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1. Introduction
Terminalia arjuna (Roxb.) Wight & Arn., a prominent 

member of the family Combretaceae, holds a revered 
place in traditional Indian medicine, particularly in Ayur-
veda and Unani systems [1,2]. While the bark of this tree 
is widely documented for its cardioprotective and antiviral 
properties[3,4], recent studies have turned attention to the 
fruit of T. arjuna, which has shown promise due to its rich 
phytochemical profile [5]. 

Several studies have explored the potential of T. arjuna 
extracts in influencing the growth of industrially signifi-
cant microorganisms, owing to its diverse phytochemi-
cal constituents such as tannins, flavonoids, and saponins 
[6,7]. Methanolic and aqueous extracts of T. arjuna have 
demonstrated antimicrobial activity against a range of bac-
terial species, including Bacillus subtilis, Escherichia coli, 

Pseudomonas aeruginosa, and Staphylococcus aureus, 
many of which are of industrial relevance in fermentation 
and biotechnology processes [8,9]. In particular, the etha-
nolic fruit extract has shown inhibitory effects against pa-
thogenic and spoilage bacteria, indicating its potential as 
a natural preservative or biocontrol agent in industrial set-
tings [5]. Similarly, industrially important fungal species 
such as Aspergillus niger, Trichoderma harzianum, and 
Penicillium chrysogenum have exhibited varied responses 
to T. arjuna extracts, suggesting the extract's modulatory 
role in fungal growth and metabolism [10]. The fruit is 
known to contain several biologically active compounds, 
including polyphenols, flavonoids, saponins, and phytos-
terols [11,12], which have industrial importance.

Accurate identification and structural characterization 
of plant-derived compounds necessitate the use of ad-

Original Article
Isolation and characterization of β-sitosterol from Terminalia arjuna fruit and its 
growth-promoting effect on beneficial fungi

Shamla Alikadavath1, A. Vijaya Chitra2*, Jumaila. K. P1, Vajid Nettoor Veettil3* 

 

1 Department of Microbiology, Sree Narayana Guru College, Coimbatore -641 105, Tamil Nadu, India
2 Department of Microbiology, Sri Ramakrishnan College of Arts and Science for Women, Coimbatore- 641 044, Tamil Nadu, 
India
3 IQRAA Centre for Research and Development, IQRAA International Hospital and Research Centre, Kozhikode, Kerala, India

Journal Homepage: www.cellmolbiol.org

Cellular and Molecular Biology

 ⁎ Corresponding author. 
E-mail address:  vajidnv@gmail.com (V. N. Veettil); vijayachitra@gmail.com (A. V.  Chitra).
Doi: http://dx.doi.org/10.14715/cmb/2025.71.8.11

Article Info Abstract

Article history:

Received: April 24, 2025
Accepted: June 13, 2025
Published: August 31, 2025

Terminalia arjuna, an important medicinal plant in traditional Indian systems, has been extensively studied for 
its cardioprotective bark. However, limited attention has been given to its fruit, which contains several biolo-
gically active phytochemicals with potential antioxidant, anti-inflammatory, and immunomodulatory proper-
ties. This study aimed to isolate and partially purify phytoactive compounds from the fruit of T. arjuna using 
chromatographic techniques, characterize them, and assess their effect on the growth of industrially important 
fungal strains. Dried and powdered T. arjuna fruit was extracted using 70% methanol. The crude extract was 
subjected to sequential solvent partitioning followed by column chromatography. The resulting fractions were 
evaluated using TLC, High Performance Liquid Chromatography (HPLC), and LC-MS for partial purification 
and confirmation of the phytochemicals. The growth-promoting effect of the purified compound was tested on 
Trichoderma harzianum by measuring optical density after 48 hours of incubation in the presence of the com-
pound. Methanolic extraction of T.arjuna fruit yielded approximately 1652 mg of dried extract. Column chro-
matography followed by TLC profiling led to the identification of three pooled fractions (A, B, and C), each 
with distinct banding patterns and Rf values. Among them, Fraction B exhibited a prominent TLC band at Rf 
0.133 and was the most abundant (421 mg). HPLC analysis confirmed the high purity of Fraction B, showing 
a single dominant peak at retention time 3.113 minutes with an area percentage of 97.8%. In growth promo-
tion assays using Trichoderma harzianum, Fraction B significantly enhanced fungal biomass, with a 32.54% 
increase in OD600 compared to control. LC-MS analysis in positive ion mode identified a molecular ion at 
m/z 415 [M+H]+ and a key fragment at m/z 256, consistent with β-sitosterol. The presence of β-sitosterol in 
fruit of T. arjuna reflects the plant’s long-recognized therapeutic significance and is associated with various 
beneficial pharmacological effects. This study established that the fruit of T. arjuna can serve as a viable source 
of β-sitosterol, which may have potential as a natural growth enhancer for industrial fungi.

