
Journal of Cellular Biochemistry 90:138–147 (2003)

Vitamin D and Androgen Regulation of Prostatic Growth
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Abstract Vitamin D has been reported to inhibit the growth of prostate cancer cells and model systems. In this study,
we examined the interaction between 1,25-dihydroxyvitamin D3 (1,25 D) in the presence or absence of endogenous
testosterone on the growth and development of the adult rat prostate. Male Sprague–Dawley rats (165 days old) were
either kept intact or castrated. Seven days after castration, the rats were treated with vehicle (control) or 1,25 D for 3 weeks
and then sacrificed. Both ventral and dorsal lateral prostates were harvested; whole tissue lysates were collected and AR
and VDR protein levels were analyzed by immunoblot analyses. Administration of 1,25 D in the intact animals decreased
the prostatic size by 40%, compared to control animals, whereas 1,25 D did not influence the size of the prostate in
castrated rats. 1,25 D administration in intact groups also increased both the AR and VDR protein levels by �twofold,
whereas in castrated groups, 1,25 D only increased the AR protein level by 1.5–2.5-fold. 1,25 D in the presence of
endogenous testosterone inhibits prostatic growth, whereas 1,25 D in the absence of endogenous testosterone does not
affect prostatic growth. The growth inhibitory activity of 1,25 D in the presence of testosterone may be mediated through
the ligand activated AR and VDR pathways. These studies may reveal important information about the potential efficacy of
1,25 D as well as hormonal status in understanding the development of prostate diseases. J. Cell. Biochem. 90: 138–147,
2003. � 2003 Wiley-Liss, Inc.
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1,25-dihydroxyvitaminD3 (1,25D) is themost
active hormonal form of vitamin D that reg-
ulates calcium and phosphate homeostasis
in the body. Many studies have reported the
growth inhibitory activity of 1,25 D on prostate
cancer cells and that decreased circulation
levels of 1,25 D have been associated with a
higher risk of prostate cancer [Schwartz and
Hulka, 1990; Hanchette and Schwartz, 1992;
Corder et al., 1993; Braun et al., 1995; Gann
et al., 1996; Ahonen et al., 2000; Tuohimaa
et al., 2001]. Similar anti-proliferative effects of
1,25 D are also evident in primary cultures of

normal prostate cells in vitro [Peehl et al., 1994].
When adult male rats are castrated and ad-
ministered with a super-physiological dose of
1,25 D, the resulting prostates of these animals
were more than twice the size of the control
animals treated with vehicle alone [Konety
et al., 1996]. When the rats are castrated and
then treated with exogenous testosterone in
addition to 1,25D, they exhibit greater prostatic
differentiation without the increase in size seen
in castrated rats.

Administration of 1,25 D in rats in utero also
influences the size and differentiation of the
prostate throughout the life span of the animal
[Konety et al., 1999]. Thus, 1,25 D has an
‘‘imprinting’’ effect on the prostate similar to
what has been reported with androgens and
estrogens [Wernert et al., 1988; Makela et al.,
1990; Schulze and Claus, 1990]. When 1,25 D
was administered at a super-physiological dose
during the pre-pubertal period, there was no
difference in prostatic weights between the
control and the 1,25 D treated rats [Konety
et al., 2000]. Exogenous administration of
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dihydrotestosterone (DHT) after puberty fur-
ther decreased the prostatic weights of control
rats. However, in rats treated with 1,25 D,
exogenous DHT did not have any significant
effect onprostaticweight.Despite this evidence,
to date, little is knownabout the role of 1,25Das
well as its interaction with androgens in re-
gulating the growth and differentiation of the
normal prostate.
In this study, we examined the interaction

between 1,25 D in the presence or absence of
endogenous testosterone on the growth and
development of the adult rat prostate. 1,25 D
administration in intact animals decreases
their prostatic size by 40%, compared to control
vehicle animals, whereas 1,25 D does not
influence the size of the prostate in castrated
rats. 1,25 D administration on intact animals
also increases both the AR and VDR protein
levels by�twofold,whereas in castratedgroups,
1,25 D only increases the AR protein level by
1.5–2.5-fold. The results suggest that 1,25 D as
a steroid hormone along with androgens may
have a synergistic effect in influencing prostotic
development in adult rats. The synergism be-
tween 1,25 D and testosterone could possibly be
mediated through the actions of both AR and
VDR in the prostate.

