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Pharmacologically relevant concentrations of berberine transiently
stimulate dihydrotestosterone-inducible androgen receptor-mediated
luciferase activity in human prostate cancer cells
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Background: Herbal medicines containing berberine have a wide spectrum of usage. However, the effect
on androgen receptor (AR) activity at plasmatic relevant concentrations is omitted. Therefore, the effect of
berberine on AR activity in prostate cancer cell lines was investigated.

Methods: We used the reporter gene assay (RGA) and polymerase chain reaction (QPCR) for monitoring
the activity of AR. Moreover, we monitored the proliferation of two prostate cancer cell lines treated with
Berberine.

Results: Berberine significantly potentiated dihydrotestosterone (DHT)-inducible AR-dependent
luciferase activity in RGA. It also significantly decreased basal KLK3 mRNA level in 22Rv1 cells, but DHT-
inducible KLK3 mRNA was not affected in androgen-independent (22Rv1) or androgen-dependent (LNCaP)
cells. Proliferation of both cell lines was significantly inhibited by 100 and 1,000 nM concentrations in
similar manner and Berberine increased Annexin V staining, suggesting an apoptotic event.

Conclusions: Berberine inhibits proliferation of prostatic cell lines at pharmacologically reachable

concentrations but with no apparent link to androgen receptor-driven target gene expression.

Keywords: KLLK3; LNCaP; 22Rv1; 3D culture

Submitted Nov 10, 2017. Accepted for publication Feb 26, 2018.
doi: 10.21037/tcr.2018.03.31
View this article at: http://dx.doi.org/10.21037/tcr.2018.03.31

Introduction independent cells upon Berberine treatment as a result of

Berberine (Figure 14) is a quaternary isoquinoline alkaloid inhibition of cyclins expression and activation of caspases (4).

which is used as a remedy for the treatment of diarrhea and
gastroenteritis due to its anti-motility and antimicrobial

Following studies confirmed this observation and extended
the knowledge about other molecular targets involved in
the anti-growth activity of Berberine, like p53 (5) or c-Jun
N-terminal kinase (JNK) (6). Among molecular targets of
Berberine, androgen receptor (AR) was also demonstrated (7).

activities (1). It is sold as dietary supplement with content
of Berberine usually ranging from 400 to 1,000 mg per
capsule (e.g., Swanson, Dr. Whitaker, aSquared Nutrition).

Among many described biological effects, the antineoplastic
activity attracts the attention. It was described to be effective
against pancreatic cancer cells, breast cancer cells or prostate
cancer cells (2-4). One of the first studies demonstrated
the decline in the viability of androgen-dependent as well
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By employing reporter gene assay, it was demonstrated that
Berberine inhibited dose-dependently ligand-independent
AR-dependent luciferase activity after 6 h for concentrations
from 25-100 pM in 22Rv1 cells and ligand-dependent AR-
dependent expression of KLLK3 mRNA (prostate specific
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antigen; PSA) in LNCaP cells after 24 h (7). Moreover,
downregulation of PSA and androgen receptor protein were
demonstrated as well.

The common thing for all these studies is relatively
high concentration of Berberine. Even though Berberine
inhibited LNCaP xenografts in nude mice after daily i.p.
injection of 5 mg/kg, the plasma concentrations in mice
were not established. Moreover, concentrations which
cause more than 20% decline in viability of cells in vitro are
difficult to be connected with AR action especially when
apoptotic events are triggered at these concentrations.
Thus, the AR-dependence in human subjects is in question.

Pharmacokinetics of Berberine was determined in rats,
where oral administration of 90 mg/kg led to Cyax equal to
29 ng/mL (corresponds to approx. 86 nM) with Ty,x 1 h,
but then it dropped down (8). Studies in human volunteers
demonstrated variable pharmacokinetic profiles. In one
study, single oral dose of 300 mg of Berberine resulted
in C,,, =394.7+155.4 pg/L (approx. 1.17£0.46 pM) with
T = 2.37£0.04 h in healthy human male volunteers (9).
In another study, 500 mg orally administered Berberine
chloride led to C,,, of 1.4 nM in healthy volunteers (10).
However, plasma levels of Berberine were higher approx.

