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A B S T R A C T   

Background: Prostate cancer is the second most common form of cancer in men worldwide and there is a great 
need for novel treatment strategies, especially for castrate-resistant prostate cancers where the proliferation of 
the cancer cells is stimulated by androgens produced in the adrenal cortex and the cancer cells. 
Purpose: In this study, we have investigated the antiandrogenic properties of magnolol and ten synthetic analogs 
in vitro. 
Study design and methods: The compounds were evaluated for cytotoxicity, antiandrogenic receptor activity, 
binding to the androgen receptor, effects on the production of Prostate-specific antigen (PSA), and potential to 
pass over a tight layer of Caco-2 cells mimicking gastrointestinal absorption. 
Results: We found that almost all investigated compounds were antiandrogenic in an androgen receptor reporter 
gene assay, with IC50 values ranging from 7 to 86 µM. Magnolol itself had the highest antiandrogenic potency. 
Five of the compounds were then evaluated for their binding to the androgen receptor and three of these 
compounds were found to bind to the receptor. These five compounds were also evaluated for their effect on the 
PSA production and four were found to decrease PSA production at non-cytotoxic concentrations. The anti-
androgenic activity after passage through a layer of Caco-2 cells, mimicking gastrointestinal absorption, was also 
evaluated for three of the compounds. All three compounds were found to have the capacity to be transported 
from the apical to the basolateral side of the Caco-2 cell layer and exert antiandrogenic effects after the transport. 
Conclusion: In conclusion, this study shows that magnolol and analogs have antiandrogenic effects in vitro and 
that selected analogs can pass over a tight layer of Caco-2 cells, indicating a potential for good bioavailability 
after oral administration. These magnolol analogs thereby constitute an interesting group of compounds worthy 
of further evaluation as potential anti-prostate cancer therapeutics.   

Introduction 

Prostate cancer is the second most common form of cancer in men 
worldwide according to the World Health Organization with more than 
1.4 million new cases in 2020, causing 375 000 deaths per year (GLO-
BOCAN 2020). Prostate cancer growth is dependent on androgens, 
mainly produced in the testes. The common initial treatment of prostate 
cancer is androgen-deprivation therapy, accomplished through surgical 
or chemical castration, stopping production of testosterone in the testes 
(Litwin and Tan 2017). However, after some time this treatment fails, 
and castration-resistant prostate cancer develops in one third of the 
patients. At this stage, the prostate cancer cells are stimulated by 

androgens, synthesized in the adrenal cortex and in the cancer cells 
(Barnard et al., 2020). Treatment of castrate-resistent prostate cancer 
includes inhibition of androgen synthesis (abiraterone) and inhibition of 
androgen receptor activity (enzalutamide, apalutamide and dar-
olutamide) and a combination of these (Chandrasekar et al., 2015; Mori 
et al., 2020; Posdzich et al., 2023). Plant-derived bioactive constituents, 
especially phenolic compounds, are demonstrated to have promising 
properties for prevention and treatment of prostate cancer (Hao et al., 
2022; Salehi et al., 2019). 

Magnolol (IUPAC name 2-(2‑hydroxy-5‑prop-2enylphenyl)− 4‑prop- 
2-enylphenol) is a dimeric neolignan (bisphenol neolignan), found in the 
roots and bark of the magnolia tree, Magnolia officinalis. Lignans are 

* Corresponding author. 
E-mail address: johan.lundqvist@slu.se (J. Lundqvist).  

Contents lists available at ScienceDirect 

Phytomedicine Plus 

journal homepage: www.sciencedirect.com/journal/phytomedicine-plus 

https://doi.org/10.1016/j.phyplu.2023.100485    

mailto:johan.lundqvist@slu.se
www.sciencedirect.com/science/journal/26670313
https://www.sciencedirect.com/journal/phytomedicine-plus
https://doi.org/10.1016/j.phyplu.2023.100485
https://doi.org/10.1016/j.phyplu.2023.100485
https://doi.org/10.1016/j.phyplu.2023.100485
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phyplu.2023.100485&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Phytomedicine Plus 3 (2023) 100485

2

polyphenols, present in various plants as secondary metabolites. Mag-
nolol has a wide range of biological activities including anti-oxidative, 
anti-inflammatory, anti-microbial, antiviral, neuroprotection, cardio-
vascular protection and metabolism regulation (reviewed by Zhang 
et al. (2019); (Lin et al., 2021)). Magnolol has been proposed to be used 
in chemoprevention of various cancer forms, via effects on cell growth, 
apoptosis, angiogenesis and metastasis (Chen et al., 2019; Ranaware 
et al., 2018; Wang et al., 2022). 