Keywords: Terminalia arjuna, Phytochemicals, β-sitosterol, TLC, LC-MS, Trichoderma harzianum, Fungal 
growth.

Use your device to scan and read 
the article online

https://portal.issn.org/resource/issn/1165-158X
http://
http://crossmark.crossref.org/dialog/?doi=10.14715/cmb/2025.71.8.11&domain=pdf

https://www.openaccess.nl/en/what-is-open-access


73

β-sitosterol from T. arjuna fruit promotes fungal growth                                                                                                                                           
                    

           Cell. Mol. Biol. 2025, 71(8): 72-79

vanced analytical methods. Thin Layer Chromatography 
(TLC) remains a fundamental technique for preliminary 
screening, offering a rapid and cost-effective approach to 
assess compound purity and profile phytochemical cons-
tituents. For more precise and confirmatory analysis, Li-
quid Chromatography–Mass Spectrometry (LC-MS) plays 
a crucial role by combining chromatographic separation 
with mass-based detection, enabling both the identificati-
on and partial structural elucidation of bioactive compo-
unds such as β-sitosterol. The complementary use of TLC 
for profiling and LC-MS for compound validation provi-
des a reliable analytical framework for the study of plant 
metabolites [13,14].

In our previous study, we evaluated the effect of ex-
tracts from ten medicinal plants on the growth of these 
industrially important fungi [10]. Among them, T. arjuna 
extract demonstrated the most significant enhancement in 
fungal growth and sporulation, indicating the presence of 
one or more bioactive compounds with growth-promoting 
properties. These findings highlighted the potential of T. 
arjuna as a natural stimulant for fungi widely used in bio-
technology and pharmaceutical industries, for instance, in 
enzyme production, biocontrol, and antibiotic synthesis. 
Based on these observations, the present study was car-
ried out to isolate and characterize the active compound(s) 
from the fruit of T. arjuna responsible for this biological 
activity through the application of advanced analytical 
techniques, with a focus on establishing a cost-effective, 
plant-based medium for enhanced fungal cultivation.

2. Materials and methods
2.1. Collection and preparation of plant material

Unprocessed fruits of T. arjuna were purchased from 
a local supplier (Yeshwanthpur market, Bangalore, India) 
and the plant material was authenticated by in-house bota-
nist of Skanda Life Sciences, Bangalore, India. The plant 
specimens were further authenticated as per tests given 
in the Indian Pharmacopeia 2010 edition [15]. The fruits 
were washed thoroughly with distilled water, shade-dried 
at room temperature for 10 days, and ground into a fine 
powder using a mechanical grinder. The powder was 
stored in airtight containers at 4°C until extraction.

2.2. Extraction of phytochemicals
Dried fruit of T. arjuna was ground to a fine powder 

and sieved through mesh No. 80 for uniform particle size. 
The powder was extracted with 70% methanol-water (100 
mL) at 50°C for 15 minutes under continuous stirring. 
The process was repeated four times, and the supernatants 
were pooled, filtered through Whatman No. 1 filter paper, 
and concentrated using a rotary evaporator to obtain the 
crude methanolic extract. The extract was stored at 4°C 
for further analysis.

Two grams of T. arjuna extract were dissolved in 10 mL 
of water with continuous stirring for 30 minutes. The aqu-
eous solution was then sequentially extracted with equal 
volumes of methanol, chloroform, and hexane by vigorous 
mixing, followed by phase separation. An additional 10 
mL of each solvent was added gently along the container 
wall to enhance separation, and the mixture was allowed 
to stand for 10 minutes. Each solvent layer was collected, 
evaporated, and weighed. The fractions were labeled as 
methanol, chloroform, and hexane extracts, respectively 
and referred to as liquid-liquid fractions (LLF) hereafter. 

The process was repeated to obtain sufficient yields, which 
were analyzed by TLC to assess purity.

2.3. Preliminary screening by TLC
To perform a preliminary screening of the extract and 

assess the presence of bioactive compounds, TLC was car-
ried out using standard procedures. Sample solutions were 
prepared at a concentration of 10 mg/mL in methanol. 
From this, 2.5 µL of each sample was carefully spotted 
onto pre-coated TLC plates (silica gel 60 F254, 0.25 mm 
thickness), ensuring consistent application for accurate 
comparative analysis. The TLC plates were developed in 
a saturated chamber containing a solvent system of chlo-
roform: methanol in a 9.5:0.5 ratio, selected based on its 
polarity and effectiveness in separating phytosterol com-
pounds. Care was taken to ensure that the spotted samples 
remained above the solvent level to prevent sample disso-
lution. 