max

3-times in hypercholesterolemic subjects after daily chronic
administration of Berberine chloride at 15 mg/kg of body
weight. Thus, with similar initial dose, concentration in
plasma may vary in 3 orders of magnitude among human
volunteers. In another study, daily administration of 1.2 g for
2 weeks resulted in average plasma concentration 0.19 mg/L
(approx. 565 nM) (11). If we accept as the upper limit the
maximal concentration from the study by Li et 4/. (9), then the
maximal reachable systemic concentration of Berberine does
not exceed 1 pM after single oral administration. Thus, higher
concentrations may not be of clinical relevance. Since there
was described that some compounds targeting steroid receptors
may display a hormetic effect (12), it is worth to know if
submicromolar concentrations of Berberine may display such a
behavior or provide regular monotonic dose-response. To this
purpose, we decided to investigate the effect of Berberine in
low submicromolar concentrations, which more reflect real in
vivo situations, on androgen receptor activity and proliferation
in prostate cancer cell lines.

Methods
Compounds and reagents

Dimethyl sulfoxide (DMSO), dihydrotestosterone (DHT),
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Berberine, proliferation assay kit (5-Bromo-2'-deoxy-uridine
Labeling and Detection Kit III), Charcoal-stripped fetal
bovine serum (FBS; F6765) were purchased from Sigma-
Aldrich (Prague, Czech Republic). Oligonucleotide primers
used in RT-PCR reactions were synthesized by Generi
Biotech (Hradec Kralove, Czech Republic). Annexin V
binding buffer and Annexin V-CF488A conjugate were from
Biotium (Fremont, USA). LightCycler 480 Probes Master
was from Roche Diagnostic Corporation (Intes Bohemia,
Czech Republic). Microtiter plates for 3D cell culture were
obtained from 300Microns (Karlsruhe, Germany). All
other chemicals were of the highest quality commercially
available.

Cell cultures

Human Caucasian prostate carcinoma (LNCaP; No.
89110211) and human prostate carcinoma epithelial cell
line (22Rv1; No. 05092802) were purchased from Public
Health England. Both cell lines and stably transfected cell
line AIZ-AR (derived from 22Rvl) were cultured in RPMI
1640 medium supplemented with 10% of charcoal-stripped
fetal bovine serum, 100 U/mL streptomycin, 100 pg/mL
penicillin, 2 mM L-glutamine, 1% non-essential amino
acids, and 1 mM sodium pyruvate. Cells were maintained at
37 °C and 5% CO, in a humidified incubator.

Cell viability assay (MTT)

Cell line ATZ-AR was treated with increasing concentrations
of BER (0.01-50 pM) and/or DMSO (0.1%; v/v) for
24 h. Thereafter, the medium was replaced by PBS
with MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) in final concentration of
0.3 mg/mL. The solution was discarded after 30-40 minutes
of incubation and replaced by DMSO for dissolution of the
formazan crystals. Absorbance was measured at 570 nm with
Infinite M200 (TECAN, Austria). Tested concentrations
causing decline in viability no greater than 20% were
considered as non-toxic for furthers experiments.

Gene reporter assay

Stably transfected gene reporter cell line AIZ-AR, which
was derived from 22Rvl1 cells transfected with a construct
containing 3 copies of androgen response regions (ARRs)
followed by a single copy of androgen response element
(ARE) from the promoter region of human PSA (KLK3)

Trransl Cancer Res 2018;7(2):383-390



Translational Cancer Research, Vol 7, No 2 April 2018

gene (Bartonkova, 2015). Following the plating, cells
were stabilized for 16 h and then treated with BER
(0.001-1,000 nM) in the absence (Agonist setting) or
presence of dihydrotestosterone (DHT; 100 nM) (Antagonist
setting) and/or vehicle (DMSO; 0.1% v/v) for 24 h. After
the treatments, cells were lysed and luciferase activity was
measured with Infinite M200 (TECAN, Austria).

Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR)

The total RNA was isolated using TRI Reagent® (Molecular
Research Center, USA). cDNA was synthesized from
1,000 ng of total RNA using M-MuLV Reverse
Transcriptase (M0253S, New England BioLabs) at 42 °C for
60 min in the presence of random hexamers (51230, New
England BioLabs). qRT-PCR was carried out on Light
Cycler 480 II apparatus (Roche Diagnostic Corporation,
Prague, Czech Republic). The levels of KLK3 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs were determined using primers and Universal
Probes Library (UPL; Roche Diagnostic Corporation,
Prague, Czech Republic) probes as follows: KLK3 (PSA)-
UPL 44, forward: GTGCTTGTGGCCTCTCGT,
reverse: CAGCAAGATCACGCTTTTGT; GAPDH-
UPL 60, forward: CTCTGCTCCTCCTGTTCGAC,
reverse: ACGACCAAATCCGTTGACTC. The following
program was used for monitoring the expression of all
genes: an activation step at 95 °C for 10 min was followed by
45 cycles of PCR (denaturation at 95 °C for 10 s; annealing
with elongation at 60 °C for 30 s). The measurements were
performed in triplicates. Gene expression was normalized
per GAPDH as a housekeeping gene. Data were processed
by the delta-delta method. Results are expressed as fold
induction over DMSO-treated cells.

