophagic system as the major mechanism of cell death in liver HepG2 cells. Naunyn Schmiedebergs Arch 
Pharmacol. 2024;397(11):8879–92. https://doi.org/10.1007/s00210-024-03191-8 PMID: 38856913

	36.	 Wang X-D, Li C-Y, Jiang M-M, Li D, Wen P, Song X, et al. Induction of apoptosis in human leukemia cells through an intrinsic pathway by catha-
chunine, a unique alkaloid isolated from Catharanthus roseus. Phytomedicine. 2016;23(6):641–53. https://doi.org/10.1016/j.phymed.2016.03.003 
PMID: 27161405

	37.	 Siddiqui MJ, Ismail Z, Aisha AFA, Abdul Maji AMS. Cytotoxic Activity of Catharanthus roseus (Apocynaceae) crude extracts and pure compounds 
against human colorectal carcinoma cell line. International J of Pharmacology. 2009;6(1):43–7. https://doi.org/10.3923/ijp.2010.43.47

	38.	 Bernatoniene J, Kopustinskiene DM. The role of catechins in cellular responses to oxidative stress. Molecules. 2018;23(4):965. https://doi.
org/10.3390/molecules23040965 PMID: 29677167

	39.	 Bae J, Kim N, Shin Y, Kim S-Y, Kim Y-J. Activity of catechins and their applications. biomed dermatol. 2020;4(1). https://doi.org/10.1186/
s41702-020-0057-8

	40.	 Chen J, Zhong K, Jing Y, Liu S, Qin S, Peng F, et al. Procyanidin B2: A promising multi-functional food-derived pigment for human diseases. Food 
Chem. 2023;420:136101. https://doi.org/10.1016/j.foodchem.2023.136101 PMID: 37059021

	41.	 Lee Y. Cancer chemopreventive potential of procyanidin. Toxicol Res. 2017;33(4):273–82. https://doi.org/10.5487/TR.2017.33.4.273 PMID: 
29071011

	42.	 Li Y, Lu X, Tian P, Wang K, Shi J. Procyanidin B2 induces apoptosis and autophagy in gastric cancer cells by inhibiting Akt/mTOR signaling path-
way. BMC Complement Med Ther. 2021;21(1):76. https://doi.org/10.1186/s12906-021-03225-1 PMID: 33627124

	43.	 Avelar MM, Gouvêa CMCP. Procyanidin b2 cytotoxicity to mcf-7 human breast adenocarcinoma cells. Indian J Pharm Sci. 2012;74(4):351–5. 
https://doi.org/10.4103/0250-474X.107070 PMID: 23626391

	44.	 Liu G, Shi A, Wang N, Li M, He X, Yin C, et al. Polyphenolic Proanthocyanidin-B2 suppresses proliferation of liver cancer cells and hepatocellular 
carcinogenesis through directly binding and inhibiting AKT activity. Redox Biol. 2020;37:101701. https://doi.org/10.1016/j.redox.2020.101701 PMID: 
32863234

	45.	 Ryan JJ, Dupont JA. Identification and analysis of the major acids from fruit juices and wines. J Agric Food Chem. 1973;21(1):45–9. https://doi.
org/10.1021/jf60185a018

	46.	 Coppola ED, Conrad EC, Cotter R. High pressure liquid chromatographic determination of major organic acids in cranberry juice. J Assoc Off Anal 
Chem. 1978;61(6):1490–2. https://doi.org/10.1093/jaoac/61.6.1490 PMID: 730655

	47.	 Uleberg E, Rohloff J, Jaakola L, Trôst K, Junttila O, Häggman H, et al. Effects of temperature and photoperiod on yield and chemical composition 
of northern and southern clones of bilberry (Vaccinium myrtillus L.). J Agric Food Chem. 2012;60(42):10406–14. https://doi.org/10.1021/jf302924m 
PMID: 23033879

	48.	 Sheng Z, Ge S, Gao M, Jian R, Chen X, Xu X, et al. Synthesis and biological activity of embelin and its derivatives: an overview. Mini Rev Med 
Chem. 2020;20(5):396–407. https://doi.org/10.2174/1389557519666191015202723 PMID: 31644404

	49.	 Danquah M. Embelin and its derivatives: design, synthesis, and potential delivery systems for cancer therapy. Pharmaceuticals (Basel). 
2022;15(9):1131. https://doi.org/10.3390/ph15091131 PMID: 36145352

