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ABSTRACT

This study employed the 22Rv1 in vitro model of CRPC to investigate the antican-
cer effect of the hydroethanolic root extract of Croton membranaceus (CMERE). 
The effects of CMERE on proliferation, migration and colony forming ability of 
22Rv1 cells were studied. Isobologram analysis of combined effect of CMERE and 
enzalutamide, an androgen receptor blocker, on 22Rv1 proliferation, was also in-
vestigated. Lastly, selective cytotoxicity of CMERE was investigated using 22Rv1, 
BPH1 and THP-1 cells. We could show that CMERE inhibited testosterone-depen-
dent and independent 22Rv1 cell proliferation. Moreover, drug combination stud-
ies showed that CMERE and enzalutamide may inhibit 22Rv1 cell proliferation via 
different mechanisms. Additionally, CMERE at all doses significantly inhibited the 
migration and colony formation of 22Rv1. Lastly, CMERE was selectively toxic to 
22Rv1 and BPH1 cells but not to the non-prostate derived cell line THP-1 monocyte-
like cells. Thus, CMERE possesses anticancer activity against 22Rv1 CRPC model.
Keywords: 22Rv1, castration-resistant prostate cancer, Croton membranaceus, 
isobologram, selective cytotoxicity
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INTRODUCTION

Prostate cancer (PCa) is a biologically and clinically heterogeneous malignant 
condition that originates from the prostate, a small gland below the bladder 
and anterior to the rectum 1. It is the second most diagnosed cancer in men 
globally, with an alarming 1.2 million new cases and 350,000 PCa-related 
deaths recorded annually 2. PCa thus affects millions, chiefly in regions of high 
human development index 2. Nonetheless, low-income nations such as coun-
tries in sub-Saharan Africa, Central Asia and South Asia, have the highest rates 
of annual increase in PCa incidence and deaths despite the lowest documented 
incidence of the disease, as the disease is believed to be underestimated due to 
lack of screening, poor access to healthcare and environmental factors 3-5. This 
illustrates the nature of PCa disease burden on global healthcare, highlighting 
the need to understand the disease and design effective treatment modalities.

Given the above, the androgen receptor has been identified as the most impor-
tant molecular driver of prostate cancer progression 6,7. Thus, inhibiting andro-
gen receptor using androgen deprivation therapy is the mainstay of advanced 
prostate cancer therapy 8,9. Despite initial positive response, nearly all patients 
fail to respond to androgen ablation following 2–3 years of ADT, and progress to 
a stage of the disease known as castration-resistant prostate cancer 7. Castration-
resistant prostate cancer remains incurable as the newer agents such as enzalu-
tamide, flutamide, apalutamide and darolutamide are less effective 10. Further-
more, apalutamide and darolutamide are significantly toxic and do not provide 
a lasting solution despite initial improvement in metastasis-free survival 11,12. For 
this reason, the need for newer, highly effective and less toxic therapies in the 
treatment of castration-resistant prostate cancer is clearly highlighted.

Accordingly, plants and their products have proven beneficial for centuries as 
important sources of drug leads despite the increasing popularity of combina-
torial chemistry 13. In fact, it is estimated that 25.1% of approved anti-cancer 
drugs originated from natural products and their derivatives 14. These products 
of natural origin may produce cost-effective promising results and fewer un-
toward effects 15. One such important plant source is Croton membranaceus 
Mϋll. Arg. (Euphorbiaceae) which has been safely used as a root decoction in 
the management of benign prostatic hyperplasia (BPH) and other prostate dis-
eases in various Ghanaian communities 16. In addition, the cytotoxic effect of 
the methanolic extract has been demonstrated in human MCF-7 breast car-
cinoma, DLD-1 colon carcinoma, and PC3 prostate carcinoma cells 17. How-
ever, little is known about the effect of the plant on other aspects of cancer 
development such as cancer cell migration and metastasis. To the best of the 
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authors’ knowledge, no study has reported on the effect of the plant on CRPC 
(Castration-resistant prostate cancer). This study therefore sought to investi-
gate the effect of the hydroethanolic root extract of Croton membranaceus on 
castration-resistant prostate cancer.

METHODOLOGY

Plant collection and preparation of hydroethanolic root extract 

The roots of Croton membranaceus Mϋll. Arg., locally known as bokum by the 
Krobos of Ghana, were collected from Kwahu-Asakraka in the Eastern Region 
of Ghana on the 3rd of January, 2021 and were authenticated by Dr. George 
H. Sam of the Department of Herbal Medicine, KNUST. A voucher specimen 
(KNUST/HM1/2021/R005) was deposited at the Herbarium of the Depart-
ment of Pharmacognosy, KNUST. Subsequently, the fresh roots of C. membra-
naceus were washed thoroughly, dried in shade and pulverized into a coarse 
powder. Thereafter, C. membranaceus roots were extracted as previously de-
scribed by Sarkodie et al. 18 and Asare et al.16, with slight modifications. Briefly, 
the hydroethanolic root extract (CMERE) was prepared by dissolving 1 kg of 
root into 4 L of 70% v/v ethanol. The roots were cold macerated in the solvent 
for 96 hours after which root materials were removed by decantation and the 
residues were further dissolved in 2.5 L of 70% ethanol for an additional 72 
hours. Subsequently, the supernatant was decanted and filtered using a What-
man No.1 filter paper. The hydroethanolic root extract was concentrated in 
a rotary evaporator (Buchi Labotechnik Rotavap R-210) at 50°C and further 
dried in an oven (Gallenkamp OMT Oven, SANYO, Japan) at 50°C. The result-
ing soft mass was then placed in a desiccator to remove the residual moisture. 
Afterwards, the extract was stored at 4°C until further use. Percentage yield of 
3.8%.was obtained for the hydroethanolic root extract.