Magnolol affects human prostate cancer cells in vitro by different 
mechanisms: abolished cell proliferation by arresting cells at G0/G1 
phase and via P53/P21 activation (Huang et al., 2017), apoptosis via 
inhibition of EGFR and AKT signaling (Lee et al., 2009), suppressed 
metastatic properties by downregulation of MMP-2 and MMP-9 (Hwang 
and Park 2010) and restrained cell growth by downregulation of IGF-1 
(McKeown and Hurta 2015). However, the effects of magnolol on 
androgen receptor activity have to our knowledge not been investigated 
previously. 

The clinical application of magnolol is however limited due to a low 
bioavailability and a rapid metabolism (Zhang et al., 2019). With the 
aim to improve the biological properties and increase kinetic stability, 
magnolol analogs have been synthesized and tested for various bio-
activities. Pulvirenti et al. (2017) studied the possible utilization of 
magnolol analogs as antidiabetic drugs and reported a high inhibition of 
α-glucosidase in vitro. Baschieri et al. (2017) investigated the 
structure-activity relationships of synthetic magnolol analogs concern-
ing the anti-oxidant activity. Methylated and acetylated magnolol were 
reported to have improved cutaneous ant-inflammatory properties 
compared to the parent compound magnolol (Lin et al., 2016). Further, 
bisphenol neolignans related to magnolol have shown 
anti-inflammatory (Lee et al., 2012), antimicrobial (Jada et al., 2012), 
antitumor (Di Micco et al., 2018; Lin et al., 2012) and neuroprotective 
activity as well as modulation of GABA receptors (Fuchs et al., 2014). 

We have investigated the in vitro effects of magnolol and 10 synthetic 
analogs (Fig. 1) on antiandrogenic receptor activity and androgen re-
ceptor binding. Prostate-specific antigen (PSA) expression was deter-
mined as an indicator of downstream androgen receptor signaling. 

Furthermore, to assess the potential activity after peroral administration 
of the test compounds, we studied the androgen receptor activity of 
compounds under study after transport through a Caco-2 cell layer, 
mimicking the gastrointestinal absorption. 

Materials and methods 

Test compounds 

Magnolol (1) was purchased from TCI Europe (Milan, Italy). The 
magnolol analogs employed in this study are reported in Fig. 1. Com-
pounds 4, 5, 6, 7, 8, 10 and 11 were synthesized as previously reported 
by some of us (Pulvirenti et al., 2017). 

Compound 3 was obtained by methylation of 1, according to the 
following procedure: magnolol (1, 20.0 mg, 0.075 mmol) was dissolved 
in dry acetone (7.7 mL), and then K2CO3 (20.7 mg, 0.15 mol) and CH3I 
(7.6 μL, 0.15 mmol) were added. The solution was stirred at reflux for 
48 h and then quenched. After evaporation of the solvent under vacuum, 
the residue was submitted to flash chromatography on DIOL Silica-gel, 
eluting with n-hexane: CHCl3 (from 100:0 to 30:60) to give the per-
methylated derivative (3). Its MS and NMR data are in agreement with 
those previously reported in the literature (Lin et al., 2013). Compound 
2 was prepared by hydrogenation of 1 (30 mg, 0.11 mmol). The reaction 
was carried out in absolute EtOH (8 mL) employing Pd/CaCO3 (10% w/ 
w; 8 mg) as a catalyst. The reaction flask was filled with H2 (1 atm) and 
stirred at room temperature for 24 h. The catalyst was removed by 
filtration on Celite 545. The expected product 2 was obtained with 
quantitative yield without further purification. Its spectroscopic data are 
in agreement with those previously reported (Kong et al., 2005). 

The synthesis of compound 9 was performed in two steps. Firstly, an 
enzymatic dimerization of eugenol was carried out with an HRP solution 
and H2O2 according to a procedure previously reported by some of us to 
obtain 5,5′-diallyl-3,3′-dimethoxy-[1,1′-biphenyl]− 2,2′-diol (Pulvirenti 
et al., 2017). The purified product (17 mg; 0.052 mmol) was dissolved in 
dry acetone (1 mL) and treated with anhydrous K2CO3 (41 mg; 0.312 
mmol) under stirring at room temperature for 10 min. Then, CH3I (19 

Fig. 1. Chemical structures of magnolol (1) and the 10 analogs used in this study.  
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μL) was added to the reaction flask and the mixture was refluxed for 24 
h. After 5 h, another aliquot of CH3I (19 μL) was added. The reaction 
mixture was taken to dryness under vacuum, and the residue was sub-
mitted to flash chromatography with DIOL Silica-gel, eluting with 
n-hexane: CHCl3 (from 100:0 to 50:50). The expected product 9, Rf 0.6 
(ethyl acetate:n-hexane, 30:70), was obtained with 60% of yield (10.2 
mg). Its NMR data are in agreement with those previously reported 
(Lievot et al., 2015). 