	50.	 Nguyen V, Taine EG, Meng D, Cui T, Tan W. Chlorogenic acid: a systematic review on the biological functions, mechanistic actions, and therapeutic 
potentials. Nutrients. 2024;16(7):924. https://doi.org/10.3390/nu16070924 PMID: 38612964

	51.	 Mendonce KC, Palani N, Rajadesingu S, Radhakrishnan K, Ayyar M, Priya LS. Pharmacological potential of bioactive compounds in Catharanthus 
roseus extract: A comprehensive review. Toxicol Rep. 2025;14:101998. https://doi.org/10.1016/j.toxrep.2025.101998 PMID: 40213418

	52.	 Peraza-Sánchez SR, Chai H-B, Shin YG, Santisuk T, Reutrakul V, Farnsworth NR, et al. Constituents of the leaves and twigs of Ficus hispida. 
Planta Med. 2002;68(2):186–8. https://doi.org/10.1055/s-2002-20257 PMID: 11859479

	53.	 Rasoanaivo P, Wright CW, Willcox ML, Gilbert B. Whole plant extracts versus single compounds for the treatment of malaria: synergy and positive 
interactions. Malar J. 2011;10 Suppl 1(Suppl 1):S4. https://doi.org/10.1186/1475-2875-10-S1-S4 PMID: 21411015

	54.	 Aiyelaagbe OO, Hamid AA, Fattorusso E, Taglialatela-Scafati O, Schröder HC, Müller WEG. Cytotoxic activity of crude extracts as well as 
of pure components from jatropha species, plants used extensively in african traditional medicine. Evid Based Complement Alternat Med. 
2011;2011:134954. https://doi.org/10.1155/2011/134954 PMID: 21754941

https://doi.org/10.1080/14786419.2014.991927
http://www.ncbi.nlm.nih.gov/pubmed/25515603
https://doi.org/10.3390/foods11213323
http://www.ncbi.nlm.nih.gov/pubmed/36359936
https://doi.org/10.1016/j.ejphar.2019.172472
http://www.ncbi.nlm.nih.gov/pubmed/31228447
https://doi.org/10.1016/j.jpba.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19720492
https://doi.org/10.1007/s00210-024-03191-8
http://www.ncbi.nlm.nih.gov/pubmed/38856913
https://doi.org/10.1016/j.phymed.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27161405
https://doi.org/10.3923/ijp.2010.43.47
https://doi.org/10.3390/molecules23040965
https://doi.org/10.3390/molecules23040965
http://www.ncbi.nlm.nih.gov/pubmed/29677167
https://doi.org/10.1186/s41702-020-0057-8
https://doi.org/10.1186/s41702-020-0057-8
https://doi.org/10.1016/j.foodchem.2023.136101
http://www.ncbi.nlm.nih.gov/pubmed/37059021
https://doi.org/10.5487/TR.2017.33.4.273
http://www.ncbi.nlm.nih.gov/pubmed/29071011
https://doi.org/10.1186/s12906-021-03225-1
http://www.ncbi.nlm.nih.gov/pubmed/33627124
https://doi.org/10.4103/0250-474X.107070
http://www.ncbi.nlm.nih.gov/pubmed/23626391
https://doi.org/10.1016/j.redox.2020.101701
http://www.ncbi.nlm.nih.gov/pubmed/32863234
https://doi.org/10.1021/jf60185a018
https://doi.org/10.1021/jf60185a018
https://doi.org/10.1093/jaoac/61.6.1490
http://www.ncbi.nlm.nih.gov/pubmed/730655
https://doi.org/10.1021/jf302924m
http://www.ncbi.nlm.nih.gov/pubmed/23033879
https://doi.org/10.2174/1389557519666191015202723
http://www.ncbi.nlm.nih.gov/pubmed/31644404
https://doi.org/10.3390/ph15091131
http://www.ncbi.nlm.nih.gov/pubmed/36145352
https://doi.org/10.3390/nu16070924
http://www.ncbi.nlm.nih.gov/pubmed/38612964
https://doi.org/10.1016/j.toxrep.2025.101998
http://www.ncbi.nlm.nih.gov/pubmed/40213418
https://doi.org/10.1055/s-2002-20257
http://www.ncbi.nlm.nih.gov/pubmed/11859479
https://doi.org/10.1186/1475-2875-10-S1-S4
http://www.ncbi.nlm.nih.gov/pubmed/21411015
https://doi.org/10.1155/2011/134954
http://www.ncbi.nlm.nih.gov/pubmed/21754941

