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It has been reported that the secondary metabolites produced by plants are influenced by genetic diversity and
growth conditions, resulting in significant variations in chemical content even within the same species. In the
previous study searching for bioactive materials from plants to improve benign prostatic hyperplasia (BPH), it
was found that the methanolic extract of Sida rhombifolia in the family of Malvaceae exhibited the excellent
inhibition on the expressions of 5-alpha reductase type 2 (5a¢R2) and androgen receptor (AR) in human prostate
cells. In this study, we aimed to evaluate the change in the contents of major components of S. rhombifolia and the
activity of improving BPH according to the growth stages of S. rhombifolia. Plant growth characteristics including
plant height, stem diameter, leaf length, leaf width, and number of leaves were examined at intervals of
approximately 15 days for 51 days. The contents of 20-Hydroxyecdysone and a-Ecdysone, the main constituents
contained in S. rhombifolia on each day after transplantation (DAT) were analyzed using LC-ESI-MS/MS. The
inhibitory activities of S. rhombifolia stems or leaves at each DAT on the expressions of AR, 5aR2, proliferating
cell nuclear antigen (PCNA) and prostate specific antigen (PSA), were evaluated in human originated prostate
cells, RWPE-1 and LNCaP cells activated by Testosterone propionate (TP). Considering the yield of the raw
materials, the contents of metabolites, and the bioactivities, it was suggested that the appropriate collection
period for S. rhombifolia as a bioactive material to improve BPH might be after 90 DAT.

1. Introduction

Sida rhombifolia L. is a perennial plant belonging to the Malvaceae
family, is distributed in tropical and subtropical regions, and is a natu-
ralized plant in Korea (Yang, 2005). S. rhombifolia has been used to treat
rheumatism and urinary tract diseases in Ayurveda, a traditional Indian
medicine. S. rhombifolia grows up to 50-120 cm tall, and the stem is
erect, cylindrical, green or purple, and has many branches. This plant
has sparse star-shaped hairs in its juvenile stage, transitioning to an
almost glossy upon maturity. As the stem develops, it gradually becomes
semi-woody. (Adjanohoun et al., 1996; Cambria et al., 2022). According
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to the investigation of the constituents of S. rhombifolia, alkaloids,
coumarins, flavonoids, steroids, and in particular, ecdysteroids
including a-ecdysone (E) and 20-hydroxyecdysone (20HE) have been
reported as major components (Prakash et al., 1981; Chaves et al., 2013;
Chaves et al., 2017; Jadhav et al., 2007; Goyal et al., 1988; Woldeyes
et al., 2012). In the study of the physiological activity of S. rhombifolia,
various effects have been reported including vasodilation (Bartsch et al.,
2002), hepatoprotection (Dhalwal et al., 2006), arthritis treatment
(Gupta et al., 2009), anti-diabetic (Ghosh et al., 2011), and anti-
inflammation (Arciniegas et al., 2017).

Primary metabolites perform the functions of photosynthesis and
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respiration, which are important for the survival of the species, while
secondary metabolites are organic molecules that are not involved in the
normal growth and development of an organism (Agostini et al., 2012).
Secondary metabolites produced by plants are influenced by genetic
diversity and environmental factors, resulting in significant differences
in chemical content even within the same species (CV Borges et al.,
2017). Verma et al (2007) reported that the content of secondary me-
tabolites in Asparagus racemosus, Boerhavia diffusa, and Sida cordifolia
varied according to season and plant growth stage which demonstrated
changes in the contents of total alkaloids and phenols in the plants.

Benign prostatic hyperplasia (BPH) is one of the most common
urological conditions in older males, occurring when the prostate gland
around the urethra grows abnormally, blocking urine output. BPH is
known to be mainly caused by changes in the endocrine system,
including sex hormones, and aging, although the precise molecular
biological mechanisms remain unclear (Pyo et al., 2017). The preva-
lence of BPH increases after the age of 50 and reaches over 70 % in the
70 s and 90 % in the 90s (Berry et al., 1984). The main clinical symptom
observed in BPH patients is Lower Urinary Tract Symptoms (LUTS),
which significantly affect the quality of life of patients (Lim, 2017). The
elevated levels of dihydrotestosterone (DHT) observed in BPH patients
are closely associated with the onset and pathological progression of
BPH. The male hormone testosterone (T) is converted into its active
form, DHT, by the lipophilic enzyme 5-alpha-reductase (5aR). Two
isoenzymes of 5aR exist in the body, 5aR typel(5aR1) mainly expressed
in epithelial cells (skin, liver) and 5aR typell (5aR2) expressed in stro-
mal cells (mainly prostate) (Carson III et al., 2003; Bartsch et al., 2002;
Kaefer et al., 1996). It is well known that the overexpression of 5aR2 and
the increased conversion to DHT, along with binding to the androgen
receptor (AR), cause BPH. Therefore, selective inhibitors for 5aR2, such
as finasteride, are considered one of the effective pharmaceuticals for
the prevention or treatment of BPH (Wang et al., 2010).