MATERIALS AND METHODS

Hormone and Antibodies

1,25 D (Sigma, St. Louis, MO) stock concen-
tration was prepared to 1mg/ml in ethanol. The
anti-AR, anti-VDR, and anti-actin antibodies
were purchased from Santa Cruz Biotechnol-
ogy, Santa Cruz, CA.

Animal Experiments

Male Sprague–Dawley rats aged 165 days old
were divided into four groups. Groups 1 and 2
of (n¼ 8 each) served as intact, non-castrated
groups; animals in groups 3 (n¼ 6) and 4 (n¼ 8)
were castrated. Rats in groups 3 and 4 were
castrated using a sterile surgical technique on
day 0. Animals in groups 2 and 4 received
intraperitoneal injections of 2 mg (40 ml) 1,25 D
diluted in5mlPBSstarting fromday7,whereas
animals in groups 1 and 3 received intraper-
itoneal injections of vehicle (40 ml of 100%
ethanol in 5 ml PBS). All animals received
injections on alternate days for 3 weeks. The
animals were kept in the dark and fed with
vitamin D deficient diet containing 0.3% cal-

cium and 0.4% phosphate. Total body weights
were measured twice a week during the treat-
ment. At the end of the 3-week treatment, the
animals were weighed, sacrificed, and serum
was collected by cardiac puncture and stored for
calcium and 1,25 D levels. The prostates were
harvested, separated into ventral (VP) and
dorsal-lateral (DLP) lobes, and sent for histo-
pathological examination and analysis of AR
and VDR protein levels as well as their DNA
binding activities. The animals and experi-
ments used in these studies were approved by
the institutional animal care committee accord-
ing to Public Health Service guidelines.

Total Protein Preparation

Prostate tissues from three different animals
were used for immunoblot analyses. Whole
tissue extracts were prepared by homogenizing
the tissues with a polytron tissue homogenizer
(Brinkmann, Westburg, NY) in extraction buf-
fer [20 mMHEPES (pH 7.9), 20 mMNaF, 1mM
Na3P2O7, 1 mM Na3VO4, 1 mM EDTA, 1 mM
EGTA, 1mMEGTA, 1mMDTT, 0.5mMPMSF,
420 mM NaCl, 20% glycerol, 1 mg/ml leupeptin,
and 1 mg/ml aprotinin], followed by snap-freez-
ing in ethanol/dry ice for 5 min and thawing on
ice for 10 min. The freeze and thaw procedures
were repeated again for a total of three times.
The supernatant was then centrifuged and
harvested. Protein concentrations were deter-
mined by using the Coomassie plus protein
assay kit (Pierce, Rockford, IL) according to the
manufacturer’s protocol.

Immunoblot Analyses

One hundred micrograms of whole tissue
lysates were loaded and separated by 7.5%
SDS/PAGE along with a separate lane contain-
ing 10 ml of Rainbow Markers (Amersham Life
Sciences, Arlington Heights, IL). Proteins were
then transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA)
utilizing a semi-dry transfer apparatus (Bio-
Rad, Richmond, CA). The membranes were
incubated overnight in 5% non-fat dry milk in
PBSwith 0.2%Tween-20. Themembraneswere
washed several times followedby1-h incubation
with either 1:250 dilution of anti-AR primary
antibody or 1:500 dilution of anti-VDR antibody
in PBS with 2% non-fat dry milk and 0.2%
Tween-20 at room temperature. The mem-
branes were then washed again for three times
(10 min for each wash) with PBS and 0.2%
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Tween-20 and incubated for 1 h with ap-
propriate secondary antibody conjugated with
horseradish peroxidase at 1:5,000 dilution
(AmershamLifeSciences) at roomtemperature.
The membranes were then washed again with
PBS and 0.2%Tween-20 (three 10-minwashes).
To control protein loading, all the membranes
were also probed with anti-actin antibody.
Proteins were detected by a chemilumines-
cence reaction using the ECL Immunoblot kit
(Amersham Life Sciences). To quantitate the
bands, both AR and VDR protein bands were
then analyzed densitometrically by FX-Phos-
phoimagerAnalysis (quantity one), andnormal-
ized with the actin bands. Statistical analyses
were performed with two-way ANOVA and the
significant valueswere indicatedwithP value<
0.05.