Gas chromatography-mass spectrometry analysis of extract

Gas chromatography-mass spectrometry (GC-MS) fingerprinting was per-
formed to identify the possible presence of compounds that may be responsible 
for the biological effects of the extract. Thus, GC-MS analyses of the hydroetha-
nolic root extract was carried out using a PerkinElmer GC Clarus 580 Gas Chro-
matograph that is interfaced to a Mass Spectrometer PerkinElmer (Clarus SQ 
8 S) and equipped with Elite-5MS (5% diphenyl/95% dimethyl poly siloxane) 
fused to a capillary column (30 × 0.25 μm ID × 0.25 μm DF). The temperature 
of the oven was serially set from 80°C with stepwise increments of 10°C/min to 
250°C, then 5°C/min to 280°C and holding for 15 mins at 280°C. For GC-MS 
detection, an electron ionization system was operated in electron impact mode 
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with ionization energy of 70 eV. As a carrier gas, high purity helium gas was 
used and programmed at a constant flow rate of 1 mL/min, with an injection 
volume of 1μl. The temperature of the injector and the ion-source were kept at 
250°C and 150 °C, respectively. Subsequently, the mass spectrum of the extract 
was generated at 70 eV with a scan interval of 0.1 s and fragments from 45 to 
450Da were analyzed. The solvent delay and the total GC/MS running time 
were 0 to 2 mins, and 38 mins, respectively. The mass-detector and the soft-
ware employed to handle mass spectra and chromatogram used in this analysis 
were Turbo-Mass and Turbo-Mass ver-6.1.0, respectively. Interpretation of the 
mass-spectrum GC-MS was conducted using the database of National Institute 
of Standard and Technology (NIST), which contains over 62,000 patterns 19.

Cell culture

Human prostate carcinoma cell line 22Rv1 and benign neoplastic cell line (BPH1) 
were obtained as a gift from the Steroid Hormone Lab of Prof. Dr. Andrew Cato 
of the Institute of Biological and Chemical Systems (IBCS), Karlsruhe Institute 
of Technology (KIT), Germany, and routinely cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) plus 1 mM sodium pyruvate, 100 units/mL penicillin 
and 100 mg/L streptomycin (Sigma, Germany), hereto referred to as complete 
growth medium. THP-1 monocyte-like cells acquired as a kind donation from 
Mutocheluh Lab (KNUST), were routinely cultured in complete growth medium 
supplemented with 2-mercaptoethanol. All cells were grown in sterile T-Flasks 
(Greiner Bio-One, Germany) of different kinds depending on the experimental 
conditions. At 80 - 90% confluence, culture media were removed, and adhered 
cells were washed once with pre-warmed PBS 1X to remove remnant media. The 
washed cells were then incubated with trypsin/EDTA in an incubator for ap-
proximately 5 minutes at 37 °C. Afterwards, the added trypsin was inactivated 
by the addition of fresh medium containing 10% FBS, and the cell suspension 
was transferred into sterile Falcon tubes and subsequently spined down at 500 
rpm for 5 minutes at room temperature to pellet the cells. THP-1 suspension 
cells, were not trypsinized but spined directly to pellet the cells. Subsequently, 
the supernatants were pipetted off and the cells re-suspended in fresh complete 
medium. Afterwards, cells were either incubated in the appropriate T-flasks or 
counted and seeded into cell culture plates, depending on the type of assay to 
be carried out. All cell cultures were maintained at 37°C, 5% of CO2 and 95% of 
humidity in an incubator (Herasafe KS Class II) 20.
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Cytotoxic effects of Croton membranaceus extract and IC50 determination

Briefly, cells were seeded into tissue culture-treated 96-well plates at a seeding 
density of 5 x 103 cells/well. The cells were allowed to attach overnight and nor-
mal growth medium was replaced with treatment medium containing various 
concentrations of the hydroethanolic root extract (1, 3, 5, 10, 30, 50 and 100 
mg/ml). The experiment was repeated three times. The cells were incubated 
for 72 hours, after which 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl-
tetrazolium bromide (MTT) was added to each well and the plate incubated in 
the dark at 37°C, in 5% CO2 and 95% humidity for 4 hours. Subsequently, the 
media with MTT were removed from the wells, and the formed formazan crys-
tals were dissolved by adding 120 μL of isopropanol to each well. Afterwards, 
the plate was allowed to stand for 30 minutes following which absorbance was 
read at 595 nm using microplate reader (iMark™, Bio-Rad). Finally, percent-
age change in absorbance was calculated as shown below and obtained values 
were fitted to non-linear regression to obtain the IC50s 21.
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% 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑎𝑎 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝑎𝑎 = 𝐴𝐴0 − 𝐴𝐴
𝐴𝐴0

𝑥𝑥 100     𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝐸𝐸𝑖𝑖𝐴𝐴𝑎𝑎 (1) 

Where A0 is the absorbance at the least concentration, and A is the measured absorbance 

 

Antiproliferative effects of CMERE in androgen-dependent and independent 22Rv1 cell 

proliferation 

To investigate the effect of CMERE on testosterone-dependent and independent 22Rv1 cell 

proliferation, the cell culture medium was charcoal-stripped (hereto referred to as starvation medium) 

prior to the assay. This was done to deplete the medium off androgens and other steroid hormones that 

may serve as potential agonists or antagonists on the AR, or may serve as precursors to the production 

of androgens. Afterwards, 22Rv1 cells were cultured in normal complete growth medium and cells were 

seeded at a density of 5 x 103 cells/well into tissue culture-treated 96-well plates. Cells were allowed to 

adhere to the plate overnight after which complete growth medium was replaced with charcoal-stripped 

medium, and the cells maintained in it for an additional 48 hours. After 48 hours, cells were exposed to 

either 100 µL of starvation medium, 10 µM enzalutamide (positive control) or crude extract (1, 3 and 

10 mg/mL) for 72 hours.  

For androgen-dependent growth, the starvation medium was supplemented with 10 nM testosterone. 