In the search for new substances from natural products to improve
BPH, it was found that the extract of S. rhombifolia exhibited excellent
regulatory activity on 5aR2 in prostate cells (Jeong et al., 2019; Park,
2023). This study aimed to evaluate the variations in the activity of
S. rhombifolia in improving BPH and to analyze the changes in the
content of major secondary metabolites at different growth stages. For
this, the plant growth characteristics such as plant height, stem diam-
eter, leaf length, leaf width, and number of leaves were examined at
intervals of approximately 15 days over a period of 10 weeks. The
contents of major constituents of S. rhombifolia, 20HE and E were
analyzed using LC-MS/MS analysis, and the inhibitor activities on the
expression of AR, 5aR2, proliferating cell nuclear antigen (PCNA), and
prostate specific antigen (PSA), biomarkers of BPH, were measured in
testosterone propionate (TP) activated RWPE-1 and LNCaP cells.

2. Materials and methods
2.1. Plant material

The seeds of S. rhombifolia were collected from Hallim-eup, Jeju-si,
South Korea, in 2019. Plant identification was authenticated by Dr. Soo-
Yong Kim in Korea Research Institute of Bioscience and Biotechnology
(KRIBB). The cultivation and the investigation of plant growth charac-
teristics were conducted in Naedong Campus of Gyeongsang National
University. S. rhombifolia seeds were sown in 72 cell plug trays con-
taining horticultural medium. After growing the seedlings of
S. rhombifolia for 51 days, S. rhombifolia was transplanted. Samples were
collected at 45, 60, 75, 90, 105, and 120 days after transplantation
(DAT). The reason for setting 120 DAT as the final observation point is
that, after this point, no leaves were observed due to leaf fall. The
flowering was observed around 60 DAT.
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2.2. Instrumentation and Reagents

LC-ESI-MS/MS analysis was performed using an Agilent HPLC 1100
series (Santa Clare, CA, USA) and an ABSciex API 3200 mass spec-
trometer (Applied Biosystems, MDS Sciex, Concord, Canada) equipped
with an ESI-Source. Analyst® software (Version 1.6.3) was used to
process the data obtained using HPLC and MS/MS. The column used
YMC-Triart C18 (50 x 2.1 mm LD. S-3 pm, 12 nm, Japan). The 3-(4,5-
Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) reagent
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile,
methanol, and water were HPLC grade and purchased from honeywell
burdick & jackson (Muskegon, USA). Formic acid (HPLC grade) was
purchased from Fujifilm (Osaka, Japan).

2.3. Investigation of growth characteristics of S. rhombifolia

To investigate the growth characteristics of S. rhombifolia, plant
height, stem diameter, leaf length, leaf width, and number of leaves
were measured at 5, 30, 45, 52, 60, and 75 DAT. Plant height (cm) was
recorded from the ground surface to the tip of the plant. Stem diameter
(mm) was measured using the calipers (Digimatic caliper CD-15APX,
Mitutoyo, Japan) for stem thickness at 2.5 ~ 3.0 cm from the ground
surface. The length (mm) and width (mm) of the leaf were recorded the
longest and widest leaf, respectively. The number of leaves was inves-
tigated by the number of leaves per individual.

2.4. Dry yield and extraction of S.rhombifolia

The stems, leaves and flowers of S. rhombifolia collected at 45, 60, 75,
90, 105, 120 DAT were dried at 40 °C for 72 h for estimating dry yield.
For the extraction, 500 mg of each dried stems, leaves, and flowers of
S. rhombifolia were extracted with 22.5 mL 80 % (v/v) methanol for 4 h
using an ultrasonic apparatus. The extract was filtered through a 0.45 pm
PVDF filter and the solvent was removed in vacuo.

2.5. LC-ESI-MS/MS analysis of S. rhombifolia extract

LC-ESI-MS/MS analyses were performed on an Agilent HPLC 1100
series (Santa Clare, CA, USA). A YMC-Triart C18 (50 x 2.1 mm L.D. S-3
um, 12 nm, Japan) was used and maintained at room temperature. The
mobile phase consisted of DW (0.1 % formic acid) (A) and acetonitrile
(0.1 % formic acid) (B) at a flow rate of 0.3 mL/min, with a gradient
elution as follows: 0-2 min, 90 % A; 2-8 min, 90-0 % A; 8-10 min, 0 %
A. The injection volume was 1.0 pL. MS/MS analysis was performed
using MRM (Multiple Reaction Monitoring) mode after optimization to
derive the optimal analysis conditions for 20HE and E. Ionization was
used ESI (electrospray ionization) using Z-spray, argon gas was used as
collision gas, and nitrogen gas was used as nebulizer gas. Ion source
temperature was set at 500°C, nebulizer gas flow at 50 L/min, curtain
gas flow at 20 L/min, auxiliary gas flow at 55 L/min, and Ion spray
voltage at 4500 kV. ESI was operated in the positive ion mode. Full-scan
spectra were acquired over the range of m/z 100-1000. S. rhombifolia
extracts were diluted to 25 ug/mL with 50 % acetonitrile solvent and
then injected into LC-ESI-MS/MS. 20HE and E were set as major com-
pounds, and the experiment was conducted by diluting 20HE in the
range of 10-1000 ng/mL and E in the range of 1-100 ng/mL using 10 %
acetonitrile containing 0.1 % formic acid.