RESULTS

Figure 1 shows that 1,25 D treatment results
in significant weight loss in both intact and
castrated groups. Both intact and castrated
animals that received 1,25 D lost 36 and 37%
(P¼ 3.7E�08 and P¼ 6.39E�08), respectively,
of their body weight when compared to the
animals that received ethanol (vehicle).
Castrated animals also lost 8% (P¼ 0.04) of
their body weight when compared to the ones

that were intact. Figure 2 shows that in intact
animals, 1,25 D reduced the mean prostatic
weight by 48% in the VP (P¼ 0.005) and 30% in
the DLP (P¼ 0.03). Following castration, the
mean prostatic weight was reduced by 83%
(P¼ 8.43E�05) in the VP and by 67%
(P¼ 1.96E�05) in the DLP when compared to
the intact animals. Furthermore, 1,25 D did not
have any significant effect in restoring the
prostatic size in the castrated groups (P¼
0.224). 1,25 D administration in the castrated
animals further decreased the mean prostatic
weight in the VP by 61% (P¼ 0.006) and by 50%
(P¼ 0.009) in the DLP when compared to the
intact animals that also received 1,25 D.

There was a 50% difference (P¼ 0.0018) in
the mean prostate to total body weight ratios
in groups 3 and 4, and a 53% difference
(P¼ 0.0067) in the mean prostate to total body
weight ratios betweenanimals in groups2 and 4.
There was also a 78% difference (P¼ 2.22E�05)
between the mean prostate to total body weight
ratios between intact animals and castrated
animals. However, there was no significant
difference (P¼ 0.74) in the mean prostate to
total body weight ratios between control-intact
animals and 1,25 D-intact animals. Table I
summarizes the differences in mean total body
weight, prostatic size, mean prostate to total
body weight ratios, seminal vesicles, as well as

Fig. 1. Comparison of total body weight during 1,25 D treatment.
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differences in serum parameters. There was
a significant increase in total calcium levels
in animals that received 1,25 D treatment
(P¼ 0.003), which has been reported as a side
effect of 1,25 D. Intact animals that received
1,25 D had eightfold excess of serum 1,25 D
levels (P¼ 0.03) compared to control-intact
animals. In castrated animals that received
1,25 D, the serum 1,25 D levels were 14-fold
(P¼ 0.002) more than that of the control-
castrated animals. Interestingly, when the rats
were castrated, there was a 2.75-fold decrease
(P¼ 0.0005) in serum 1,25 D levels when com-
pared to the intact animals.
1,25 D increased the AR protein (MW

110 kDa) expression by twofold (Fig. 3A) in both
VP (P¼ 9.4E�04) and DLP (P¼ 0.013) of the
intact groups (groups 1 and 2). In the castrated
groups, 1,25 D increased the AR protein level
by 1.5-fold (P¼ 0.004) in the VP and 2.2-fold
(P¼ 5.8E�04) in the DLP. The AR protein level

in the VP of the castrated animals was de-
creased by 1.3-fold (P¼ 0.007) when compared
to the intact animals, whereas ARprotein levels
remained unchanged in the DLP. 1,25 D in-
creased VDR protein (MW 52–55 kDa) expres-
sion by 1.8-fold (P¼ 0.0001) in the VP and by
1.3-fold (P¼ 0.03) in the DLP of the intact
animals (Fig. 3B). However, 1,25 D did not have
any significant effect in increasing the VDR
protein expression in both the VP (P¼ 0.43) and
DLP (P¼ 0.27) of the castrated groups. The
VDR protein level in the castrated animals that
received 1,25 D was decreased by 1.9-fold
(P¼ 0.003) in the VP and by 1.2-fold (P¼ 0.04)
in theDLPwhen compared to the intact animals
that received 1,25 D.