After 72 hours, cell proliferation was determined using MTT assay as described previously. Conversely, 

the starvation medium was not supplemented with testosterone in the assessment of testosterone-

independent 22Rv1 cell proliferation 22. All experiments were repeated 3 times. 

Isobologram analysis of a combination of enzalutamide and CMERE 

The individual dose effect curves for the hydroethanolic extract and enzalutamide in inhibiting 22Rv1 

cell proliferation, were established in an MTT assay and the respective IC50s determined. The two drugs 

were combined in various ratios (1:1, ½ : ½, ¼ : ¼, 1/16 : 1/16 and 1/32 : 1/32) of their IC50s and the dose 

effect curve and median-effect plot for the combination were determined using the software CompuSyn 

(1.0, Chou-Martin). The potency (Dm)1,2 value, the shape (m)1,2 value and (r)1,2 values for the drug 

mixture were also obtained using the Compusyn-generated automated median-effect plot (the Chou 

plot). The r value signifies conformity of the data to the mass-action law. Subsequently, the Chou-

Talalay method for drug combination, based on the median-effect equation 23,24, was used to determine 

the combination index (CI) and define additive effect (CI = 1), synergism (CI < 1), and antagonism (CI 

> 1) in CMERE-enzalutamide combinations. These values were used to generate the fractional inhibition 

– combination index (Fa-CI) plot, dose-reduction index (Fa-DRI) plot and the classic and normalized 

isobologram. The following equations are the algorithms for the computerized simulation used to obtain 

the CI values: 

Where A0 is the absorbance at the least concentration, and A is the measured absorbance

Antiproliferative effects of CMERE in androgen-dependent and 
independent 22Rv1 cell proliferation

To investigate the effect of CMERE on testosterone-dependent and independent 
22Rv1 cell proliferation, the cell culture medium was charcoal-stripped (hereto 
referred to as starvation medium) prior to the assay. This was done to deplete the 
medium off androgens and other steroid hormones that may serve as potential 
agonists or antagonists on the AR, or may serve as precursors to the production 
of androgens. Afterwards, 22Rv1 cells were cultured in normal complete growth 
medium and cells were seeded at a density of 5 x 103 cells/well into tissue cul-
ture-treated 96-well plates. Cells were allowed to adhere to the plate overnight 
after which complete growth medium was replaced with charcoal-stripped me-
dium, and the cells maintained in it for an additional 48 hours. After 48 hours, 
cells were exposed to either 100 μL of starvation medium, 10 μM enzalutamide 
(positive control) or crude extract (1, 3 and 10 mg/mL) for 72 hours. 

For androgen-dependent growth, the starvation medium was supplemented 
with 10 nM testosterone. After 72 hours, cell proliferation was determined us-
ing MTT assay as described previously. Conversely, the starvation medium was 
not supplemented with testosterone in the assessment of testosterone-inde-
pendent 22Rv1 cell proliferation 22. All experiments were repeated 3 times.
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Isobologram analysis of a combination of enzalutamide and CMERE

The individual dose effect curves for the hydroethanolic extract and enzalu-
tamide in inhibiting 22Rv1 cell proliferation, were established in an MTT assay 
and the respective IC50s determined. The two drugs were combined in various 
ratios (1:1, ½ : ½, ¼ : ¼, 1/16 : 1/16 and 1/32 : 1/32) of their IC50s and the dose effect 
curve and median-effect plot for the combination were determined using the 
software CompuSyn (1.0, Chou-Martin). The potency (Dm)1,2 value, the shape 
(m)1,2 value and (r)1,2 values for the drug mixture were also obtained using the 
Compusyn-generated automated median-effect plot (the Chou plot). The r 
value signifies conformity of the data to the mass-action law. Subsequently, 
the Chou-Talalay method for drug combination, based on the median-effect 
equation 23,24, was used to determine the combination index (CI) and define 
additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in CMERE-
enzalutamide combinations. These values were used to generate the fractional 
inhibition – combination index (Fa-CI) plot, dose-reduction index (Fa-DRI) 
plot and the classic and normalized isobologram. The following equations are 
the algorithms for the computerized simulation used to obtain the CI values:
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Where D = Dose, Dm = median effect dose, Dx = dose of each drug that produces X% inhibition, fa = fraction 

inhibited, fu = fraction uninhibited, m = slope  

The inhibitory effect of CMERE on migration of 22Rv1 cells  

Here, 2 x 105 22Rv1 cells were seeded into 12-well plates. After 24 hours, complete media was replaced 

with starvation medium and the cells were maintained in it for an additional 48 hours. At 75-90% 

confluence, monolayers were scratched with a 10 µL pipette tip. The scratched monolayers were washed 

twice with phosphate buffered saline (PBS), and starvation medium containing respective treatments as 

described earlier, was added to respective wells. The experiment was repeated 3 times. Wounds were 

immediately photographed with a camera attached to a microscope (Nikon, USA) and the cells were 

afterwards incubated at 37°C, in 5% CO2 and 95% humidity for 72 hours. Wounds were again 

photographed at 24, 48 and 72 hours after scratching 20. The migrated distances by the cells across the 

wounds were determined using ImageJ 1.46r software (NIH, USA) and percentage changes in wound 

area were calculated as shown below: 

% 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑎𝑎𝑤𝑤 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐴𝐴0 − 𝐴𝐴𝑡𝑡
𝐴𝐴0

𝑥𝑥 100 

Where A0 is the wound area at 0 hour, and At is the wound area at time, t 

Effect of CMERE on colony formation of 22Rv1 cells 

Cells were seeded into tissue culture-treated 6-well plates at a seeding density of 5 x 102 cells/well. The 

cells were allowed to attach overnight, after which complete growth medium was replaced with 

starvation medium and the cells maintained in it as described in earlier. Subsequently the medium was 

replaced with starvation medium containing respective treatments as described earlier. Following initial 

treatments, the cells were incubated for 2 weeks at 37°C, in 5% CO2 and 95% humidity with the careful 

change of treatment-containing medium every 96 hours. After 2 weeks, growth medium was taken off 

and the formed colonies were fixed with ice cold methanol (-20°C for 10 minutes) and subsequently, 

stained with 0.5%w/v crystal violet solution. The crystal violet solution was then carefully rinsed off by 

submerging the wells in a container full of water until the dye stopped coming off. Afterwards, the 

colonies were allowed to dry at room temperature and images were obtained. Subsequently, the colonies 