All test compounds were dissolved in dimethyl sulfoxide (DMSO) 
purchased from Sigma-Aldrich. 

Cell culture 

Human prostate LNCaP cells were cultured in RPMI 1640 medium 
(Gibco) supplemented with 2 mM L-glutamine (Gibco), 10% fetal bovine 
serum (Gibco), 1 mM sodium pyruvate (Gibco), and 100 U mL− 1 peni-
cillin and 100 μg mL− 1 streptomycin (Gibco). 

A Chinese Hamster Ovary (CHO) cell line stably transfected with an 
AR responsive luciferase plasmid and an expression vector for the 
human androgen receptor (AR-EcoScreen cell line) was obtained from 
the Japanese Collection of Research Biosources Cell Bank and used for 
the AR reporter gene assay. The cells were cultured in DMEM F12 me-
dium without phenol red (Sigma) supplemented with 5% FBS (Gibco), 2 
mM L-glutamine (Lonza, Basel, Switzerland), 100 U mL− 1 penicillin, 100 
μg mL− 1 streptomycin, (Lonza), 100 μg mL− 1 Hygromycin B (InvivoGen, 
USA), and 200 μg mL− 1 Zeocin (Invitrogen, CA, USA). Experimental 
medium consisted of DMEM F12 (Sigma) medium supplemented with 
5% dextran-charcoal treated fetal bovine serum (Thermo Scientific), 4 
mM L-glutamine (Gibco, Thermofisher Scientific), Penicillin/Strepto-
mycin with a final concentration of 100 U mL− 1 penicillin, 100 μg mL− 1 

streptomycin, (Lonza). 
The human colon carcinoma cell line (Caco-2) was cultured in Caco- 

2 medium with Dulbeccos Modified Eagle medium DMEM F12, 10% FBS 
(Gibco), 100 U mL− 1 penicillin, 100 µg mL− 1 streptomycin, 2 mM L- 
glutamine and 1% non-essential amino acids (Gibco). 

All cells were cultured in a humidified incubator maintained at 37 ◦C 
in an atmosphere of 5% CO2. The medium was exchanged twice a week. 
For passaging, cells were detached with Trypsin-EDTA. 

In all experiments, except the Caco-2 transwell experiments 
described in Section 2.6, vehicle control consisted of 1% DMSO, 
equivalent to the DMSO concentration in the test compound solutions. 

Cell viability assay 

Cell viability was assayed in AR-EcoScreen cells and LNCaP cells 
using the MTS assay. Cells were seeded in 96 well plates with a density of 
1 × 104 cells per well and incubated for 24 h. AR-EcoScreen cells were 
exposed to compounds 1 – 11 in a three-fold dilution series with a 
concentration range from 1.2 to 100 µM. LNCaP cells were exposed to 
compounds 1, 4, 6, 7, and 11 at 33 and 100 µM, which were the com-
pounds and the concentrations used for PSA analysis in LNCaP cells. Cell 
viability was measured after 24 h using the CellTiter 96 Aqueous One 
Solution Proliferation Assay System (Promega) in accordance with the 
protocol of the manufacturer. The absorbance was measured using a 
Wallac Victor2 1420 microplate reader (PerkinElmer) or Tecan Infin-
ite®M1000 Pro plate reader (TECAN, Austria GmbH, Austria). Effects of 
test compounds on viability were compared to vehicle control. Exposure 
resulting in a cell viability of <80% as compared to the vehicle control 
was considered cytotoxic. 