Microscopic examination of hematoxylin–
eosin (H&E)-stained sections of the VP from
the intact control animals revealed well-
differentiated glands with maximum epithel-
ium development forming small vacuoles with

Fig. 2. A: Weights of both ventral and dorsal-lateral (DLP) lobes of the prostates (group 1, control-intact;
group 2, 1,25 D-intact; group 3, control-castrated; and group 4, 1,25 D-castrated).B: Comparative examples
of ventral and DLP prostates.
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apparent ratio of cytoplasmic and nuclei frac-
tions, as well as loose connective stroma
(Fig. 4A). Intact animals that received 1,25 D
showed lesswell-differentiated glands in theVP
that contained dilated basal-like epithelium
with loose cytoplasmic area, as well as less
amount of stroma (Fig. 4B). VPs from the
castrated control animals demonstrated less
well-differentiated glands with variability in
the cytoplasmic and nuclear ratio in the epithe-
liumand small amount of loose stroma (Fig. 4C),
whereas in castrated animals that received
1,25 D, the VP showed a more prominent nuc-
lear fraction with maximum development of
stroma (Fig. 4D). In addition, VPs from 1,25 D-
castrated animals also revealed that there was
lots of concretion in the glands, which could be
calcified debris from the 1,25 D administration.

Histology of the DLP sections from the
control-intact animals demonstrated well-
differentiated glands (Fig. 5A). In the intact
animals that received 1,25 D, the DLP con-
tained maturation of basal-like epithelium
forming capillaries and vacuoles with reason-
able amount of stroma (Fig. 5B). DLP of the
control-castrated animals (Fig. 5C) revealed
that the glands contained active basal epithe-
lium forming columnar epithelium with capil-
lary infolding, as well as stromal condensation
with loose stromal around the glands. In cas-
trated animals that received 1,25 D (Fig. 5D),
the DLP showed basal like epithelium with
stromal surrounding the glands, as well as the
presence of calcified debris in the lumen as pos-
sible side effects from 1,25 D administration.

DISCUSSION

Administration of 1,25 D in adult intact rats
significantly decreases the size of both VP (45%
compared to control) andDLP (29% compared to
control). This could be due to the loss of epithe-
lium (reflected by the loose cytoplasmic areaand
dilated glands), as well as the absence of the
stromal compartment. This translates to an
overall decrease in both the VP and DLP of the
prostate in intact animals. We previously de-
monstrated that 1,25 D and exogenous testos-
terone administration in castrated rats did not
change the prostatic size [Konety et al., 1996]. It
is important to note that in our previous study,
1,25 D and exogenous testosterone were admi-
nistrated at the same time to the animals
following castration. The effects of exogenous
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Fig. 3. Representative immunoblot analyses on: (A) androgen receptor (AR) and (B) vitamin D receptor
(VDR) from whole tissue extracts from three different prostate tissues. The AR (110 kDa) and VDR (52–
55 kDa) were analyzed densitometrically and normalized with actin (43 kDa). Error bars represent standard
error of the mean (n¼3). Group 1, control-intact; group 2, 1,25 D-intact; group 3, control-castrated; and
group 4, 1,25 D-castrated. VP, ventral prostate; DLP, dorsal–lateral prostate.
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testosterone could be so overwhelming that the
antiproliferative effect of 1,25 D may be over-
shadowed. In this study, 1,25 D was admini-
strated without exogenous testosterone, and,
therefore, 1,25 D was able to elicit its growth
inhibitory activity. When the human prostate
cancer cell line LNCaP was grown in charcoal
stripped serum medium and co-treated with
1,25 D and a low concentration of androgen,
substantial growth inhibition was observed
[Zhao et al., 1997]. The present results support
the concept that when 1,25 D is administered
during adulthood when the levels of androgen
are not at their maximum peak (i.e., there is
no testosterone surge), 1,25 D may be able to
inhibit prostatic growth.

Following castration, both VP and DLP from
animals in group 3 shrink to 75 and 67%,
respectively, as compared to those in intact
animals. We previously reported that 1,25 D
alone increased the overall prostatic size,
whereas 1,25 D in the presence of exogenous

testosterone did not change the prostatic size
[Konety et al., 1996]. As shown by the H&E
staining of the VP tissue sections from the
castrated control animals, castration results in
loss of epithelium and less well differentiated
glands compared to control intact animals.
However, when the castrated animals are
treated with 1,25 D, there is a further loss of
the cytoplasmic area in the epithelium that
form smaller glands, whereas there is a max-
imum stromal development around the glands
compared to the control-castrated groups. These
results indicate that 1,25 D in the absence of
endogenous testosterone stimulates the growth
of the stroma. Similarly, the DLP also shows
shrinkage of the glands with the presence of
only basal-like epithelium. Following 1,25 D
treatment, there is a further loss in the cyto-
plasmic area of the epithelium, but prominent
presence of stromal development surround-
ing the glands. This translates to an overall
similarity in the prostatic size between the 1,25