Once the solvent front reached an appropriate distan-
ce (~3/4 of the plate), the plates were removed from the 
chamber and air-dried at room temperature. The separa-
ted bands were visualized under ultraviolet (UV) light at 
254 nm to detect fluorescent compounds. Each visible spot 
was analyzed, and the retention factor (Rf) was calculated. 
Distinct spots with characteristic Rf values suggested the 
presence of different phytochemical constituents, provi-
ding initial evidence for compound separation. 

2.4. Separation of phytochemicals by column chroma-
tography and TLC

The methanol LLF was subjected to column chroma-
tography to further purify the bioactive constituents. A to-
tal of 500 mg of the methanol LLF was first dissolved in 
3 mL of 5% methanol to ensure complete solubilization of 
the extract. The stationary phase used was silica gel (60–
120 mesh), which was packed into a glass column using 
chloroform as the packing solvent to maintain appropriate 
polarity and uniform flow. The sample was carefully lo-
aded onto the column, and elution was carried out using 
a stepwise gradient of methanol in chloroform, ranging 
from 5% to 100% methanol. 

Fractions were collected sequentially in appropriately 
labeled tubes based on observed phase separations and 
elution volumes. Each fraction was then monitored using 
TLC, following the previously described method, to de-
termine the composition and purity of eluted components. 
The retention factor (Rf) values were compared and visu-
al assessment of compound separation of compounds was 
visually assessed under UV light, followed by pooling of 
fractions with similar profiles. After confirming the pre-
sence of the target compound in selected fractions, the 
solvents were removed using a rotary evaporator under 
reduced pressure to yield semi-purified residues. These re-
sidues were subjected to HPLC for further analysis. 

2.5. Partial purification and characterization of isola-
ted compounds 
2.5.1. HPLC analysis

The partially purified fractions were subjected to HPLC 
analysis using a Shimadzu LC-Prominence system equip-
ped with a C4 column (150 mm × 4.6 mm, 3 µm particle 
size). Separation was carried out under a low-pressure gra-
dient using a methanol: water (50:50 v/v) mobile phase at 
a flow rate of 0.5 mL/min. A 5 µL injection volume was 
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for multiple comparisons. A p-value of less than 0.05 was 
considered statistically significant.

3. Results
3.1. Extraction of solvent fractions from T. arjuna

Table 1 shows the yields of LLFs of T. arjuna fruit. 
Among the three solvents used, the methanol fraction 
yielded 1652 mg of extractable material, indicating a high 
content of polar phytoconstituents. The chloroform frac-
tion yielded 400 mg, representing the intermediate pola-
rity components, while the hexane extract showed yield of 
32 mg, reflecting the limited presence of non-polar com-
pounds in the fruit matrix.

3.2 TLC profiling of solvent extracts from T. arjuna
TLC analysis was carried out for separation and pro-

filing of Terminalia arjuna fruit extract. The methanol, 
chloroform, and hexane fractions of Terminalia arjuna 
fruit revealed distinct phytochemical profiles in TLC ana-
lysis, with varying Rf values (Table 2) and band charac-
teristics under UV and visible light (Figure 1), indicating 
solvent-dependent compound distribution. The methanol 
extract showed four prominent bands with Rf values of 
0.21, 0.28, 0.69, and 1.0 (Table 2). These bands appea-
red green under UV 254 nm and light blue to grey-green 
under visible light, suggesting the presence of conjugated 
compounds and sterol-like constituents. The chloroform 
extract exhibited the highest number of bands (seven in 
total), with Rf values ranging from 0.16 to 1.0. Bands 
were predominantly green to light green at 254 nm, with 
some showing light blue fluorescence under UV 366 nm 
(Figure 1). The consistent brown coloration under visible 
light suggested the presence of polyphenolic or steroidal 
compounds. The hexane extract showed only two detec-
table bands at Rf values 0.23 and 1.0 (Table 2) with ligh-

used, and detection was performed at 254 nm. The puri-
ty of the isolated compound was assessed based on the 
percentage peak area in the chromatogram in comparison 
with known standards.

2.5.2. LC-MS analysis of partially purified extract
LC-MS was performed using an API Sciex 4000 Mass 

Spectrometer coupled with an HPLC system. The analysis 
was conducted in both positive and negative ion modes, 
with a precursor ion scan range of 50 Da to 100 Da. Instru-
ment parameters were optimized for sensitivity and spe-
cificity, with curtain gas set at 25, gas1 at 40, gas2 at 60, 
needle voltage at 5000 V, and a delustering potential of 70 
V. 