Where D = Dose, Dm = median effect dose, Dx = dose of each drug that produces X% inhibi-
tion, fa = fraction inhibited, fu = fraction uninhibited, m = slope

 The inhibitory effect of CMERE on migration of 22Rv1 cells 

Here, 2 x 105 22Rv1 cells were seeded into 12-well plates. After 24 hours, complete 
media was replaced with starvation medium and the cells were maintained in it 
for an additional 48 hours. At 75-90% confluence, monolayers were scratched 
with a 10 μL pipette tip. The scratched monolayers were washed twice with 
phosphate buffered saline (PBS), and starvation medium containing respective 
treatments as described earlier, was added to respective wells. The experiment 
was repeated 3 times. Wounds were immediately photographed with a camera 
attached to a microscope (Nikon, USA) and the cells were afterwards incubated 
at 37°C, in 5% CO2 and 95% humidity for 72 hours. Wounds were again photo-
graphed at 24, 48 and 72 hours after scratching 20. The migrated distances by 
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the cells across the wounds were determined using ImageJ 1.46r software (NIH, 
USA) and percentage changes in wound area were calculated as shown below:
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Where A0 is the wound area at 0 hour, and At is the wound area at time, t 

Effect of CMERE on colony formation of 22Rv1 cells 

Cells were seeded into tissue culture-treated 6-well plates at a seeding density of 5 x 102 cells/well. The 

cells were allowed to attach overnight, after which complete growth medium was replaced with 

starvation medium and the cells maintained in it as described in earlier. Subsequently the medium was 

replaced with starvation medium containing respective treatments as described earlier. Following initial 

treatments, the cells were incubated for 2 weeks at 37°C, in 5% CO2 and 95% humidity with the careful 

change of treatment-containing medium every 96 hours. After 2 weeks, growth medium was taken off 

and the formed colonies were fixed with ice cold methanol (-20°C for 10 minutes) and subsequently, 

stained with 0.5%w/v crystal violet solution. The crystal violet solution was then carefully rinsed off by 

submerging the wells in a container full of water until the dye stopped coming off. Afterwards, the 

colonies were allowed to dry at room temperature and images were obtained. Subsequently, the colonies 

Where A0 is the wound area at 0 hour, and At is the wound area at time, t

Effect of CMERE on colony formation of 22Rv1 cells

Cells were seeded into tissue culture-treated 6-well plates at a seeding density 
of 5 x 102 cells/well. The cells were allowed to attach overnight, after which 
complete growth medium was replaced with starvation medium and the cells 
maintained in it as described in earlier. Subsequently the medium was replaced 
with starvation medium containing respective treatments as described earlier. 
Following initial treatments, the cells were incubated for 2 weeks at 37°C, in 
5% CO2 and 95% humidity with the careful change of treatment-containing 
medium every 96 hours. After 2 weeks, growth medium was taken off and the 
formed colonies were fixed with ice cold methanol (-20°C for 10 minutes) and 
subsequently, stained with 0.5%w/v crystal violet solution. The crystal violet 
solution was then carefully rinsed off by submerging the wells in a container 
full of water until the dye stopped coming off. Afterwards, the colonies were 
allowed to dry at room temperature and images were obtained. Subsequently, 
the colonies were counted using ImageJ 1.46r software (NIH, USA) and per-
centage colony formation rates were calculated as described by Rice et al. 25.
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were counted using ImageJ 1.46r software (NIH, USA) and percentage colony formation rates were 

calculated as described by Rice et al. 25. 

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 = 𝐶𝐶
𝑁𝑁 𝑥𝑥 100 

Where n is the number of colonies counted, and is N is the seeding density 

Selective cytotoxicity of CMERE in neoplastic prostate cells 

The selective cytotoxicity of the hydroethanolic extract was determined using MTT assay. Briefly, 

human neoplastic 22Rv1 and BPH1 cells, and human THP1 monocyte-like cells were seeded into tissue 

culture-treated 96-well plates at a seeding density of 5 x 103 cells/well. The cells were allowed to attach 

overnight and normal growth medium was changed to treatment medium containing various 

concentrations of the hydroethanolic root extract (1, 3, 5, 10, 30, 50 and 100 mg/ml). The cells were 

treated for 72 hours. Absorbances were measured and IC50s were determined as described in earlier. 

Subsequently, selective cytotoxicity of the extract was calculated as shown below 26: 

𝑆𝑆𝑟𝑟𝐶𝐶𝑟𝑟𝑆𝑆𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶 𝐼𝐼𝐶𝐶𝐼𝐼𝑟𝑟𝑥𝑥 = 𝐼𝐼𝐶𝐶50 𝑓𝑓𝐶𝐶 𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶 𝑆𝑆𝑟𝑟𝐶𝐶𝐶𝐶
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performed with the program Compusyn (version 1.0, Chou & Martin). 

RESULTS and DISCUSSION 

Previous chemical analysis of C. membranaceus revealed the presence of some compounds which have 

been shown to possess antiproliferative or cytotoxic activities against cancer cells. 

Crotomembranafuran, a furano-clerodane isolated from the plant has been shown to exhibit 

antiproliferative activity against human prostate cancer (PC-3) cells 17. In addition, the plant has been 

shown to contain scopoletin and β-sitosterol which are known antiproliferative agents and may account 

in part for the antiproliferative effect of C. membranaceus extract against cancer cells 17. 