2.6. Cell cultures

RWPE-1 (normal human prostatic epithelial cell line) and LNCaP
(human prostatic adenocarcinoma cell line) cells were purchased from
ATCC (American Type Culture Collection, Manassas, VA, USA). RWPE-1
cells were cultured in keratinocyte serum free medium (K-SFM; Gibco
BRL, Grand Island, NY, USA) supplemented with 0.05 mg/mL bovine
pituitary extract, 5 ng/mL epidermal growth factor and 1 % (v/v)
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antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin). LNCaP
cells were cultured in RPMI-1640 (GenDEPOT, CM059-050) medium
containing 10 % (v/v) Fetal Bovine Serum (FBS), 1 % (v/v) antibiotics
(100 U/mL penicillin and 100 ug/mL streptomycin). The cells were
incubated at 37°C and 5 % CO, saturation.

2.7. Estimation of cell viability

Cell viability was determined using the colorimetric MTT assay.
RWPE-1 and LNCaP cells were seeded at densities of 1 x 10* cells/well,
respectively, in 96-well plates and incubated for 24 h. Then, the extract
of S. rhombifolia (1, 5, 10, 20 ug/mL) was treated and incubated for 24 h.
MTT solution (2 mg/mL) in distilled water was added to each well for 3
h at 37°C. The supernatant was aspirated and 100 uL. of DMSO was
added to solubilize the formazan crystals. After those insoluble crystals
were completely dissolved, absorbance at 540 nm was measured using
TECAN microplate reader (Infinite M200 Pro, TECAN).

2.8. Western Blotting

RWPE-1 and LNCaP cells were seeded at densities of 6 x 10° cells/
well and 4 x 10° cells/well, respectively, in 6-well plates and incubated
overnight. The cells were treated with 20 ug/mL of S. rhombifolia extract
or finasteride (10 pM), a positive control, for 1 h, followed by treated
with 0.5 pM TP. RWPE-1 and LNCaP cells were further incubated for 24
h and 72 h, respectively. The cells were washed with cold phosphate
buffered saline (PBS) and cell lysates were extracted with a lysis buffer
(M—PER™ Mammalian Protein Extraction Reagent 78501, Thermo
Scientific, Waltham, MA, USA) containing protease inhibitor cocktail
(Thermo Scientific, Waltham, MA, USA). The protein extracts were
centrifuged at 14,000 rpm for 20 min at 4°C. The protein content of cell
lysates was quantified using the Bradford assay. Thirty micrograms of
harvested protein were separated in 10 % Sodium Dodecyl Sulfate-
PolyAcrylamide Gel Electrophoresis (SDS-PAGE) at 100 V and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. The membrane
was blocked with 5 % skim milk containing 10 mM Tris, 150 mM Nacl,
and 0.05 % tween 20 for 1 h at room temperature. Anti-AR (5153 T, Cell
Signaling Technology), anti-PCNA (131108, Cell Signaling Technology),
anti-PSA (5365S, Cell Signaling Technology), anti-5aR2 (sc-293232,
Santa Cruz Biotechnology), anti-a-tubulin (sc-8035, Santa Cruz
Biotechnology) and anti-p-actin (sc8432, Santa Cruz Biotechnology)
were used in 1 % skim milk. The membrane was incubated with each
primary antibody at 4°C overnight. After washing three times with Tris
Buffered Saline with Tween (TBS-T) buffer, immunoreactive bands were
visualized by using immunopure peroxidase-conjugated mouse anti-
rabbit IgG or goat anti-mouse IgG (1:10,000 dilution; Santa Cruz
Biotechnology). The membrane was incubated with secondary anti-
bodies for 1 h at room temperature. The blots were washed three times
with TBS-T buffer. The protein bands were visualized using ECL solution
(bio-rad clarity Max western ECL substrate) and calibrated using the
Chemidoc Imaging System (Fusion FX5, Vilber Lourmat, France).