2.6. Growth promotion test using turbidometry
The partially purified fractions obtained through HPLC 

were evaluated for their growth-promoting activity by me-
asuring turbidity as an indicator of fungal biomass deve-
lopment. A suspension of Trichoderma harzianum was 
grown in Potato Dextrose Broth (PDB) and incubated at 
27 ± 2°C for 24h to 48h. The culture was standardized to 
1 × 10⁸ cells/mL using 0.5 McFarland standards. Extract 
fractions from column chromatography were prepared at 
20% concentration in sterile water. A 1:1 dilution of 2X 
sterile PDB and extract was made to achieve 1X broth 
containing 10% extract and fungal suspension. A control 
without extract was also prepared. All tubes were incuba-
ted for 48 h at 27 ± 2°C. Fungal growth was assessed by 
measuring optical density (OD) at 600 nm. Growth inhibi-
tion (%) was calculated by comparing OD values of trea-
ted samples with the control using the following formula:

% Growth inhibition = ([{OD sample-OD cntrol}]/OD 
control) x100

2.7. Statistical analysis
All experiments were conducted in triplicate, and re-

sults are presented as mean ± standard deviation (SD). Sta-
tistical analysis was performed using GraphPad Prism ver-
sion 8.0 (GraphPad Software, San Diego, CA, USA). Dif-
ferences between treated and control groups in the growth 
promotion assay were analyzed using one-way analysis 
of variance (ANOVA), followed by Tukey’s post hoc test 

Sample Solvent Yield 

T. arjuna fruit extract 
Methanol 1652mg 

Chloroform 400 mg 
Hexane 32mg 

Table1. Summary of yield of phytochemicals after liquid-liquid 
fractionation.

Solvent extract TLC band# at 254 nm Retention factor
TLC band characteristics

254 nm 366 nm Visible light

Methanol 4 

0.21 Green - Brown 
0.28 Green Light Blue Brown 
0.69 Green Light Blue Brown 

1 Green Light Blue Grey Green 

Chloroform 6 

0.16 Green - Brown 
0.22 Green - Brown 
0.28 Green - Brown 
0.33 Light Green - Brown 
0.34 Light Green Light Blue Brown 
0.68 Light Green Light Blue Brown 

1 Light Green Light Blue Grey Green 

Hexane 1 
0.23 Light Green - Brown 

1 Light Green Light Blue     Grey Green 

Table 2. TLC characteristics of solvent extracts from T. arjuna fruit.
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ter coloration compared to the other extracts. These bands 
appeared light green under 254 nm and developed light 
blue fluorescence at 366 nm, indicating limited but speci-
fic non-polar constituents (Figure 1).

3.3. Separation, partial purification and profiling of 
column fractions from T.arjuna methanol LLF

Column chromatography of the methanol LLF of Ter-
minalia arjuna fruit yielded five primary fractions, which 
were subjected to TLC analysis prior to pooling. The TLC 
characteristics, including band positions (Rf values) and 
their visual profiles under 254 nm, 366 nm, and visible 
light, are summarized in Table 3. Fraction 1 exhibited three 
distinct bands with Rf values of 0.28, 0.33, and 0.34, all 
showing consistent light green fluorescence under 366 nm 
and corresponding brown coloration under visible light. 
Fractions 2 to 5 each showed a single band in the lower Rf 
range (~0.11–0.13), with blue or pink hues under 366 nm 
and brown coloration under visible light (Figure 2).

Based on the TLC profiles, fractions with similar Rf 
values and band characteristics were pooled, resulting in 
three major pooled samples: A (fraction 1), B (fractions 
2–3), and C (fractions 4–5). Pooled fraction A retained the 

three bands seen in its parent fraction, whereas pooled frac-
tions B and C showed a single dominant band with slightly 
differing Rf values (0.133 and 0.145, respectively), indica-
ting minor differences in compound mobility (Table 4 and 
Figure 3). The respective yields of pooled fractions A, B, 
and C were 201 mg, 421 mg, and 523 mg, suggesting subs-
tantial recovery of compounds, particularly in the lower Rf 
ranges, which may correspond to more polar constituents.

Fig. 2. TLC chromatogram of T. arjuna column fraction prior to poo-
ling.

Column
fraction#

TLC band #
254 nm Retention factor

TLC band characteristics
366 nm 254nm Visible light 

1 3  
0.28 Light Green Light Blue Brown 
0.33 Light Green Light Blue Brown 
0.34 Light Green Light Blue Brown 

2 1 0.123 Blue   Light Pink Brown 
3 1 0.113 Blue   Light Pink Brown 
4 1 0.121 Blue   - Brown 
5 1 0.131 Blue   Light Pink Brown 

Abbreviations: TLC, thin-layer chromatography.

Table 3. TLC characteristics of column fractions of T. arjuna methanol extract prior to pooling.