Gas chromatography mass spectrometry  

In this study, GC-MS analysis revealed the presence of n-hexadecanoic acid which has been shown by 

previous studies to possess anticancer effects (Figure 1 and Table 1) 27. In addition to fatty acids, GC-

Where n is the number of colonies counted, and is N is the seeding density

Selective cytotoxicity of CMERE in neoplastic prostate cells

The selective cytotoxicity of the hydroethanolic extract was determined using 
MTT assay. Briefly, human neoplastic 22Rv1 and BPH1 cells, and human THP1 
monocyte-like cells were seeded into tissue culture-treated 96-well plates at a 
seeding density of 5 x 103 cells/well. The cells were allowed to attach overnight 
and normal growth medium was changed to treatment medium containing 
various concentrations of the hydroethanolic root extract (1, 3, 5, 10, 30, 50 
and 100 mg/ml). The cells were treated for 72 hours. Absorbances were mea-
sured and IC50s were determined as described in earlier. Subsequently, selec-
tive cytotoxicity of the extract was calculated as shown below 26:
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Statistical analysis

Data are presented as Mean ± SEM. The time-course curves were subjected to 
two-way repeated measures analysis of variance (ANOVA) with Tukey’s mul-
tiple comparisons test. One-way ANOVA and students t tests were also used, 
depending on the type of data. Graphs were plotted using GraphPad Prism 
for Windows Version 8.01 (GraphPad, San Diego, CA, USA). Analysis of iso-
bolograms were performed with the program Compusyn (version 1.0, Chou & 
Martin).

RESULTS and DISCUSSION

Previous chemical analysis of C. membranaceus revealed the presence of some 
compounds which have been shown to possess antiproliferative or cytotoxic 
activities against cancer cells. Crotomembranafuran, a furano-clerodane iso-
lated from the plant has been shown to exhibit antiproliferative activity against 
human prostate cancer (PC-3) cells 17. In addition, the plant has been shown to 
contain scopoletin and β-sitosterol which are known antiproliferative agents 
and may account in part for the antiproliferative effect of C. membranaceus 
extract against cancer cells 17.

Gas chromatography mass spectrometry 

In this study, GC-MS analysis revealed the presence of n-hexadecanoic acid 
which has been shown by previous studies to possess anticancer effects (Figure 
1 and Table 1) 27. In addition to fatty acids, GC-MS analysis of the hydroetha-
nolic extract also showed the presence of 9, 10-Secocholeasta, astaxanthin and 
prednisolone acetate, all of which have been shown by previous studies to pos-
sess anticancer activity 28.

Figure 1 . Gas chromatogram of Croton membranaceus hydroethanolic root extract
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Table 1 . GC-MS analysis for Croton membranaceus hydroethanolic root extract

# RT Area % Norm % Name

1 8.462 28.042 100.00 5-Hydroxypipecolic acid

2 8.957 11.588 41.32 Phenol, 3, 5-bis(1, 1-dimethylethyl)-

3 10.479 5.568 19.85 2-Octenoic acid, 5, 5, 7-trihyroxy

4 10.791 1.894 6.75 9, 10-Secocholeasta-5,7,10(19)-tiene-1,3-diol, 25-[(trimeth-
ylsilyl)oxy]-

5 11.653 3.274 11.67 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy-

6 14.110 1.089 3.88 n-Hexadecanoic acid

7 25.606 1.331 4.75 Benzene, 1,2,4,5-tetrakis(1-methylethyl)-

8 30.648 1.387 4.95 Prednisolone acetate

9 31.748 1.147 4.09 1H, 4H-Pyrazolo[3,4-b]pyran-5-carbonitrile, 6-amino-4-(2, 4, 
5-trimethoxyphenyl)-3-methyl-

10 35.085 1.130 4.03 Astaxanthin

GC-MS, gas chromatography mass spectrometry

CMERE is cytotoxic to human 22Rv1 prostate cancer cells 

As GC-MS chromatograms showed the possible presence of cytotoxic com-
pounds in the extract, it was hypothesized that the extract may inhibit the pro-
liferation of human 22Rv1 CRPC cells. To investigate this effect, 22Rv1 cells 
were treated with different concentrations of either extract or the standard 
drug enzalutamide and cell proliferation was investigated using MTT assay. 
From the results obtained, enzalutamide was cytotoxic to 22Rv1 cells with an 
IC50 of 8.528 μM (Figure 2A). Interestingly, the hydroethanolic extract also 
showed cytotoxic effect against the 22Rv1 cells with IC50 values of 3.809 mg/
ml (Figure 2B). These findings indicate that enzalutamide and CMERE inhibit 
the proliferation of human 22Rv1 PCa cells. The inhibition of proliferation of 
22Rv1 CRPC cells may be partly attributed to the anticancer principles shown 
to be present in CMERE by GC-MS analysis.
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Figure 2. Croton membranaceus root extract is cytotoxic to human 22Rv1 prostate cancer cells. 22Rv1 

cells were treated with varying concentrations of either enzalutamide or CMERE and cells were 

incubated for 72 hours. Cell viability was determined by MTT assay and absorbances were measured at 

595 nm. All treatments were done in triplicates. (A) Enzalutamide-treated; (B) CMERE-treated. 

CMERE inhibits testosterone-dependent and independent 22Rv1 cell proliferation 

Having shown that Croton membranaceus root extract is cytotoxic to 22Rv1 cells, further investigations 

were conducted to determine if the inhibition was androgen-dependent or androgen-independent. Thus, 

the effects of the root extract were investigated in both testosterone-deprived and testosterone-

supplemented environments. To investigate the effect of the extract on androgen-dependent cell 

proliferation, the growth medium was charcoal-stripped off steroid hormones to prevent interference 

with testosterone-dependent responses. Subsequently, the charcoal-stripped medium was supplemented 

with testosterone. Although supplementation of the growth medium with testosterone only resulted in a 

0.3-fold increase in cell proliferation, the difference was still statistically significant when compared to 

the basal level cell proliferation (Figure 3). 