Fig. 4. Histology of ventral prostate tissues (�40) from animals in: (A) group 1 (control-intact), (B) group 2
(1,25 D-intact), (C) group 3 (control-castrated), and (D) group 4.
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D-castrated and control-castrated groups. It is
speculated that 1,25 D treatment following
castration further stimulates stromal growth
and this increase is reflected in the overall
prostatic size.
1,25 D administration in intact animals

increased the AR protein level by twofold in
both the VP and DLP. 1,25 D also increased
VDR expression by 1.8-fold in the VP and by
1.25-fold in the DLP of the intact animals. It is
possible that the decrease in prostatic size fol-
lowing 1,25 D treatment could at least be
mediated through AR and VDR (as reflected by
an increase in protein expression). Since both
AR and VDR act as transcription factors, we
speculate that binding of these receptors to
their respective hormone responsive elements
(ARE and VDRE) could activate and/or repress
transcription of certain genes that are involved
in growth/proliferation of either the epithelium
or stroma. In castrated animals, 1,25 D in-
creases AR protein in bothVP andDLP. Several

studies have shown that 1,25 D increases the
AR expression in LNCaP cells at both the
protein and mRNA levels [Hsieh et al., 1996;
Hsieh and Wu, 1997; Zhao et al., 1999]. Our
results suggest that 1,25 D may be able to re-
gulate the AR protein in the absence of testos-
terone. However, it is important to note that the
effects described in LNCaP cells were observed
in vitro. Cells grown in culture often change
their characteristics and properties, includ-
ing their responsiveness to hormones such as
testosterone and 1,25 D. The in vivo effects of
1,25 D observed in this study could be due to the
presence of other factors that may be absent in
culture media.

The presence or absence of endogenous
testosterone also seems to influence the circu-
lating 1,25 D levels in the serum. In intact
animals, 1,25 D administration resulted in
eightfold increase of serum 1,25 D levels,
whereas in castrated animals, 1,25 D adminis-
tration resulted in 14-fold increase of serum

Fig. 5. Histology of DLP prostate tissues (�40) from animals in: (A) group 1 (control-intact), (B) group 2
(1,25 D-intact), (C) group 3 (control-castrated), and (D) group 4 (1,25 D-castrated).
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1,25 D levels. When the intact and castrated
animals were compared, there was a 2.75-fold
decrease in serum 1,25 D levels in the castrated
animals. These results indicate that when the
animals are castrated, there could be a loss of
epithelium in the prostate (as reflected by the
decrease in prostatic size), which could result in
the loss of functional VDRs. Thus, there is more
free 1,25 D circulating in the serum that could
not bind to the VDRs to form receptor–ligand
complex in order to activate/repress transcrip-
tion of certain genes.

When the animals were castrated, there was
an 8% decrease in the mean body weight and a
78% decrease in the mean prostatic weight.
Administration of 1,25D caused a 37% decrease
in the mean body weight and a 40% decrease in
the mean prostatic weight in intact animals
when compared to control animals. There was
also a 36%decrease in themeanbodyweight but
no changes in the mean prostatic weight in
castrated animals that received 1,25 D. The
large amount of body weight loss has been
reported in our previous study [Konety et al.,
1996] although therewas only a20%decrease in
the mean body weight of the 1,25 D treated
animals. We reason that this could be due to the
difference in the 1,25 D dose administrated. In
this study, the animalswere treatedwith 2 mg of
1,25D/animal, whereas previously, the animals
were treated with 1 mg of 1,25 D/animal [Konety
et al., 1996]. Taken together, the increase in the
serum 1,25 D levels as well as the large amount
of weight loss in the animal indicate that the
higher dose of 1,25Dused in this studymayplay
a role in affecting the total body weight.

To summarize, 1,25Dadministration in adult
intact rats suppresses growth of both VP and
DLP, whereas in castrated rats, 1,25 D does
not have any effects in the prostatic size, which
could be mediated through AR and VDR.
Further investigations are being directed in
elucidating the effects of 1,25 D and testoster-
one on prostatic cells. These studies may reveal
important information about the potential
efficacy of 1,25 D as well as hormonal status in
understanding the development of prostate
diseases.
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