Column
Fraction

TLC band#
254 nm

Retention 
Factor

TLC Profile characteristics
Yield (mg)

366 nm 254nm Visible light 

1 (A) 3 
0.28 light green light blue light pink 

2010.33 light green light blue light pink 
0.34 light green light blue light pink 

2-3 (B) 1 0.133 blue   light pink light pink 421
4-5 (C) 1 0.145 blue   light pink light pink 523

Abbreviations: TLC, thin-layer chromatography.

Table 4. TLC characteristics of pooled column fractions of T. arjuna extract.

Fig. 1. TLC chromatogram of T. arjuna solvent extracts (lane 1- 
Methanol extract, lane 2-Chloroform extract, lane 3-Hexane extract).

Fig. 3. TLC chromatogram of pooled T. arjuna column fraction.
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3.4. HPLC analysis of pooled fractions from T. arjuna 
fruit extract 

HPLC analysis of the pooled fractions from methanol 
extract revealed varying compound profiles. Sample A 
showed three peaks at 3.091, 3.473, and 4.131 min with 
area percentages of 45.79%, 15.39%, and 29.79%, indica-
ting a mix of compounds (Figure 4A). Sample B exhibited 
a single major peak at 3.113 min with 97.797% area, sug-
gesting high purity (Figure 4B). Sample C displayed two 
peaks at 3.100 and 3.466 min, accounting for 84.64% and 
15.36% of the area, respectively (Figure 4C).

3.5. Growth promotion assay of T. harzianum using 
extract fractions

The growth-promoting effect of partially purified frac-
tions of Terminalia arjuna was assessed by measuring the 
OD at 600 nm after 48 hours of incubation in Potato Dex-
trose Broth (PDB). The control sample (PDB with ino-
culum only) showed an OD of 2.148. Sample B (PDB + 
inoculum + 10% extract) exhibited the highest growth pro-
motion with an OD of 2.847, corresponding to a 32.54% 

increase in fungal growth relative to control and was high-
ly significant. Sample C (PDB + inoculum + 10% extract) 
also demonstrated enhanced growth with an OD of 2.585, 
reflecting a 20.32% increase (Table 5).

Sample B exhibited a single prominent peak at a re-
tention time of 3.113 with an area percentage of 97.8%, 
indicating high purity. Due to its chemical consistency and 
purity, Sample B was selected for further structural eluci-
dation by LC-MS. Also, in the growth promotion assay, 
Sample B demonstrated a significant increase in fungal 
biomass, further supporting its selection for further cha-
racterisation.

3.6. LC-MS analysis and tentative identification of 
β-Sitosterol in partially purified fraction of T. arjuna

Sample B was scanned in mass spectrometer in both 
positive and negative ionization modes. Total Ion Chroma-
togram (TIC) and Extracted Ion Chromatogram (EIC) is 
shown in Figure 5A and Figure 5B, respectively. Abundant 
mass obtained in positive mode and negative mode has 
been summarized in Table 6.

LC-MS analysis of the partially purified fraction 
(Sample B) revealed key signals supporting the presence 
of β-sitosterol. In positive ionization mode, a major mole-
cular ion peak was observed at m/z 415 [M+H]+, corres-
ponding to the protonated molecular ion of β-sitosterol, 

Sample OD @ 600nm % Growth 
Control (PDB + inoculum) 2.148 0.0 
Sample B (PDB + inoculum + 10% extract) 2.847 32.5 
Sample C (PDB + inoculum + 10% extract) 2.585 20.3 

Abbreviation: OD, optical density.

Table 5. Assessment of fungal (T .harzianum) growth promotion by partially purified extract of T. arjuna fruit.

Fig. 5. (A) Total Ion Chromatogram (TIC) and (B) Ion Chromatogram 
(EIC) of partially purified T. arjuna extract in positive mode.

Fig. 4. HPLC analysis of pooled fractions from T. arjuna fruit extract 
(A) sample A, (B) sample B and (C) sample C.
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which has a molecular weight of 414.7 g/mol. Additio-
nally, a characteristic fragment ion at m/z 256 was detec-
ted, which is typically generated by the cleavage of the 
side chain along with part of the steroidal nucleus. These 
mass spectral features closely match previously reported 
profiles for β-sitosterol, allowing for its tentative identifi-
cation in the T. arjuna fruit extract.

4. Discussion
The current study was undertaken to isolate, partially 

purify, and characterize the key phytosterol from the fruit 
of T. arjuna, and to evaluate its potential as a growth en-
hancer for industrially relevant fungal species. Recent in-
vestigations suggest that the fruit is also a rich reservoir of 
bioactive phytochemicals, including flavonoids, saponins, 
and phytosterols [16]. In this study, the successful iden-
tification of β-sitosterol through a combination of chro-
matographic and spectroscopic techniques highlights the 
phytochemical richness of T. arjuna fruit, a plant part not 
as extensively studied as the bark, which is rich in arjunic 
acid and arjunolic acid [3].