Figure 2 . Croton membranaceus root extract is cytotoxic to human 22Rv1 prostate 
cancer cells. 22Rv1 cells were treated with varying concentrations of either enzalutamide or 
CMERE and cells were incubated for 72 hours. Cell viability was determined by MTT assay 
and absorbances were measured at 595 nm. All treatments were done in triplicates. (A) 
Enzalutamide-treated; (B) CMERE-treated.

CMERE inhibits testosterone-dependent and independent 22Rv1 
cell proliferation

Having shown that Croton membranaceus root extract is cytotoxic to 22Rv1 
cells, further investigations were conducted to determine if the inhibition was 
androgen-dependent or androgen-independent. Thus, the effects of the root 
extract were investigated in both testosterone-deprived and testosterone-sup-
plemented environments. To investigate the effect of the extract on androgen-
dependent cell proliferation, the growth medium was charcoal-stripped off ste-
roid hormones to prevent interference with testosterone-dependent responses. 
Subsequently, the charcoal-stripped medium was supplemented with testoster-
one. Although supplementation of the growth medium with testosterone only 
resulted in a 0.3-fold increase in cell proliferation, the difference was still statis-
tically significant when compared to the basal level cell proliferation (Figure 3).
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Figure 3. Croton membranaceus root extract inhibits testosterone-dependent and independent 22Rv1 

cell proliferation. To investigate the effect of C. membranaceus extract on cell proliferation, 22Rv1 cells 

were treated over 72 hours with various concentrations of the hydroethanolic root extract. Cell 

proliferation was determined by MTT assay. Total inhibition of cell proliferation was calculated as 

AUC. Data is presented as mean ± SEM. **p < 0.01, hormone-independent control compared to 

hormone-treated control; ####p < 0.0001, extracts compared to hormone control; nsp > 0.05, extract in the 

absence of hormone compared to extract in the presence of hormone. Enz, enzalutamide. 

Expectedly, treatment with the standard drug enzalutamide, significantly (p < 0.01) inhibited the 

proliferation of 22Rv1 cells compared to the untreated control (Figure 3) treatment with CMERE also 

significantly (p < 0.0001) inhibited testosterone-dependent proliferation of 22Rv1 cells compared to the 

solvent control (Figure 3). In addition, the extract significantly (p < 0.001) inhibited testosterone-

independent proliferation of 22Rv1 cells, with less reductions in inhibitory effect compared to the 

inhibition of testosterone-dependent proliferation (Figure 3). However, there was no statistically 

significant difference between the effect of the extract on androgen-dependent and independent 

proliferation. 

Combination of enzalutamide and CMERE synergistically inhibit 22Rv1 cell proliferation 

It has been hypothesized that, drugs that act via similar mechanisms to achieve a common effect may 

likely produce additive effects when combined, whereas drugs that act through different mechanisms in 

achieving similar effects may interact synergistically 29. Both enzalutamide and CMERE have been 

shown, in this study, to achieve similar effects i.e., inhibition of 22Rv1 cell growth. In addition, 

combination of the two drugs inhibited 22Rv1 cell proliferation (Figure 4A). Thus, interaction between 

the two drugs was investigated using isobologram analysis. Isobologram analysis of the combination of 

CMERE and enzalutamide showed synergistic inhibition of 22Rv1 cell proliferation with CI values of 

Figure 3 . Croton membranaceus root extract inhibits testosterone-dependent and 
independent 22Rv1 cell proliferation. To investigate the effect of C. membranaceus extract on 
cell proliferation, 22Rv1 cells were treated over 72 hours with various concentrations of the 
hydroethanolic root extract. Cell proliferation was determined by MTT assay. Total inhibition 
of cell proliferation was calculated as AUC. Data is presented as mean ± SEM. **p < 0.01, 
hormone-independent control compared to hormone-treated control; ####p < 0.0001, extracts 
compared to hormone control; nsp > 0.05, extract in the absence of hormone compared to 
extract in the presence of hormone. Enz, enzalutamide.

Expectedly, treatment with the standard drug enzalutamide, significantly (p < 
0.01) inhibited the proliferation of 22Rv1 cells compared to the untreated con-
trol (Figure 3) treatment with CMERE also significantly (p < 0.0001) inhibited 
testosterone-dependent proliferation of 22Rv1 cells compared to the solvent 
control (Figure 3). In addition, the extract significantly (p < 0.001) inhibited tes-
tosterone-independent proliferation of 22Rv1 cells, with less reductions in inhib-
itory effect compared to the inhibition of testosterone-dependent proliferation 
(Figure 3). However, there was no statistically significant difference between the 
effect of the extract on androgen-dependent and independent proliferation.

Combination of enzalutamide and CMERE synergistically inhibit 
22Rv1 cell proliferation

It has been hypothesized that, drugs that act via similar mechanisms to achieve 
a common effect may likely produce additive effects when combined, whereas 
drugs that act through different mechanisms in achieving similar effects may 
interact synergistically 29. Both enzalutamide and CMERE have been shown, in 
this study, to achieve similar effects i.e., inhibition of 22Rv1 cell growth. In ad-
dition, combination of the two drugs inhibited 22Rv1 cell proliferation (Figure 
4A). Thus, interaction between the two drugs was investigated using isobolo-
gram analysis. Isobologram analysis of the combination of CMERE and enzalu-
tamide showed synergistic inhibition of 22Rv1 cell proliferation with CI values of 
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0.17, 0.26, 0.44, 0.70 and 0.99 for 50, 75, 90, 95 and 97% dose effect levels re-
spectively (Figure 4B). From the results, r value of 0.977 obtained, indicated the 
conformity of the data to mass-action law. Most importantly, a normalized isobo-
logram constructed at 90% fractional inhibition indicated synergy between the 
effect of enzalutamide and CMERE (Figure 4C). Thus, combination of the two 
drugs was synergistic in producing more than 90% cell kill effect in 22Rv1 cells, 
an effect very relevant in anticancer therapy. The results also showed favorable 
dose reduction index for the selected combinations, indicating a reduction in the 
probability of occurrence of an adverse effect when enzalutamide and CMERE 
are used as combination therapy (Figure 4D). in summary, results from isobolo-
gram analysis suggest the two drugs act via different mechanisms to achieve sim-
ilar pharmacological effect. Thus, the effect of CMERE on 22Rv1 may largely be 
mediated via pathway(s) other than the androgen receptor-dependent pathways.