Proliferation assay

Proliferation assay was performed according to the
manufacturer recommendations with minor modifications.
Briefly, cells were seeded at the density of 10,000 cells per
well into 96-well plate (for LNCaP pre-coated with poly-D-
lysine; for 3D culture with microcavities each with 300 pm
in diameter) and stabilized overnight. Next day, the cells
were treated with dihydrotestosterone (DHT) alone or
together with increasing concentrations of Berberine
(0.1-1,000 nM) for 24 h. At the end of treatment, cells
were washed with PBS and the solution with 5-Bromo-
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2'-deoxy-uridine (BrDu) was applied for 3 h. Thereafter,
we followed strictly the procedure from manufacturer
guide. At the end, the absorbance at 405 nm and reference
495 nm were measured with Infinite M200Pro (Tecan,
Austria). The proliferation capacity was calculated as % of
the ratio of absorbances A,ys/Ays for DHT control sample
and for other samples, i.e., DHT sample was set to 100%.

Annexin V assay

Annexin V assay was performed according to the
manufacturer recommendations (ChemoMetec). Briefly,
22Rv1 cells were seeded at the density of 4x10 cells per
well into 12-well plate in RPMI medium supplemented with
Charcoal-stripped serum. After overnight stabilization, cells
were treated with dihydrotestosterone (DHT; 100 nM),
Berberine (1,000 nM), combination of both and/or DMSO
(0.1%, v/v) for 24 h. Thereafter, cells were harvested
by trypsinization, counted and approx. 3x10° cells were
resuspended in Annexin V binding buffer, to which
Annexin V-CF488A and Hoechst 33342 were added. After
incubation at 37 °C for 15 min, cells were spinned down
twice and each time the pellet was resuspended in Annexin
V binding buffer, lastly supplemented with propidium
iodide and immediately analyzed by Nucleocounter NC-
3000 (ChemoMetec; Denmark).

Statistical analysis

All values were subjected to Paired Student’s ¢-test. All
statistical analyses were performed using Microsoft Excel
2010. P<0.05 was considered statistically significant.

Results

First, we determined the non-toxic concentrations of BER
in recently developed AR-responsive cell line (AIZ-AR) (13)
for the purpose of monitoring activity of AR. The viability
significantly dropped below our personally set 80% threshold
for concentration of 5 pM within 24 h (Figure 1B). Therefore,
we further used concentrations no higher than 1,000 nM.
In reporter gene assay, there was no activation of AR by
BER next to positive control DHT (100 nM) (Figure 1C)
but there was significant approx. Twenty percent increase
of DHT-inducible AR-dependent luciferase activity above
DHT when co-incubated with BER (Figure 1D). Based
on this finding, we further focused on the expression