2.9. Statistical analysis

Growth characteristics investigation, dry yield and quantitative
determination statistical analysis were performed with IBS SPSS statis-
tics v26 program (International Business Machines Co, Ltd., USA). The
significance level was determined by Duncan’s Multiple Range Test. (p
< 0.05). For in vitro experiment was performed with GraphPad Prism 6
program (GraphPad Institute Inc., USA). The significance level was
determined by One-Way ANOVA Test (p < 0.05).
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3. Results
3.1. Investigation of growth characteristics of S. rhombifolia

To determine the growth characteristics of S. rhombifolia according
to the growth stages, plant height, stem diameter, leaf length, leaf width,
and number of leaves were investigated. It was found that plant height
increased approximately 4.2 times from 95.3 mm to 396.6 mm from 5
DAT to 30 DAT. A significant increase in plant height was observed
between 30 DAT and 52 DAT. It was observed that the plant height at 45
DAT increased by approximately 1.7 times compared to that at 30 DAT,
which continued to increase up to 1.3 times by 52 DAT (Fig. 1A). Stem
diameter was observed to be 1.6 mm at 5 DAT, 4.2 mm at 30 DAT, 7.6
mm at 45 DAT, and 11.2 mm at 52 DAT. The stem diameter at 52 DAT
increased about 7 times compared to 5 DAT (Fig. 1B). Leaf length
increased from 35.1 mm at 5 DAT to 60.0 mm at 30 DAT, and thereafter
exhibited a gradually increasing trend (Fig. 1C). Similar to leaf length,
leaf width showed the rapid growth from 5 DAT to 30 DAT. The width of
16.4 mm at 5 DAT increased to 37.7 mm at 30 DAT, indicating an in-
crease of approximately 2.3 times. Furthermore, at 45 DAT, the leaf
width increased by approximately 1.1 times compared to that at 30 DAT,
followed by a gradual increase thereafter (Fig. 1D). The number of
leaves exhibited a gradual increase throughout the growth period,
reaching its maximum at 60 DAT, showing an approximately 19.1-fold
increase compared to 5 DAT, before gradually decreasing thereafter
(Fig. 1E). All parameters except the number of leaves were observed to
reach the highest values at 60 DAT and 75 DAT.

3.2. Dry yield of stems and leaves of S. rhombifolia according to growth
stages

The stems and leaves of S. rhombifolia collected between 45 DAT and
120 DAT were dried and dry yield was calculated. The dry yield of stems
at different growth stages of S. rhombifolia ranged from 26.71 to 69.28
%. The highest dry yield was found at the final growth stage, 120 DAT,
indicating 2.6-fold increase compared to yield at 45 DAT (Table 1). In
contrast, the dry yield of leaves ranged from 31.90 to 43.61 % with the
highest yield recorded at 60 DAT, after which it decreased (Table 2). The
flowers of S. rhombifolia were collected at 60 DAT, and the dry yield of
flowers was measured as 46.25 %. The dry yield of stems and leaves
reached their maximum levels at 75 DAT and 60 DAT, respectively, then
slightly decreased thereafter. However, an increasing trend was
observed again until the final observation point of growth.

3.3. LC-ESI-MS/MS analysis of S. rhombifolia

In the previous study reported by Jadhav et al (2007), seven ecdys-
teroids including 20HE and E were isolated from the aerial part of
S. rhombifolia and their structures were determined. Additionally, LC-
ESI-MS analysis demonstrated that 20HE and E were the major com-
pounds in S. rhombifolia (Wang et al., 2008). In this study, the change in
the contents of 20HE and E in the extract of S. rhombifolia at different
growth stages was measured through LC-ESI-MS/MS. Prior to the anal-
ysis of extracts using MRM mode to improve detection sensitivity, the
detection conditions of each compound, 20HE and E, were optimized
and the corresponding values were selected for analysis. The precursor
and product ion of 20HE and E for MRM were set m/z 481.5 [M+H] ™"
and m/z 445.2 [M—2H,01", m/z 465.6 [M+H]" and m/z 429.4
[M—2H,0]", respectively (Figs. 2 and 3). The parameter values of
declustering potential (DP), entrance potential (EP), collision energy
(CE), collision cell entrance potential (CEP), and cell exit potential (CXP)
optimized for 20HE and E were shown in Table 3. For quantitation of
20HE and E in the extract of S. rhombifolia, calibration curves were
obtained with different concentration ranges. 20HE was diluted to 10,
25, 50, 100, 200, 1000 ng/mL, and E was diluted to 1, 5, 25, 50, 100 ng/
mL. The linearity was evaluated by the regression coefficient (R?) of the
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Fig. 1. Plant height (A), stem diameter (B), leaf length (C), leaf width (D) and number of leaves (E) according to the growth stages of S. rhombifolia. Growth
characteristics were investigated 6 times at 5, 30, 45, 52, 60 and 75 days after transplantation (DAT). Results were expressed as the mean + S.D. of data. Different
letters indicate significant differences at p < 0.001.

Table 1

Dry yield of stems according to the growth stages of S. rhombifolia.

Table 2
Dry yield of leaves according to the growth stages of S. rhombifolia.