Antiandrogen receptor activity 

Antiandrogen receptor activity was assayed using the AR-EcoScreen 
cell line. All experiments were conducted in white-walled, clear- 
bottomed, 384 well plates (Corning, NY, USA) over a three day period 
with cell seeding on day 1, cell treatment with magnolol (1), analogs 2 – 

11 and standards on day 2, and luciferase measurement on day 3. Cells 
were seeded in a density of 4 000 cells per well. To assay AR antagonistic 
activity, AR activity was induced by 500 pM dihydrotestosterone (DHT), 
which was added to the cells together with the test compounds. 
Hydroxyflutamide (OHF) (Sigma-Aldrich, USA) was used as a positive 
control for AR antagonism and tested in 6 concentrations in the range of 
10− 5 M to 10− 10 M. 

At experiment termination, cells were lysed with passive lysis buffer 
(PLB) (Promega), 10 µL well− 1, for 15 min in 384 well plates. Luciferase 
activity was measured using the Luciferase® Reporter Assay System 
(Promega) according to the manufacturer’s instructions. Luminescence 
was measured on a Tecan plate reader (TECAN, Austria GmbH, Austria) 
with an automatic injection syringe. The injection volume for the Firefly 
luciferase reagent was 10 µL per well. Luminescence measurement was 
conducted over a 5 s period, 2 s after reagent was automatically injected 
with Firefly luciferase reagent. White adhesive sealing film was attached 
to plate bottom before measurement. Receptor activity was normalized 
to vehicle control and set to 1. The normalized receptor activity for each 
treatment group was plotted against the concentration of the compound 
and a curve fitting was performed using GraphPad Prism 7. 

Androgen receptor binding assay 

PolarScreen Androgen Receptor Competitor Assay (Thermo Fisher) 
was used, in accordance with the manufactureŕs recommendations, to 
study the binding potential of magnolol and analogs to the androgen 
receptor. In this cell-free system, the androgen receptor binding of test 
compounds can be studied using purified AR protein and a tight-binding 
selective fluorescent androgen receptor ligand; Fluormone Tracer. In the 
absence of other androgen receptor ligands, Fluormone Tracer binds to 
the ligand binding domain of androgen receptor and the complex exerts 
a high fluorescence polarization value. In the presence of increasing 
concentrations of other androgen receptor ligands, the Fluormone 
Tracer will be displaced from the androgen receptor ligand binding 
domain and the displaced tracer will have a significantly lower fluo-
rescence polarization value. The compounds 1, 4, 6, 7 and 11 were 
analyzed for androgen receptor binding properties in a 16-point, 3-fold 
dilution series with a concentration range from 63 pM to 100 µM. The 
known androgen receptor ligand dihydrotestosterone (DHT) was used as 
a positive control of Fluormone Tracer displacement and analyzed in a 
16-point, 3-fold dilution series with a concentration range from 3.5 pM 
to 50 µM. The assay was performed in black low volume 384 well plates 
(Corning) and the fluorescence polarization value for each sample was 
analyzed using an Infinite M16000 plate reader (Tecan). As the assay 
maximum control we used a sample without competing ligand. This 
sample represents the highest fluorescence polarization value possible, 
as the Fluormone Tracer is completely bound to the androgen receptor. 
As the assay minimum control, we used a sample with 50 µM DHT, to 
represent the lowest possible polarization value when all Fluormone 
Tracer is displaced from the androgen receptor. The polarization value 
for each treatment group was plotted against the concentration of the 
compound and a curve fitting was performed using GraphPad Prism 7. 

Prostate-specific antigen (PSA)-expression assay 

Prostate-specific antigen (PSA) is a protein, which expression is 
regulated by ligand-activated androgen receptor. Therefore, it is used as 
a downstream biomarker of androgen receptor signaling in prostate 
cells. To investigate if selected magnolol analogs alter androgen receptor 
signaling in prostate cells, LNCaP cells were cultured as described above. 
LNCaP cells were seeded in 96 well plates with a density of 2 × 104 cells 
and incubated for 48 h. Following the incubation, the cell culture me-
dium was changed and the cells exposed to magnolol and analogs (1, 4, 
6, 7, 11) in concentrations of 33 or 100 µM for 24 h. The cell culture 
medium was collected and the PSA level was analyzed using a PSA 
specific ELISA kit from Demeditec (kit DE3719). The PSA level was 
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compared to a vehicle treated control. 

Transwell assay with Caco-2 cell monolayer in upper and AR-EcoScreen 
cells in lower compartments 

To investigate the potential absorption of magnolol and analogs after 
administration per os, we used a transwell model where human colo-
rectal carcinoma Caco-2 cells, which is an experimental model of human 
absorptive enterocytes, cultured as a tight layer in the upper compart-
ment and the AR-EcoScreen cells in the lower compartment of the well. 