β-sitosterol, a plant sterol structurally similar to cho-
lesterol, was confirmed as the major bioactive constituent 
in the methanol extract of T. arjuna fruit. Its identifica-
tion was validated using TLC and LC-MS analyses. The 
LC-MS data, showing a molecular ion peak at m/z 414 
[M+H]+, further corroborated the presence of β-sitosterol 
[17–19]. These findings demonstrate the effectiveness 
of the adopted purification protocol and affirm T. arjuna 
fruit as a promising source of β-sitosterol. β-sitosterol 
has attracted significant scientific interest for its potential 
to modulate lipid metabolism, reduce inflammation, and 
exert antioxidant, anticancer, and immunomodulatory 
effects [20,21]. Industrially, β-sitosterol is incorporated 
into dietary supplements, functional foods, and cosmetic 
formulations for its bioactive and skin-protective effects. 
Characterizing β-sitosterol from T. arjuna fruit reveals it 
as a promising natural source and supports its use in cost-
effective, plant-based nutraceutical and biotechnological 
applications.

In this study, we have demonstrated that β-sitosterol 
positively influences the growth of selected fungal strains 
widely used in biotechnology. Treatment with partially 
purified β-sitosterol fractions significantly increased the 
biomass of Trichoderma harzianum under laboratory 
conditions. T. harzianum serves as a potent biocontrol 
agent in agriculture [22,23]. The enhanced growth obser-
ved in the presence of β-sitosterol suggests a potential ave-
nue for improving the efficacy and scalability of fungal-
based biocontrol formulations. These findings open new 
possibilities for integrating naturally derived phytosterols 
in microbial cultivation strategies to augment bio-efficacy 

and yield in agricultural biotechnology.
The precise mechanism through which β-sitosterol 

enhances fungal growth is yet to be elucidated. One hy-
pothesis is that phytosterols integrate into fungal cell 
membranes, modulating membrane permeability and flui-
dity, thereby facilitating improved nutrient uptake or trig-
gering growth-related signalling pathways [24]. Another 
possibility is that β-sitosterol serves as a structural ana-
log to ergosterol, a critical fungal membrane component, 
allowing it to substitute in membrane biosynthesis under 
certain conditions. Although exogenous sterol uptake in 
fungi is typically limited, certain conditions, such as ste-
rol-auxotrophic mutants or low ergosterol biosynthesis 
environments, may permit assimilation [25].

The current findings are in agreement with our earlier 
study, in which crude methanolic extracts of T. arjuna 
enhanced fungal growth and sporulation, particularly for 
T. harzianum and P. chrysogenum [10]. The present study 
builds on earlier findings by identifying β-sitosterol as a 
key bioactive compound contributing to the growth-pro-
moting effect of the plant extract. Other researchers have 
also noted that similar growth-promoting or modulating 
effects of phytosterols on microorganisms have been re-
ported in previous studies. Enhanced mycelial growth in 
fungal cultures exposed to plant sterols under nutrient-li-
mited conditions [26]. Supplementation with phytosterol-
rich plant extracts significantly improved sporulation and 
biomass production in Trichoderma viride cultures [27]. 

The industrial implications of these findings are signifi-
cant. The supplementation of microbial culture media with 
phytosterols or phytosterol-rich plant extracts could serve 
as a cost-effective strategy to boost fungal biomass or me-
tabolite production. This may be particularly valuable in 
fermentation-based industries where rapid fungal growth 
is desirable. Moreover, since β-sitosterol is derived from 
plant sources, it supports the current trends toward sus-
tainable, animal-free bioprocessing methods. Given the 
increasing cost and environmental concerns of synthetic 
or animal-derived media additives, plant-based enhancers 
could provide an ecologically and economically viable 
alternative [28].

Future studies should also explore the synergistic ef-
fects of β-sitosterol with other phytochemicals present in 
T. arjuna. It is likely that the effect of the partially puri-
fied plant extract is the result of additive or synergistic 
interactions among multiple constituents, including flavo-
noids and saponins, which are also known to affect mi-
crobial physiology. Furthermore, investigating the effects 
of β-sitosterol on gene expression and enzymatic activity 
in fungi could provide deeper insights into its biological 
mode of action. New approaches, including transcriptomic 
and proteomic profiling, may be valuable in understanding 

Table 6. Summary of LC-MS analysis of T. arjuna extract sample B.

Mode Retention Time (min)
Mass Spectrum

Abundant mass recorded (M + H) +1

Positive 0.0 to 2.991
415

404.6
272.8

Negative 0.007 to 0.270
256.1
284.1
265.3
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how β-sitosterol influences fungal metabolism, sporula-
tion, and secondary metabolite production.