DAT? Fresh weight (g) Dry weight (g) Dry yield (%) DAT® Fresh weight (g) Dry weight (g) Dry yield (%)
45 63.88 + 12.17¢” 17.09 + 3.40c 26.71 £ 1.05d 45 24.20 + 3.87ab” 7.72 £ 1.26a 31.90 £ 0.64c
60 76.93 £ 27.46bc 26.65 + 10.41c 34.98 + 8.85¢ 60 20.47 £ 6.58b 8.45 + 1.92a 43.61 +12.89a
75 131.33 + 48.08a 64.95 + 17.90a 50.95 =+ 5.09b 75 29.00 + 11.08ab 9.52 + 3.68a 32.75 + 1.26bc
90 110.67 + 35.32ab 42.92 +13.79b 38.74 £ 0.90c 90 32.33 £10.31a 10.73 + 3.46a 33.21 + 1.05bc
105 94.00 + 28.82abc 43.48 +13.89b 46.09 £+ 1.33b 105 21.33 £ 6.15b 8.63 £ 2.73a 40.13 £ 3.27ab
120 73.33 + 20.85bc 50.97 + 14.97ab 69.28 + 2.01a Significant® NS NS i

Significant® * il o

@ DAT: Day After Transplantation.
b Mean separation within column’s by Duncan’s multiple range test.
¢ Significant: p < 0.05 (*) and p < 0.001 (***).

? DAT: Day After Transplantation.
b Mean separation within column’s by Duncan’s multiple range test.
¢ Significant: NS = nonsignificant, p < 0.01 (**).
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Fig. 2. Product ion mass spectra of 20-hydroxyecdysone (A) and a-ecdysone (B) isolated from S. rhombifolia.

respective calibration curves which showed R2. Calibration curves of 3.4. Quantitative determination of 20HE and E in S. rhombifolia extract
20HE and E showed excellent linearity with regression coefficient (Rz)
of 0.9999 and 0.9993, respectively (Table 4). Using the optimized parameters of 20HE and E, the contents of these

compounds in the extract of S. rhombifolia at the different growth stages
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Fig. 3. Extracted ion chromatograms of analytes quantified 20-hydroxyecdysone (A) and a-ecdysone (B) isolated from S. rhombifolia in MRM mode.

Table 3

Optimized parameters of 20-hydroxyecdysone and a-ecdysone for Multiple reaction monitoring (MRM)-MS analysis.

Compounds Precursor ion (m/z) Product ion Optimized Parameters

(m/z) DP EP CE CEP cxp
20-hydroxyecdysone 481.5 445.2 31 6.5 21 18 6
a-ecdysone 465.6 429.4 21 3.5 19 24 6

DP-declustering potential; EP-entrance potential; CE-collision energy; CEP-cell entrance potential; CXP-cell exit potential.

Table 4
Parameters of the developed method for quantitation of 20-hydroxyecdysone
and a-ecdysone in LC-ESI MS/MS analysis.

Compounds Regression R? Linearity range (ng/
equation mL)
20- y=27.9x-62.4 0.9999 10-1000
hydroxyecdysone
a-ecdysone y =14.7x-22.7 0.9993 1-100

were analyzed. The results of quantitative analysis of 20HE and E in
S. rhombifolia extract were summarized in Fig. 3. In stems of
S. rhombifolia, the contents of 20HE and E were highest at 60 DAT and
decreased thereafter, then tended to increase again at 90 DAT. The
contents of 20HE and E in S. rhombifolia stems were found as 6.22 and
1.3 pg/g at 60 DAT, 3.67 and 0.81 pg/g at 90 DAT, 5.09 and 0.79 pg/g at
120 DAT, respectively (Fig. 4A and B). In leaves of S. rhombifolia, similar
to that of stems, the contents of 20HE and E were highest at 60 DAT. The
contents of 20HE and E in the S. rhombifolia leaves were 3.21 and 0.64
ug/g at 60 DAT, 1.55 and 0.31 pg/g at 75 DAT, 1.75 and 0.23 pg/g at 105
DAT, respectively (Fig. 4C and D). In the case of flowers, the contents of
20HE and E were measured to be 30.73 pg/g and 3.47 pg/g,

respectively, based on the average values. It was confirmed that the
content of 20HE was much higher in flowers compared to stems (3.67 ~
6.22 pg/g) or leaves (1.55 ~ 3.21 ug/g).

3.5. Activities of stems of S. rhombifolia to improve the expressions of AR,
5aR2, PCNA and PSA in testosterone propionate-activated RWPE-1 and
LNCaP cells

The protective activities of stems, leaves, and flowers of
S. rhombifolia on the expressions of proteins related to BPH were eval-
uated in TP-activated RWPE-1 and LNCaP cells. Prior to evaluating the
activities, the toxicities of each extract (stems, leaves and flowers of
S. rhombifolia) were measured using MTT assay. The treatment of cells
with each extract of S. rhombifolia showed no toxicity against RWPE-1 or
LNCaP cells at the concentration range from 1 to 20 pg/mL (data not
shown). The regulatory effects of the extract of S. rhombifolia on the
expressions of AR, 5aR2, PCNA and PSA, biomarkers of BPH, were
measured using Western blot assay. Finasteride, a selective 5aR2 in-
hibitor, was applied as a positive control.