Transepithelial electrical resistance (TEER) 
TEER is a measurement of ion flow through the cell monolayer and is 

a marker for the integrity of the monolayer. TEER across Caco-2 cell 
monolayer was measured with an epithelial voltometer EVOM (World 
Precision Instruments) and STX2 electrode. TEER was determined as 
ohm (Ω) per filter insert, which was later calculated to Ω cm2. TEER was 
measured before and at the end of the experiment and the results 
expressed as TEER(%) = (TEER before exposure/TEER at the end of 
exposure) x 100. 

Cell transport studies 
Caco-2 cells were seeded on the apical filters of the Transwell® 

Fig. 2. Cell viability of AR-EcoScreen cells following 24 h exposure to magnolol (1) and the ten analogs. For identification of analogs, see Fig. 1. A cell viability of 
<80% compared to the vehicle control was defined as cytotoxicity, which is marked by the dotted line. Mean ± SD; n = 4. 
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inserts in 12-well plates (Corning) at a density of 6 × 105 cells per insert. 
Cells were grown in the Caco-2 medium and medium was exchanged 
twice a week in both the apical (0.5 ml) and the basolateral (1.5 ml) 
chambers. Experiments were performed after cells were grown for 
21–25 days. Before experiments, the integrity of the cell monolayer was 
assessed by transepithelial electrical resistance (TEER) and found to be 
>1000 Ω cm2. 

After 21–25 days, when the Caco-2 cells had formed a monolayer 
with a TEER value >1000 Ω cm2, AR-EcoScreen cells were plated in the 
lower compartment of a Transwell plate at a density of 1.8 × 105 cells 
per well in AR-EcoScreen experimental medium. The cell culture me-
dium in the upper transwell was also exchanged to AR-EcoScreen 
experimental medium and the cells were incubated for 24 h. 
Following incubation, TEER values >1000 Ωcm2 were confirmed for the 
Caco-2 cell monolayer in all wells. Magnolol and analogs 4, 6, 7 and 11 
were added to the apical chamber of the Transwell plate. Dihy-
drotestosterone (DHT) (Sigma-Aldrich, USA) in a concentration of 500 
pM was added together with the samples and standards. DMSO (0.4%) 
with and without DHT were used as negative controls and 1 µM 
hydroxyflutamide (OHF) (Sigma-Aldrich, USA), the prostate cancer 
drugs abiraterone at 1 and 10 µM (Selleck Chemicals) and enzalutamide 
at 10 µM (Selleck Chemicals) were used as positive controls. 

Samples were incubated for 4 h with inserts and TEER values were 
recorded at 10, 30, 60, 120, and 240 min. After 4 h, the apical inserts 
were discarded and the plate was incubated for an additional 20 h. 

At experiment termination, AR-EcoScreen cells from the lower 
compartment were lysed with passive lysis buffer (PLB) (Promega) for 
15–20 min. Cell lysate, 10µL well per well, was transferred from the 12- 
well to a 384-well plate and luciferase activity was measured using the 
Luciferase® Reporter Assay System (Promega) according to the manu-
facturer’s instructions. Luminescence was measured on a Tecan Infin-
ite®M1000 Pro plate reader (TECAN, Austria GmbH, Austria) with an 
automatic injection syringe. The injection volume for the Firefly lucif-
erase reagent was 10 µL per well. Luminescence measurement was 
conducted over a 5 s period, 2 s after reagent was automatically injected 
with Firefly luciferase reagent. 

Statistical analysis 

Antiandrogen receptor activity and PSA concentration were statis-
tically evaluated using one-way ANOVA followed by Holm-Sidak’s 
multiple comparisons test. p < 0.05 was considered statistically signif-
icant. All statistical analyses was performed in GraphPad Prism 7.01. 

Results 

Cell viability 

To ensure that the studies on antiandrogenic activity were performed 
at non-cytotoxic concentrations, the cell viability of AR-EcoScreen and 
LNCaP cells were investigated after exposure to magnolol and analogs. 
We found that 1, 2 and 9 were cytotoxic at 33 and 100 µM and that 6 and 
7 were cytotoxic at 100 µM. All other compounds and concentrations 
were non-cytotoxic (Fig. 2). 

In LNCaP cells 1 was cytotoxic in both 33 and 100 µM and 6 was 
cytotoxic at 100 µM, while all other studied analogs (4, 7 and 11) were 
non-cytotoxic in the concentrations used (Fig. 3). 