Figure 4 . Combination of enzalutamide and CMERE synergistically inhibit 22Rv1 cell 
proliferation. MTT assay was used to obtain the dose effect curves. 22Rv1 cells were treated 
over 72 hours with various combinations of the EC50s of enzalutamide and CMERE. Additive 
effect (CI) = 1), synergism (CI < 1), and antagonism (CI > 1). (A) dose-effect curves; (B) 
combination index plot; (C) normalized isobologram at 90% dose-effect level; (D) Fractional 
inhibition-dose reduction index (DRI) plot.

Moreover, n-hexadecanoic acid shown by GC-MS analysis to be present in the 
hydroethanolic root extract is a known inducer of oxidative stress and apopto-
sis in cancer cells 30. In addition, the extract was shown by GC-MS to contain 
prednisolone acetate, which has been shown to inhibit androgen receptor-by-
pass mechanisms and also exert direct cytotoxic activity through the induction 
or suppression of specific cytokines. Thus, the extract may have inhibited 22Rv1 
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cell proliferation via restoration of apoptotic signals and modulation of glucocor-
ticoid receptor-signaling which is an androgen-receptor bypass mechanism 31.

CMERE inhibits migration of human 22Rv1 prostate cancer cells

Cancer cell migration is a crucial step in the development of metastasis 32. Fol-
lowing the establishment of the antiproliferative effect of CMERE on 22Rv1 
cells, the effect on collective cell migration was probed using the wound-healing 
assay. As shown in Figure 5, treatment with either enzalutamide or the extract 
reduced migration of 22Rv1 cells across the wounds created. Interestingly, treat-
ment with all doses of the extract completely suppressed 22Rv1 cell migration 
within the first 24 hours of treatment (Figure 6A). Data from the different time 
points (Figure 6A) were used to calculate for total inhibition of cell migration by 
each treatment. From the results, CMERE significantly (p < 0.0001) inhibited 
the migration of 22Rv1 cells across the wound area (Figure 6B). Most notably, 
10 mg/ml of the hydroethanolic suppressed migration of 22Rv1 cells across the 
wound area with cumulative percentage of 0.74 ± 0.12% compared to 84.19 ± 
1.79% migration of the solvent control, representing 99.12 ± 0.14% suppression 
of cell migration (Figure 6B). This implies that the extract may inhibit migration 
of CRPC cells, which is a crucial step that precedes metastasis. 
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Figure 5 . Croton membranaceus root extract inhibits human 22Rv1 cell migration. Human 
22Rv1 cells were treated over 72 hours with various concentrations of either enzalutamide or 
CMERE. At confluence, monolayers were scratched with a 200 µL pipette tip and photographed 
at 0, 24, 48 and 72 hours. (A) disease control; (B) enzalutamide-treated (10µM); (C) CMERE 
(10 mg/ml); CMERE, Croton membranaceus hydroethanolic root extract.
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Figure 5. Croton membranaceus root extract inhibits human 22Rv1 cell migration. Human 22Rv1 cells 

were treated over 72 hours with various concentrations of either enzalutamide or CMERE. At 

confluence, monolayers were scratched with a 200 µL pipette tip and photographed at 0, 24, 48 and 72 

hours. (A) disease control; (B) enzalutamide-treated (10µM); (C) CMERE (10 mg/ml); CMERE, Croton 

membranaceus hydroethanolic root extract. 

 

Figure 6. Croton membranaceus root extract suppresses overall migration of human 22Rv1 prostate 

cancer cells. To investigate the effect of C. membranaceus extracts on cell migration, 22Rv1 cells were 

treated over 72 hours with various concentrations of the hydroethanolic root extract. Cell motility was 

determined by wound healing assay. (A) CMERE time-course curve; (B) AUC for CMERE. Percentage 

wound closure was calculated as AUC. Data is presented as mean ± SEM. ***p < 0.001, ****p < 0.0001. 

DC, disease control; ENZ, enzalutamide. 

CMERE inhibit colony forming ability of human 22Rv1 prostate cancer cells 

Furthermore, as shown in Figure 7, CMERE was identified in this study to inhibit the ability of human 

22Rv1 PCa cells to form colonies. This implies that, the extract may inhibit the complex multiple stages 

of intra- and intercellular remodeling that cancer cells go through to stay alive and establish colonies 
30,33. Metastasis remains a challenge to current treatment modalities and is the leading cause of cancer-

related mortality 31. Specifically, treatment with CMERE significantly (p < 0.0001) decreased the ability 

of 22Rv1 cells to form colonies with 10 mg/ml of the extract producing colony formation rate of 0.67 ± 

0.133% compared to 43.00 ± 1.31% of the solvent control (Figure 8). This represents 98.44 ± 0.31% 

reduction in colony formation rate by the hydroethanolic extract, compared to the untreated control. In 

this regard, the inhibition of 22Rv1 colony formation by C. membranaceus root extracts suggests the 

ability of the extracts to inhibit the establishment of colonies post migration. 