In RWPE-1 cells, when treated with TP, the expression levels of
intracellular AR, 5aR2, and PCNA were increased by 26 %, 37 %, and 33
%, respectively, compared to those of non-treated cells (NC) (Fig. 5). The
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letters indicate significant differences at * p < 0.05 and *** p < 0.001.

treatment of the cells with the extract of S. rhombifolia stems signifi-
cantly reduced the expressions of these proteins. The reduction of AR
expression was observed from 75 DAT, with a subsequent decrease
thereafter. In cells treated with the extract at 120 DAT, the last stage of
growth, AR expression decreased to 49 % compared to that of the TP-
only treated group. The reduction of 5aR2 expression was observed at
all stages of growth, particularly at 120 DAT, where the most remarkable
activity on 5aR2 was demonstrated, resulting in a decrease of 41 %
compared to the TP-only treated group. The reduction of PCNA
expression was found at 45 DAT and from 90 to 120 DAT. Based on the
above results, it was found that the period with the highest activity of
S. rhombifolia for suppressing three biomarkers associated with BPH,
5aR2, AR, and PCNA, in RWPE-1 cells occurred between 90 and 120
DAT.

In LNCaP cells, the treatment of cells with TP induced the expressions
AR, 50R2 and PSA by 35 %, 17 % and 49 % compared to that of non-
treated cells (Fig. 6). In cells treated with extract of S. rhombifolia
stems, the reduction of AR and PSA expression was shown from 90 to
120 DAT, and from 60 to 120 DAT, respectively. While the significant
reduction of 5aR2 expression was only observed at 120 DAT. The ac-
tivities of S. rhomibifolia on the enzymes did not entirely coincide in two
in vitro systems, however, a similar trend was observed. In LNCaP cells,
the period during which 5AR and PSA were suppressed by S. rhombifolia
occurred after 90 DAT, while the time point at which all three enzymes,
including AR, were suppressed was 120 DAT.

3.6. Activities of leaves of S. rhombifolia to improve the expressions of
AR, 5aR2, PCNA and PSA in testosterone propionate-activated RWPE-1
and LNCaP cells

In RWPE-1 cells, when treated with TP, the expression levels of
intracellular AR, 5aR2, and PCNA were increased by 15 %, 16 %, and 23
%, respectively, compared to those of NC (Fig. 7). The expressions of
these proteins were significantly reduced by the treatment with the
extract of S. rhombifolia leaves at all stages of growth. The reductions in
AR and 5aR2 expressions were remarkable at 105 DAT demonstrating
the decreases of 29 % and 53 % compared to the TP-only treated group,
respectively. The reduction in PCNA expression was significant at 90
DAT resulting in a decrease of 53 % compared to the TP-only treated
group. Based on the above results, it was found that the period with the
highest activity of S. rhombifolia leaves for suppressing 5aR2, AR, and
PCNA in RWPE-1 cells occurred between 90 and 120 DAT.

In the TP-treated LNCaP cells, the expressions of AR, 5aR2, and PSA
increased by 31 %, 93 %, and 58 %, respectively, compared to NC
(Fig. 8). Conversely, treatment of cells with the extract of S. rhombifolia
leaves resulted in a reduction of AR, 5aR2, and PSA expressions at all
stages of plant growth. The most notable decrease in AR and 5aR2 ex-
pressions was observed at 105 DAT, whereas the most significant
reduction in PSA expression was found at 45 DAT. Therefore, the period
with the highest suppressive activity of S. rhombifolia on these proteins
associated to BPH in LNCaP cells was identified to be at 105 DAT.
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3.7. Activities of flowers of S. rhombifolia to improve the expressions of
AR, 5aR2, PCNA and PSA in testosterone propionate-activated RWPE-1
and LNCaP cells

In the TP-treated RWPE-1 cells, the treatment with the extract of
S. rhombifolia flowers significantly reduced the expressions of AR, 5aR2
and PCNA proteins (Fig. 9). The expressions of AR, 5aR2, and PCNA
were decreased by S. rhombifolia flowers by 7 %, 17 %, and 20 %,
respectively, compared to the TP-only treated group.

In the TP-treated LNCaP cells, the extract of S. rhombifolia flowers
reduced the levels of AR, 5aR2, and PSA proteins (Fig. 10). The reduc-
tion in AR, 50R2, and PSA expressions by S. rhombifolia flowers was 18
%, 26 %, and 11 %, respectively, compared to the TP-only treated group.