This study tentatively confirms the presence of 
β-sitosterol in T. arjuna collected from Bangalore, India. 
However, phytochemical profiles in medicinal plants can 
differ widely depending on the location and time of col-
lection. Environmental conditions such as temperature, 
soil composition, and precipitation play a significant role 
in influencing the type and concentration of active com-
pounds. As a result, the findings presented here may not 
fully represent T. arjuna grown in other regions or under 
different seasonal conditions, and broader generalizations 
should be made with caution.

This study confirms the presence of β-sitosterol in the 
fruit of T. arjuna, a phytosterol widely recognized for 
its medicinal properties. The identification and partial 
purification of this bioactive compound provide valuable 
contributions to natural product research, highlighting the 
therapeutic potential of plant-derived sterols. Findings 
of this study demonstrate that T. arjuna fruit serves as a 
promising natural source of β-sitosterol and that this com-
pound enhances the growth of key industrial fungi. These 
findings not only expand the pharmacological relevance 
of T. arjuna but also provide insight into a sustainable, 
plant-based approach to boosting fungal biomass produc-
tion in commercial fermentation processes. Further work 
is needed to achieve complete purification and in-depth 
structural elucidation of β-sitosterol to better understand 
its mechanisms and explore its full range of applications.

References 

1.	 Dwivedi S, Udupa N (1989) Terminalia arjuna: Pharmacognosy, 
phytochemistry, pharmacology and clinical use. A review. Fitote-
rapia 60:413–20

2.	 Amalraj A, Gopi S (2016) Medicinal properties of Terminalia 
arjuna Roxb Wight & Arn: A review. J Tradit Complement Med 
7:65–78 https://doi.org/10.1016/j.jtcme.2016.02.003

3.	 Dwivedi S (2007) Terminalia arjuna Wight & Arn—a useful 
drug for cardiovascular disorders. J Ethnopharmacol 114:114–29 
https://doi.org/10.1016/j.jep.2007.08.003

4.	 Arumugam GS, Sen A, Dash SS, Mitra K, Doble M, Rajaraman 
G, et al (2022) Arjunetin as a promising drug candidate against 
SARS-CoV-2: molecular dynamics simulation studies. J Biomol 
Struct Dyn 40:12358–79 https://doi.org/10.1080/07391102.2021.
1970627

5.	 Kumar V, Sharma N, Sourirajan A, Khosla PK, Dev K (2018) 
Comparative evaluation of antimicrobial and antioxidant potential 
of ethanolic extract and its fractions of bark and leaves of Termina-
lia arjuna from north-western Himalayas, India. J Tradit Comple-
ment Med 8:100–6 https://doi.org/10.1016/j.jtcme.2017.04.002

6.	 Mwangi WC, Waudo W, Shigwenya ME, Gichuki J (2024) Phy-
tochemical characterization, antimicrobial and antioxidant activi-
ties of Terminalia catappa methanol and aqueous extracts. BMC 
Complement Med Ther 24:137 https://doi.org/10.1186/s12906-
024-04449-7

7.	 Mandal S, Patra A, Samanta A, Roy S, Mandal A, Mahapatra TD, 
et al (2013) Analysis of phytochemical profile of Terminalia ar-
juna bark extract with antioxidative and antimicrobial properties. 
Asian Pac J Trop Biomed 3:960–6 https://doi.org/10.1016/S2221-
1691(13)60186-0

8.	 Aneja KR, Sharma C, Joshi R (2012) Antimicrobial activity of 
Terminalia arjuna Wight & Arn: an ethnomedicinal plant against 
pathogens causing ear infection. Braz J Otorhinolaryngol 78:68–

74 https://doi.org/10.1590/s1808-86942012000100011
9.	 R V, N A, S R, Mahendra J (2023) Antimicrobial and anti-inflam-

matory activity of Terminalia arjuna. Bioinformation 19:184–9 
https://doi.org/10.6026/97320630019184

10.	 Shamla AK, Vijaya Chitra A (2024) Assessing the impact of Termi-
nalia arjuna plant extracts on the growth and sporulation of Tricho-
derma harzianum, Aspergillus niger and Penicillium chrysogenum. 
J Pure Appl Microbiol https://doi: 10.22207/JPAM.18.4.3211.	
Shah SMA, Akram M, Riaz M, Munir N, Rasool G (2019) Car-
dioprotective potential of plant-derived molecules: a scientific 
and medicinal approach. Dose-Response 17:1559325819852243 
https://doi.org/10.1177/1559325819852243

12.	 Dargude I, Sonawane S, Gangurde D, Dawkhar H, Daund R, 
Shinde D (2025) Phytochemical profile and pharmacological effi-
cacy of Terminalia arjuna: a detailed pharmacognostic review. 
IJPS J. https://doi.org/10.5281/zenodo.14939578