Antiandrogen receptor activity 

The antiandrogenic receptor activity was studied in AR-EcoScreen 
cells, activated by DHT pretreatment. Antiandrogenic activity was 
exerted by all test compounds, except 4 and 10 (Fig 4). IC50 values 
(concentration causing 50% inhibition of the DHT-induced activity) 
varied between 7 and 86 µM. The IC50 values increased in the order 1 >
2 > 7 > 6 > 3 > 11 > 8 > 5. All cytotoxic concentrations were excluded 
from analysis. As antiandrogenic activities can result from cytotoxicity it 
is worth noting that all analogs, except 4 and 10, had statistically sig-
nificant antiandrogenic activities at non-cytotoxic concentrations. 
Compound 9 was cytotoxic at 33 and 100 µM, but showed statistically 
significant antiandrogenic activities also at lower, non-cytotoxic con-
centrations. However, the inhibitory effect in the non-cytotoxic con-
centrations did not reach 50% effect, and an IC50 value could therefore 
not be calculated for this compound. 

Androgen receptor binding 

The direct interaction of five of the test compounds with the ligand 
binding domain of AR was investigated with an assay, where the 
displacement of a synthetic ligand is measured by fluorescence polari-
zation. DHT was used as a positive control. We found specific binding of 
6 and to a lower extent also of 1 and 7 (Fig. 5). 

Effects on PSA production 

PSA production was measured in LNCaP cells as a biomarker of 
downstream androgenic signaling. Statistically significant decrease in 
PSA production was found after treatment of cells with 6, 7 at both 33 
and 100 µM, and with 4 and 11 at 100 µM (Fig. 6). It should, however, be 
noted that compounds 6 and 7 were borderline cytotoxic (see Section 
3.1) at 100 µM, which could cause a decrease in PSA production also 
without an effect on the AR signaling. The decrease in PSA production 
following exposure to 100 µM of 6 should therefore be interpreted with 
caution. The decrease of PSA production with 1 occurred at cytotoxic 
concentrations, while the other compounds and concentrations were not 
cytotoxic in LNCaP cells (Fig. 3). 

Antiandrogenic activity after passage through a layer of Caco-2 cells 

All the tested compounds, including the prostate cancer medical 
drugs abiraterone and enzalutamide, and the positive antiandrogenic 
reference substance OHF, drastically decreased the DHT-induced 
androgenic activity in AR-EcoScreen cells (Fig. 7). Analogs 6, 7 and 

Fig. 3. Cell viability of LNCaP cells following 24 h exposure to magnolol (1) 
and four analogs. For identification of analogs, see Fig. 1. A cell viability of 
<80% compared to the vehicle control was defined as cytotoxicity, which is 
marked by the dotted line. Mean ± SD; n = 4. 
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11 showed a dose-response in antiandrogenic activities, which were 
found to be statistically significantly different from the DMSO vehicle 
DHT treated control (DMSO/VC/DHT). 

Transepithelial electrical resistance 

Transepithelial electrical resistance (TEER) was measured across the 
Caco-2 monolayers at the start and the end of the experiments, as an 

indicator of the integrity of the monolayers. Compared to the DHT 
control, TEER was statistically significantly decreased at all tested 
concentrations of 6 and 7 and at 100 µM of 11 and at 10 µM of OHF, 
abiraterone and enzalutamide, at most time points (Fig. 8). Effects on 
TEER were present already after 10 min incubation with test compounds 
and remained at a similar level at longer incubation times. 

Fig. 4. Antiandrogen receptor activity of magnolol (1) and the ten analogs in AR-EcoScreen cells pretreated with DHT to activate AR signaling. For identification of 
analogs, see Fig. 1. Fold change compared to control expressed as mean ± SD; n = 4. * p < 0.05 compared to vehicle control. 
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Discussion 

Prostate cancer is the most common cancer form in men and pre-
vention and treatment is of utmost importance for public health. Plant- 
derived bioactive molecules, especially phenolic compounds, have 

shown promising potential for chemoprevention and therapy of prostate 
cancer (Hao et al., 2022; Salehi et al., 2019). Magnolol has been 
demonstrated in vitro to affect various molecular targets involved in 
initiation and growth of prostate cancer cells (see Introduction). Prostate 
cancer cells are dependent on androgens for growth and progression. To 
our knowledge, this is the first study to show antiandrogenic activities of 
magnolol and magnolol analogs. The effects were partly mediated by 
direct interaction with the ligand binding domain of the androgen re-
ceptor. Downstream effects on androgenic signaling were demonstrated 
by inhibition of PSA production in prostate cancer cells. As an additional 
promising potential for clinical application, we could also demonstrate 
antiandrogenic activity of magnolol analogs after passage through 
human intestinal Caco-2 cells. 