Figure 6 . Croton membranaceus root extract suppresses overall migration of human 22Rv1 
prostate cancer cells. To investigate the effect of C. membranaceus extracts on cell migration, 
22Rv1 cells were treated over 72 hours with various concentrations of the hydroethanolic root 
extract. Cell motility was determined by wound healing assay. (A) CMERE time-course curve; 
(B) AUC for CMERE. Percentage wound closure was calculated as AUC. Data is presented as 
mean ± SEM. ***p < 0.001, ****p < 0.0001. DC, disease control; ENZ, enzalutamide.

CMERE inhibit colony forming ability of human 22Rv1 prostate 
cancer cells

Furthermore, as shown in Figure 7, CMERE was identified in this study to in-
hibit the ability of human 22Rv1 PCa cells to form colonies. This implies that, 
the extract may inhibit the complex multiple stages of intra- and intercellular 
remodeling that cancer cells go through to stay alive and establish colonies 30,33. 
Metastasis remains a challenge to current treatment modalities and is the lead-
ing cause of cancer-related mortality 31. Specifically, treatment with CMERE 
significantly (p < 0.0001) decreased the ability of 22Rv1 cells to form colonies 
with 10 mg/ml of the extract producing colony formation rate of 0.67 ± 0.133% 
compared to 43.00 ± 1.31% of the solvent control (Figure 8). This represents 
98.44 ± 0.31% reduction in colony formation rate by the hydroethanolic ex-
tract, compared to the untreated control. In this regard, the inhibition of 22Rv1 
colony formation by C. membranaceus root extracts suggests the ability of the 
extracts to inhibit the establishment of colonies post migration.
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Figure 7 Colony-formation ability of human 22Rv1 prostate cancer cells is inhibited by CMERE. 22Rv1 

cells (5 x 102 cells/well) were cultured for 14 days. Afterwards, colonies were fixed in ice cold methanol 

and stained with 0.5% w/v crystal violet solution. The wells were scanned and resulting images were 

analyzed with ImageJ software. (A) Disease control; (B) enzalutamide-treated (10µM); (C, D, E) 

CMERE (1, 3, 10 mg/ml). 

 

Figure 8. Colony-formation ability of human 22Rv1 prostate cancer cells is inhibited by C. 

membranaceus extract. 22Rv1 cells (5 x 102 cells/well) were cultured for 14 days. Afterwards, colonies 

were fixed in ice cold methanol and stained with 0.5% w/v crystal violet solution. Colonies were counted 

Figure 7 . Colony-formation ability of human 22Rv1 prostate cancer cells is inhibited by 
CMERE. 22Rv1 cells (5 x 102 cells/well) were cultured for 14 days. Afterwards, colonies were 
fixed in ice cold methanol and stained with 0.5% w/v crystal violet solution. The wells were 
scanned and resulting images were analyzed with ImageJ software. (A) Disease control; (B) 
enzalutamide-treated (10µM); (C, D, E) CMERE (1, 3, 10 mg/ml).
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Figure 8. Colony-formation ability of human 22Rv1 prostate cancer cells is inhibited by C. 

membranaceus extract. 22Rv1 cells (5 x 102 cells/well) were cultured for 14 days. Afterwards, colonies 

were fixed in ice cold methanol and stained with 0.5% w/v crystal violet solution. Colonies were counted 

Figure 8 . Colony-formation ability of human 22Rv1 prostate cancer cells is inhibited by C. 
membranaceus extract. 22Rv1 cells (5 x 102 cells/well) were cultured for 14 days. Afterwards, 
colonies were fixed in ice cold methanol and stained with 0.5% w/v crystal violet solution. 
Colonies were counted and graphed as percent colony formation over number of cells seeded. 
All treatments were done in triplicates. Total inhibition of colony formation was calculated as 
AUC. Data is presented as mean ± SEM. ****p < 0.0001, enzalutamide compared to nontreated 
control; ####p < 0.0001, extract compared to untreated control.
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CMERE is selectively cytotoxic to human neoplastic prostate cells 

Finally, to show that CMERE selectively inhibits human neoplastic 22Rv1 CRPC and 
BPH1 cells, but not normal human THP1 monocytes, comparative proliferation assay 
was carried out. As shown in Figure 9A and B, CMERE inhibited 22Rv1 and BPH1 cell 
proliferation with IC50s of 3.809 mg/mL and 4.04 mg/mL, respectively. Conversely, 
CMERE did not inhibit the proliferation of THP 1 cells (Figure 9C). Suggesting that, 
the extract selectively inhibits the growth of neoplastic cells of prostate origin.
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Figure 9 . CMERE selectively inhibits human 22Rv1 prostate cancer and human BPH1 cells but 
not human THP1 monocyte-like cells. Human 22Rv1, BPH1 and THP1 cells were treated with 
varying concentrations of CMERE and subsequently cells incubated for 72 hours. Cell viability was 
determined by MTT assay. All treatments were done in triplicates. (A) 22Rv1; (B) BPH1; (C)THP1.

The lack of cytotoxic effect on human THP1 monocyte cells suggests that 
CMERE is selectively cytotoxic and treatment with it might not cause off-target 
effects. Accordingly, these findings support evidence from previous studies by 
Afriyie et al. 34 and Sarkodie et al. 18 that reported safety of C. membranaceus 
hydroethanolic and aqueous extracts in rodent models. This differential cyto-
toxicity to human neoplastic cells makes C. membranaceus extracts particularly 
interesting as potential sources of safer drug leads in the management of CRPC.

In conclusion, this study has, for the first time, provided in vitro evidence that 
the hydroethanolic root extract of Croton membranaceus is effective in the in-
hibition of castration-resistant prostate cancer cell growth. Furthermore, com-
bination of CMERE and enzalutamide synergistically inhibits more than 90% 
proliferation of 22Rv1 cells and holds the potential for the effective treatment 
of CRPC with less off-target effects. The findings from this study, however, 
cannot be directly extrapolated to humans. Further studies involving 3D cell 
cultures and xenograft models, which assess the role of the tumour microen-
vironment in cancer development and progression are therefore required to 
improve upon the acquired knowledge. 
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