13.	 Zahiruddin S, Parveen A, Khan W, Parveen R, Ahmad S (2021) 
TLC-based metabolite profiling and bioactivity-based scienti-
fic validation for use of water extracts in AYUSH formulations. 
Evid Based Complement Alternat Med 2021:2847440 https://doi.
org/10.1155/2021/2847440

14.	 Kılınc H, D’Urso G, Paolillo A, Alankus O, Piacente S, Ma-
sullo M (2023) LC-MS and NMR based plant metabolomics: 
a comprehensive phytochemical investigation of Symphytum 
anatolicum. Metabolites 13:1051 https://doi.org/10.3390/meta-
bo13101051

15.	 Government of India, Ministry of Health and Family Welfare, In-
dian Pharmacopoeia Commission (2010) Indian Pharmacopoeia, 
Volume 1. 6th ed.

16.	 Swain RK, Tripathy SN, Rana R, Patro SK, Behera S (2023) A 
study on phytochemical and pharmacological activity of Termi-
nalia arjuna: a review. Res J Pharmacogn Phytochem 15:111–7 
https://doi.org/10.52711/0975-4385.2023.00017

17.	 Kamboj A, Saluja AK (2011) Isolation of stigmasterol and 
β-sitosterol from petroleum ether extract of aerial parts of Agera-
tum conyzoides (Asteraceae). Int J Pharm Sci 3:94–6

18.	 Mohammed M, Mahdi MF, Talib B, Abaas IS (2021) Identifica-
tion and isolation of lupeol and β-sitosterol from Iraqi Bauhinia 
variegata and determination the cytotoxic activity of the hexane 
extract of its leaves, stems and flowers. Res J Pharm Technol 
14:5703–8 https://doi.org/10.52711/0974-360X.2021.00991

19.	 Bushra [no initials], Rehman KU, Khan D, Almehizia AA, Na-
glah AM, Al-Wasidi AS, et al (2023) Isolation and bioassay of a 
new Terminalone A from Terminalia arjuna. Molecules 28:1015 
https://doi.org/10.3390/molecules28031015

20.	 Woyengo TA, Ramprasath VR, Jones PJH (2009) Anticancer 
effects of phytosterols. Eur J Clin Nutr 63:813–20 https://doi.
org/10.1038/ejcn.2009.29

21.	 Bouic PJ, Lamprecht JH (1999) Plant sterols and sterolins: a 
review of their immune-modulating properties. Altern Med Rev 
4:170–7

22.	 Dutta P, Mahanta M, Singh SB, Thakuria D, Deb L, Kumari A, 
et al (2023) Molecular interaction between plants and Tricho-
derma species against soil-borne plant pathogens. Front Plant Sci 
14:1145715 https://doi.org/10.3389/fpls.2023.1145715

23.	 Mastouri F, Björkman T, Harman GE (2012) Trichoderma har-
zianum enhances antioxidant defense of tomato seedlings and re-
sistance to water deficit. Mol Plant Microbe Interact 25:1264–71 
https://doi.org/10.1094/MPMI-09-11-0240

24.	 Moreau RA, Whitaker BD, Hicks KB (2002) Phytosterols, phy-
tostanols, and their conjugates in foods: structural diversity, 
quantitative analysis, and health-promoting uses. Prog Lipid Res 
41:457–500 https://doi.org/10.1016/s0163-7827(02)00006-1

25.	 Weete JD, Abril M, Blackwell M (2010) Phylogenetic distribution 



79

β-sitosterol from T. arjuna fruit promotes fungal growth                                                                                                                                           
                    

           Cell. Mol. Biol. 2025, 71(8): 72-79

of fungal sterols. PLoS One 5:e10899 https://doi.org/10.1371/
journal.pone.0010899

26.	 Kamthan A, Kamthan M, Azam M, Chakraborty N, Chakraborty 
S, Datta A (2012) Expression of a fungal sterol desaturase im-
proves tomato drought tolerance, pathogen resistance and nutri-
tional quality. Sci Rep 2:951 https://doi.org/10.1038/srep00951

27.	 Lyubenova A, Rusanova M, Nikolova M, Slavov SB (2023) Plant 

extracts and Trichoderma spp: possibilities for implementation 
in agriculture as biopesticides. Biotechnol Biotechnol Equip 
37:159–66 https://doi.org/10.1080/13102818.2023.2166869

28.	 Nikbakht Nasrabadi M, Sedaghat Doost A, Mezzenga R (2021) 
Modification approaches of plant-based proteins to improve their 
techno-functionality and use in food products. Food Hydrocoll 
118:106789