4. Discussion

BPH is one of the most common urinary conditions in elderly men,
occurring when the prostate around the urethra abnormally grows and
blocks urine output. It has been reported that BPH often lead to LUTS,
which significantly negative impact on patients’ quality of life (Welch
et al.,, 2002). In BPH patients, higher levels of DHT were observed
compared to normal people (Parsons et al., 2010). T is the precursor of
DHT, predominantly synthesized in the Leydig cells of the testes in
response to the hormone signaling from the hypothalamic-pituitary axis.
T produced in the testes migrates to the prostate and is converted to DHT
by the enzyme 5aR (Roehrborn, 2008). Two isoenzymes of 5aR exist in
the body, 5aR1 mainly expressed in in epithelial cells (skin, liver) and
5aR2 expressed in stromal cells (mainly prostate) (Carson Il et al., 2003;
Bartsch et al., 2002; Kaefer et al., 1996). Finasteride and dutasteride are
5aR inhibitors. Finasteride selectively inhibits the 50R2 isozyme,
whereas dutasteride is a non-selective inhibitor of S5aR1 and 5aR2. Fi-
nasteride reduced serum DHT levels by 70-90 %, while dutasteride can
effectively decrease serum DHT levels to nearly undetectable levels.
Nevertheless, these drugs are associated with adverse effects, including
erectile dysfunction, decreased libido, and ejaculation disorder, as
documented in studies by Sarma et al. (2012) and Yoo et al. (2008).
Hence, there exists a necessity to advance the development of novel
compounds demonstrating superior efficacy in alleviating BPH while
mitigating the adverse effects associated with current 5a-reductase in-
hibitors. Notably, recent studies have highlighted the promising po-
tential of natural products exhibiting remarkable efficacy in
ameliorating BPH symptoms. The extract of medicinal plants or derived
compounds suppressed 5aR and regulated the BPH-associated bio-
markers in vitro and in vivo. Park et al., 2022 reported that ellagic acid
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significantly reduced the prostate size, serum level of DHT, and the
protein levels of AR, 5aR2, and PSA in TP-induced rat models. Deng
etal., 2019 reported in vitro investigations that revealed significant anti-
BPH effects of E. angustifolium. Subsequent in vivo studies demonstrated
that E. angustifolium exerted therapeutic effects against TP-induced BPH
in Sprague-Dawley rats by reducing androgen levels, suppressing NF-xB
expression, and ultimately mitigating inflammatory responses and
oxidative stress. The anti-BPH activities of single compounds derived
from natural products have been also reported. Pyridinium alkaloids,
Voratin A-C isolated from Marine dinoflagellate Effrenium voratum
decreased the expressions of AR, 5aR2 and PSA in TP-activated LNCaP
cells (Lee et al., 2022). Recently, Kaempferol has been shown to exhibit
androgenic-like activity, acting as a selective androgen receptor modu-
lator implicated in androgen-related BPH development. This was evi-
denced through molecular docking, cellular immunofluorescence
staining, chromatin immunoprecipitation, and dual luciferase reporter
assay (Wang et al., 2021). In our efforts to search for new bioactive
candidates from natural products to improve BPH, it was found that the
methanolic extract of S. rhombifolia stems and leaves significantly
decreased the expressions of 5aR2 and AR in prostate cells activated
with TP.

Primary metabolites carry out essential functions such as photosyn-
thesis and respiration, crucial for the species’ survival. In contrast,
secondary metabolites are organic molecules unrelated to the growth
and development process of organism (Agostini et al., 2012). The
chemical composition of secondary metabolites is significantly influ-
enced by environmental stressors such as temperature, carbon dioxide
levels, light exposure, and soil conditions (Pant et al., 2021). For
instance, in various growth stages of Physalis peruviana, changes in
carotenoid compositions were observed. The highest carotenoid content
was noted during the half-ripe stage, with zeaxanthin levels peaking
during the yellowing phase, and neoxanthin and lutein levels reaching
their highest during the green phase (Yu et al., 2019). Similarly, a
comparative HPLC analysis of alkaloid content in Catharanthus roseus
leaves collected at different growth stages was reported. It was observed
that bisindole alkaloids increased while monoindole alkaloids
decreased, as the leaves aged and the plants matured (Pan et al., 2016).
The influence of environmental factors on secondary metabolite content
is also evident in plants of the Sida genus. Verma et al. (2007) reported
variations in the content of total alkaloids and phenols in Sida cordifolia
according to the season and growth stage. The maximum accumulation
of alkaloids and phenols occurred in April-June for S. cordifolia.