The studied biological effects varied between the 11 tested magnolol 
compounds. Cytotoxicity was determined in AR-EcoScreen cells, where 
magnolol (1) and compound 2 were the most cytotoxic ones. Both 
compounds are unsubstituted in the bisphenyl rings apart from the OH- 
groups at position 6 and 6′ and unsubstituted allyl- or alkyl-chain at the 3 
and 3′ positions. Compound 1 but not compound 3 was cytotoxic at the 
higher concentrations, indicating that methylation of the OH-groups in 
positions 6 and 6′ in the bisphenyl ring protects from cytotoxicity. 
Similarly, compound 2, but not 4 and 5, was cytotoxic, indicating that 
hydroxylation and acetoxylation of the alkyl chains protects from 
cytotoxicity. 

Similar results on cytotoxicity were observed in the prostate cancer 
LnCaP cells. Magnolol (1) had a high cytotoxicity, while no cytotoxicity 
was detected after treatment of cells with compounds 4 and 11, and a 
small decrease in cell viability was detected with compounds 6 and 7. 

Cytotoxicity can have different implications in vitro studies on anti-
cancer effects. Antiproliferative effects specifically towards cancer cells 
may suggest a clinical potential, while general cytotoxicity may indicate 
a risk of systemic toxicity and less clinical value. In the treatment of 
castrate-resistant prostate cancer, antiandrogenicity is the desired 

Fig. 5. Androgen receptor binding of DHT as a positive control, magnolol (1) and four analogs assayed with AR Polar Screen. A decrease in polarization indicates that 
the compound can bind to the ligand binding domain of AR. For identification of analogs, see Fig. 1. Mean; n = 2. 

Fig. 6. Concentration of prostate-specific antigen (PSA) in a culture of LNCaP 
cells following 24 h exposure to magnolol (1) or four analogs. For identification 
of analogs, see Fig. 1. PSA concentration was measured by ELISA. Mean ± SD, 
n = 3 for exposed groups and 12 for vehicle control). * p < 0.05 compared to 
vehicle control. 
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biological effect. A specific antiandrogenic effect, in the absence of 
cytotoxicity would be the most favorable. In in vitro assays for anti-
androgen receptor activity, as used in the present study, androgen re-
ceptor activity is induced by DHT and the capacity of test substances to 
reduce the androgen activity is measured. A lower number of viable 
cells, due to cytotoxicity of the test substance, would give a false 
impression of antiandrogenicity. Consequently, antiandrogenic activity 
can only be accurately determined at non-cytotoxic concentrations of 
the test compound. 

All compounds, except 4 and 10, exhibited antiandrogenic activity at 
non-cytotoxic concentrations. Highest antiandrogenic activity was 
observed after treatment of cells with 1, 2, 7, 6 and 3 (IC50 from 7 to 28 
µM), of which all compounds had unsubstituted allyl- or alkyl-chains at 
the 3 and 3′ positions. Antiandrogenic activity, although lower, were 
observed after treatment with compounds 11, 8 and 5 (IC50 30 to 86 
µM), of which compounds 11 and 5 were acetoxylated on the alkyl-chain 
at the 3 and 3′ positions. The compounds with no antiandrogenic ac-
tivity, 4 and 10, were the only compounds with OH-groups on the alkyl- 
chain at the 3 and 3′ positions. Of the compounds with antiandrogenic 
activity, compounds 6, 7 and 1 interacted directly with the ligand 
binding domain of the androgen receptor, while 4 and 11, which had 
hydroxylated or acetoxylated alkyl chains at the 3 and 3′ positions, did 
not. 

Measurement of prostate-specific antigen (PSA) was first introduced 
in clinic to verify the response to treatment of prostate cancer and later 
used as a screening test to detect prostate cancer (Salehi et al., 2019). In 
the present study we tested PSA production in LNCaP cells after treat-
ment with magnolol and four selected analogs. Compounds 6 and 7 were 
selected due to antiandrogenic activities and androgen receptor ligand 

binding properties. Both compounds decreased PSA production at 
non-cytotoxic concentrations, demonstrating downstream effects on 
androgenic signaling. Compound 11, which was selected as a compound 
with antiandrogenic activity and without ligand-binding capacity, 
reduced the PSA production at the higher concentration. Compound 4, 
which neither had antiandrogenic activity nor ligand-binding capacity, 
caused a minor but statistically significant reduction in PSA production. 
The effect could either be spurious or due to effects on other enzymes in 
the steroidogenesis (e.g. an inhibitory effect on 17β-hydroxysteroid de-
hydrogenase or a stimulation of the activity of CYP19/aromatase), or 
caused by an unspecific non-androgenic mechanism. 