of AR target gene, KLK3. We used 22Rv1 cells, which
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Figure 1 The effect of Berberine on androgen receptor activity in androgen-independent cells. The structure of Berberine (BER) (A). MTT
assay performed on AIZ-AR cells treated with BER (0.01-50 pM) and/or dimethyl sulfoxide (DMSO) (0.1% v/v) as a vehicle for control for
24 h (B). Gene reporter assay of AIZ-AR cells incubated with BER (0.1-1,000 nM) in the absence (C) or presence (D) of dihydrotestosterone
(DHT) (100 nM) and/or DMSO (0.1% v/v) for 24 h. The data are the mean + SEM from 5 (C) or 7 (D) independent experiments and are
expressed as fold activation of AR over DMSO-treated cells (C) or as a % of positive control (DHT) (D). KLK3 mRNA expression in 22Rv1
cells incubated with BER (0.1-1,000 nM) in the absence (E) or presence (F) of DHT (100 nM) and/or DMSO (0.1% v/v) for 24 h. Results
are expressed as fold induction over DMSO-treated cells + SEM (E) or as % of DHT induction = SEM (F). The data are mean from at least
4 consecutive cell passages and were normalized per GAPDH mRNA levels (E,F). 22Rv1 cells were treated for 3, 6, 9 and 12 h with Berberine
(1 nM) and/or DHT (100 nM) and/or DMSO as a vehicle for positive or negative control, respectively. Results are expressed as fold
induction over DMSO-treated cells + SEM. The data are mean from at least 4 consecutive cell passages and were normalized per GAPDH
mRNA levels (G). Proliferation assay performed in 22Rv1 cells in the presence of DHT (H). Results are expressed as a % of DHT treated
cells. *, value is significantly different from DMSO-treated cells (P<0.05) (B,C,E,G) or DHT (D,H). #, value is significantly different from
DHT-treated cells (P<0.05) (G).
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Figure 2 The effect of Berberine on androgen receptor activity in androgen-dependent cells. LNCaP cells were treated for 24 h with
Berberine (0.1-1,000 nM) in the absence (A) or presence (B,C) of DHT (100 nM) and/or DMSO as a vehicle for negative control. Results
are expressed as fold induction over DMSO-treated cells + SEM (A), as % of DHT induction + SEM (B) or as % of DHT proliferation +
SEM from 3 independent cell passages. The data in A, B were normalized per GAPDH mRNA levels. *, value is significantly different from
DMSO-treated cells (A) or DHT-treated cells (P<0.05). DHT, dihydrotestosterone; DMSO, dimethyl sulfoxide.

AIZ-AR was derived from. While the positive control
DHT induced significantly KLK3 mRNA, Berberine
significantly decreased the basal level of KLK3 mRNA
about 20% independently of the dose (Figure 1E). However,
Berberine had no effect on DHT-inducible mRNA level
of KLK3 (Figure 1F). Since KLK3 mRNA may undergo
different stabilization/degradation in contrast to exogenous
luciferase in longer time, we monitored DHT-inducible
KLK3 mRNA in shorter periods of time in the presence
of Berberine (Figure 1G). We observed significantly
attenuated DHT-inducible AR-dependent KLK3 mRNA
in the presence of Berberine after 6 hrs. Shorter or longer
duration of treatment had no effect on inducible KLK3
mRNA.

Since there was mild but significant synergism of DHT
and Berberine on AR activity in reporter gene assay, we
tested if this finding can be connected to proliferation
of 22Rvl cells. We observed mild but significant decline
of proliferation for concentrations 100 and 1,000 nM
(Figure 1H). This is in contrast to expected AR co-activation.
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Due to the known observations, which suggested different
behavior of cells either in 2D or 3D culture model (14-16),
we performed the proliferation assay in the 3D culture
[technology based on the presence of microcavities
(300Microns, Germany)] plates to compare 2D and 3D
outputs. However, proliferation in 3D layout followed the
same pattern as in the case of 2D culture (data not shown).

Since all experiments so far were performed in androgen-
independent prostate cell line, we monitored the KLK3
expression and cellular proliferation in the presence of
Berberine in androgen-dependent cell line, LNCaP.
However, basal or DHT-inducible KLK3 mRNA as well as
proliferation profiles were almost identical with 22Rv1 cells
(Figure 2), i.e., no difference was observed.

In order to find a possible reason of lower proliferation
activity in the presence of Berberine, we considered a
triggering of an apoptotic event. Therefore, we further
focused on measuring the Annexin V intensity, a marker of
apoptosis. We observed that Berberine increased Annexin
V-CF488A staining next to DMSO or DHT, suggesting

Transl Cancer Res 2018;7(2):383-390
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Figure 3 The effect of Berberine on Annexin V signal in androgen-independent cells. 22Rv1 cells were treated for 24 h with Berberine
(1,000 nM) in the absence or presence of DHT (100 nM) and/or DMSO as a vehicle for negative control. Results are expressed as
propidium iodide intensity versus Annexin V-CF488A intensity of the cell population. BER, Berberine; DHT, dihydrotestosterone; DMSO,

dimethyl sulfoxide.

an early apoptotic event (Figure 3; right sector in each sub-
figure). Since this effect was unaffected by DHT, it can be
concluded that it does not involve androgen receptor.