In this study, we attempted to evaluate the variations in the activity
of S. rhombifolia to improve BPH and the changes in the content of major
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secondary metabolites according to its growth stages. For this, the plant
growth characteristics such as plant height, stem diameter, leaf length,
leaf width, and number of leaves were examined at intervals of
approximately 15 days for 10 weeks. The contents of major constituents
of S. rhombifolia, 20HE and E were analyzed through LC-MS/MS anal-
ysis. Also, the activities regulating the expressions of AR, 5aR2, PCNA
and PSA, biomarkers of BPH, were measured in TP-activated RWPE-1
and LNCaP cells. A study on the growth characteristics of S. rhombifolia
revealed that both the height and stem diameter increased rapidly up to
52 DAT, followed by a more gradual growth rate thereafter. Similarly,
the length and width of S. rhombifolia leaves exhibited rapid growth up
to 30 DAT, with a subsequent slowing of the growth rate. Overall, it was
found that all growth factors exhibited rapid growth up to 52 DAT, after
which there was a noticeable deceleration in their growth rates. Adja-
nohoun et al. (1996) reported that S. rhombifolia grows to a height of
50-120 cm. In the present study, the height of S. rhombifolia reached
approximately 86 cm by 75 DAT, with no significant increase observed
thereafter, up to 120 DAT. In the case of stems, a correlation between the
dry yield and the content of major compounds, 20HE and E was
observed at different growth stages. The dry yield of the stems increased
until 75 DAT, followed by a sharp decline between 75 and 90 DAT,
reaching its lowest point at 90 DAT. Subsequently, the yield increased
again, reaching 69.28 % at 120 DAT. Consistently, the contents of 20HE
and E in the stems followed a similar trend. After 90 DAT, S. rhombifolia
exhibited distinct semi-woody characteristics, which are presumed to be
related to the changes in dry yield and major compound content
observed at 90 DAT. Throughout the entire growth period, the average
content of 20HE and E in the stems was 5.01 pg/g and 0.96 ng/g,
respectively, and 2.28 ug/g and 0.37 ug/g in the leaves, indicating that
the concentration of 20HE in the stems was approximately 5.23 times
higher than that of E. Notably, the content of 20HE and E in the stems of
S. rhombifolia consistently exceeded that in the leaves across all growth
stages. These findings are consistent with those reported by Avula et al.
(2008), which demonstrated that 20HE levels were approximately 3.48
times higher than E in S. rhombifolia based on LC-UV analysis. The ac-
tivities of S. rhombifolia stems and leaves to improve BPH were evaluated
in TP-activated RWPE-1 and LNCaP cells. The expression levels of AR,
5aR2, PCNA and PSA induced by TP were effectively attenuated by
S. rhombifolia stems or leaves. 5aR2, an isozyme of 50R, was primarily
expressed in prostate tissue, where it converts T into DHT (Pais, 2010).
The converted DHT is reported to be a factor inducing BPH by stimu-
lating cell proliferation through its binding to AR (Nicholson et al.,
2011). PCNA plays a crucial role in regulating cell cycles, including DNA
replication and cell division (Strzalka et al., 2011). It has been reported
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that PCNA contributes to prostate hypertrophy by promoting the pro-
liferation of prostate cells (Zhong et al., 2008). PSA is synthesized in the
epithelial cells of the prostate and is commonly used as an indicator for
diagnosing prostate cancer (Chung et al., 1996). Studies suggest that
PSA levels increase with prostate enlargement compared to normal
prostate sizes (Lee et al., 2008). The activities of S. rhombifolia stems and
leaves in regulating AR, 5aR2, PCNA, and PSA expression varied ac-
cording to the growth stage of S. rhombifolia. Particularly noteworthy,
extract from S. rhombifolia stems significantly inhibited the expressions
of AR, 5aR2, and PCNA after 90 DAT in RWPE-1 cells. Moreover, these
extracts significantly inhibited the expression of 5aR2 and PSA after 90
DAT in LNCaP cells. Extracts from S. rhombifolia leaves exhibited
inhibitory activity on AR, 5aR2, PCNA and PSA across all growth stages,
with significant activity observed after 60 DAT, except for AR expression
in both RWPE-1 and LNCaP cells. Based on these results, it was found
that the extract of S. rhombifolia stems exhibited distinct variations in
bioactivity depending on the growth stage, whereas the extract of leaves
showed relatively consistent bioactivity throughout the entire growth
period.

5. Conclusions

Over a 120-day period following transplantation, an evaluation of
the growth characteristics of S. rhombifolia, the content of major com-
pounds (20HE and E), and its regulatory activity on BPH-associated
biomarkers was conducted. It was notably found that the height and
stem diameter of S. rhombifolia increased until 52 DAT, after which the
growth rate slowed. Additionally, the dry yield and compound content
in the stems reached their lowest point at 90 DAT, followed by a sharp
increase until 120 DAT. Consistent with these changes, the inhibitory
activities of the stem extract on AR, 5aR2, and PCNA in RWPE-1 cells, as
well as on 5aR2 and PSA in LNCaP cells, increased significantly after 90
DAT. Based on these results, it is suggested that the appropriate period to
collect S. rhombifolia as an active substance to improve BPH might be
after 90 DAT, considering the yield of the raw materials, the contents of
metabolites, and the bioactivities.
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