Besides effects on the molecular targets, bioavailability and phar-
macokinetic stability is essential for clinical application of drug candi-
dates. Similar to other dietary polyphenols, such as resveratrol and 
catechins, magnolol has a low bioavailability and is rapidly conjugated 
with glucuronic or sulfuric acid (Sarrica et al., 2018). To improve the 
pharmacokinetic characteristics and the potential for clinical use, 
chemical analogs have been synthesized and tested in the present study. 
To investigate bioavailability of the test compounds we established an 
experimental model for determination of antiandrogenic activity after 
gastrointestinal absorption, by using human Caco-2 cells in the upper 
compartment and AR-EcoSceen cells in the lower compartment of 
transwells. The three magnolol analogs, which caused a reduction of 
PSA production (6, 7 and 11) were tested together with the positive 
reference compound OHF and two prostate cancer drugs, abiraterone 
and enzalutamide. Antiandrogenic effects were observed after passage 
through Caco-2 cells by all compounds and for the three antiandrogenic 
magnolol analogs the effects were dose-related. These results are 
promising for the development of magnolol analogues as anti-prostate 
cancer drugs, as it indicates the potential for a good bioavailability 
after oral administration. It should, however, be noted that the trans-
epithelial electrical resistance of the Caco-2 cell monolayer (a mea-
surement of the integrity of the cell monolayer) was statically decreased 
by all studied compounds, at least in the highest concentration. Further 
studies are needed to investigate if the transport of the test compounds 
over the Caco-2 cell layer is via passive diffusion or active transport 
through the cells, or via paracellular transport between the cells 
following a loosening of the tight junctions in the cell layer. Interest-
ingly, also the already clinically used drugs enzalutamide and abir-
aterone show the same effect of decreasing the transepithelial electrical 
resistance of the Caco-2 cell monolayer. 

A similar approach to test synthetic analogs with presumably better 
pharmacokinetic properties was applied for another plant-derived 
phenol, resveratrol, with documented effects on androgen synthesis 
(Oskarsson et al., 2014) and inhibition of androgen receptor activity 
(Lundqvist et al., 2017). The most potent analogs were acetylated and 
methylated analogs, which also had longer half-lives, increased AUC and 
volume of distribution, compared to resveratrol (Liang et al., 2013). 

In this study, we have shown that magnolol and multiple magnolol 
analogs exert antiandrogenic effects at non-cytotoxic concentrations, 
that this antiandrogenic effect for some of these compounds is mediated 
via a direct interaction with the AR, and for selected compounds that 
they have the capacity to decrease the production of PSA (a downstream 
biomarker of androgenic signaling). Further, we have shown that 
selected analogs are able to pass over a tight layer of Caco-2 cells, an 
experimental model to evaluate gastrointestinal absorption of com-
pounds, which indicates a potential for good bioavailability of these 
compounds after oral administration. In conclusion, magnolol analogs 
constitute an interesting group of compounds worthy of further evalu-
ation as potential anti-prostate cancer therapeutics due to their anti-
androgenic properties, the potential for good bioavailability after oral 
administration and potentially preferential properties from a pharma-
cokinetic perspective. 

Fig. 7. Androgen receptor activity in AR-EcoScreen cultured in the lower 
compartment of a transwell plate with a tight layer of Caco-2 cells on the 
semipermeable insert. Magnolol analogs or clinically used prostate cancer drugs 
were applied in the upper compartment of the transwell plates at the indicated 
concentrations, together with DHT to activate AR signaling, and incubated for 
4 h. Following 4 h incubation, the insert was removed and the AR-EcoScreen 
cells were left to incubate for an additional 20 h. For identification of ana-
logs, see Fig. 1. Mean ± SD; n = 3. * p < 0.05 compared to DMSO/VC/DHT 
treated control. 
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Fig. 8. Transepithelial electrical resistance (TEER) of the Caco-2 cell layer following 10, 30, 60, 120 and 240 min of exposure to controls, magnolol, analogs and 
clinically used prostate cancer drugs. For identification of analogs, see Fig. 1. 
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