Discussion

In the current paper we investigated the effect of
natural alkaloid Berberine at pharmacologically relevant
concentrations towards androgen receptor activity and its
relation to proliferation of prostate cancer cell lines. We
observed stimulation of dihydrotestosterone-inducible
AR-mediated luciferase activity by Berberine in the range
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of concentrations 0.1-100 nM (Figure 1D). However, the
presence of Berberine did not affect inducible level of AR-
target gene, KLK3, in androgen-dependent (LNCaP) or
independent cells (22Rv1) (Figures 1F2B). Monitoring the
proliferation revealed mild inhibition of proliferation for
100 and 1,000 nM concentrations of Berberine, which is
in accordance with literature (7). Similarly, proliferation
of 22Rvl cells in 3D cell culture displayed the same but
weaker pattern as in 2D culture (data not shown). Moreover,
we demonstrated an initiation of apoptosis, measured as
increased intensity of Annexin V staining.

Berberine is a natural compound with many biological

Trransl Cancer Res 2018;7(2):383-390
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activities, some of them beneficial for human subjects.
However, the benefits are always needed to be connected
with the dose/concentration. Two publications, which
focused on the pharmacokinetics of Berberine in human
volunteers after single oral dose administration, found
controversial results as similar orally given doses (which
can be obtained with commercially available dietary
supplements) resulted in the different maximal plasmatic
concentrations which differed approximately 1,000-times
(9,10). Thus, there is a question if orally given Berberine
can display such huge number of beneficial effects, which
are often attributed to its use, if the dose/concentration
would be in nanomolar range. Positive findings, which are
often reported for Berberine using mice with xenografts as
in vivo model close to cancer patients, usually administer
Berberine subcutaneously, which is quite different route of
exposure from oral administration and it is unlikely to be
applied for cancer patients.

The study by Li et a/. demonstrated that high doses of
Berberine (up to 100 pM) can inhibit viability of prostate
cancer cells and KLLK3 induction after 6 h (7). Moreover,
they demonstrated induction of apoptosis and decline in PSA
as well as AR protein content. However, used concentrations
were too high to have any implication on real in vivo
situation. A study, which measured pharmacokinetics of
200 mg/kg orally administered Berberine in rats, described
the higher amount of Berberine in some tissues next to
plasma (17). However, in any case the concentrations did
not exceed 1 pM and consequently any higher concentration
tested may not be of clinical relevance. Nevertheless, even
the use of submicromolar concentrations, we used in our
study, may give some relevant answers. The anticancer
effect of Berberine can happen in low concentrations as
we demonstrated by proliferation assay (Figure 1H) and by
Annexin V assay (Figure 3). Possibly, the real in vivo effect
may be stronger in longer periods and with repeated dosing,
especially for human subjects.

The main question which rises from our observation
is: Does Berberine have any significant impact on prostate
cancer in concentrations found in plasma? Based on
our data, we might conclude that the synergistic action
of nanomolar concentrations of Berberine with DHT-
inducible AR-dependent activity probably represents a false
positive result of our reporter assay. The interaction of AR
with sole response element without the remaining distal
parts as in the case of interaction with the full promoter of
KLK3 gene, can certainly give different results. Moreover,
an accumulation of luciferase enzyme unlike KLK3 mRNA
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(undergoing stabilization/degradation processes) can be one
of the plausible explanations. On the other hand, luciferase
activity statistically higher for combination of DHT and
Berberine next to DHT alone (Figure 1D) might reflect an
intracellular event, which was triggered by Berberine. Such
event might be the transient activation of extracellular signal
regulated kinase (ERK) via binding of Berberine to EGFR.
This rapid activation was observed for environmental
pollutant bisphenol A (18), which triggered expression
and phosphorylation of p53 protein at serl5 residue and
resulted in the cell cycle arrest. This is consistent with
our data from proliferation assay and with the observation
where Berberine strongly induced p53 expression in AR-
positive LNCaP cells but not in AR-negative PC-3 cells at
concentrations comparable with those used in our work (5).
Thus, there might be an interaction of Berberine-activated
kinase with AR, which we observed at AR-activity level but
not at AR-target gene expression level probably due to the
reasons mentioned above. Since AR was demonstrated to
interact with certain type of kinases at cellular membrane
and this interaction was a driving force for the development
of peptides mimicking the receptor sequences responsible
for these interactions (19), it can be speculated [in the
context of above mentioned study (5)] that Berberine would
be a suitable supportive treatment in AR-positive cancers.

In conclusion, Berberine has anti-proliferative effect on
androgen-independent as well as dependent prostate cancer
cells in nanomolar concentrations which links relevant
plasmatic concentrations found in human subjects with its
anti-cancer activity.
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