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ABSTRACT

Uterine leiomyomas (fibroids) are the most common benign
tumors in women of reproductive age. These tumors are three
to four times more prevalent in African American women, who
also have a 10 times higher incidence of hypovitaminosis D
than white women. Recent studies have demonstrated the
antitumor effects of 1,25-dihydroxyvitamin D3 on several
cancers, but its effects on uterine leiomyomas are still
unknown. To determine the antitumor and therapeutic effects
of 1,25-dihydroxyvitamin D3 on uterine leiomyomas, female
Eker rats (14–16 mo old) harboring uterine leiomyomas were
randomized into control and experimental groups and were
given vehicle versus 1,25-dihydroxyvitamin D3 (0.5 lg/kg per
day) subcutaneously for 3 wk, respectively. At the end of the
experiment, the rats were euthanized, and the leiomyoma
tumors were analyzed. Treatment with 1,25-dihydroxyvitamin
D3 significantly reduced leiomyoma tumor size in Eker rats. It
also reduced leiomyoma size by suppressing cell growth and
proliferation-related genes (Pcna, cyclin D1 [Ccnd1], Myc,
Cdk1, Cdk2, and Cdk4), antiapoptotic genes (Bcl2 and Bcl2l1
[Bcl-x]), and estrogen and progesterone receptors. Additional-
ly, immunohistochemistry revealed decreased expression of
PCNA and MKI67 (a marker of proliferation) and increased
expression of caspase 3 in 1,25-dihydroxyvitamin D3-treated
Eker rat leiomyomas. Toxicity analyses using serum samples
showed similar levels of SGOT, SGPT, calcium, and total
bilirubin in 1,25-dihydroxyvitamin D3-treated and vehicle-
treated control Eker rats. These results support that 1,25-
dihydroxyvitamin D3 is an antitumor agent that may be a
potential safe, nonsurgical therapeutic option for the treatment
of uterine leiomyomas.

1,25-dihydroxyvitamin D3, Eker rats, fibroids, leiomyoma,
radioimmunoassay

INTRODUCTION

Uterine leiomyomas (fibroids) are the most common benign
tumors in women of reproductive age [1–3]. Leiomyomas are
associated with significant symptoms, such as anemia,
excessive vaginal bleeding, pelvic pain, pressure-related bowel
and bladder dysfunction, recurrent miscarriage, and preterm
labor [4, 5]. Leiomyomas are also associated with infertility
and recurrent abortion [4–6]. These tumors are the most
commonly cited indication for hysterectomy in the United
States [7]. Although fibroids negatively affect women’s health,
few conservative treatment options are available to women
with symptomatic uterine fibroids [8, 9]. Surgery, in the form
of myomectomy or hysterectomy, is currently the primary
treatment for uterine fibroids [9, 10], with uterine artery
embolization and focused ultrasound ablation as emerging,
less-invasive options [11]. In addition to the associated
morbidity and mortality of these procedures [12], most of
these options will potentially preclude or diminish future
fertility [12, 13]. At present, available options for leiomyoma
treatment are far from satisfactory; therefore, the development
of a safe, effective oral treatment method would appeal to many
women with symptomatic uterine leiomyomas. The initiating
factors that lead to the development of fibroids are not well
understood. However, ample evidence supports that ovarian
steroids, such as estrogen and progesterone, are important
factors for leiomyoma growth [14, 15]. The pivotal role of
estrogen in leiomyoma development and growth has been
established through clinical observations and research studies
[16, 17]. The effects of estrogen in leiomyoma cells are
mediated mainly via estrogen receptor alpha (ESR1) [17, 18].
We and others have reported that leiomyomas express ESR1 at
a higher level compared with adjacent normal myometrium
[19–21]. Leiomyomas are three to four times more prevalent in
African American women than white women [22]. Further-
more, hypovitaminosis D is approximately 10 times more
prevalent in African Americans (40%–45%) than in whites
(4%) [23] because of the high melanin content of their skin and
various dietary factors [24].

1,25-Dihydroxyvitamin D3 is the biologically active form
of vitamin D3 and is known as a strong growth inhibitor that
induces apoptosis in human breast cancer cells [25]. 1,25-
Dihydroxyvitamin D3 suppresses proliferation of both normal
and malignant cells, and it induces differentiation and
apoptosis [26]. 1,25-Dihydroxyvitamin D3 analogs have also
been shown to potentiate antitumor activity in a murine
squamous cell carcinoma model [27]. Studies have demon-
strated that an adequate amount of vitamin D intake
decreased the risk of developing some types of cancer, type
1 diabetes, and multiple sclerosis [24]. We recently
demonstrated that 1,25-dihydroxyvitamin D3 inhibited the
proliferation of human uterine leiomyoma cells in part by
inhibiting catechol-O-methyltransferase, an estrogen-metabo-
lizing enzyme that is overexpressed in human uterine
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leiomyomas [28]. Additionally, our recent results demon-
strated that 1,25-dihydroxyvitamin D3 reduced TGFB3-
induced fibrosis-related gene expressions in leiomyoma cells
[29]. The effect of 1,25-dihydroxyvitamin D3 on expression
of profibrotic factors has recently been shown in mesenchy-
mal multipotent cells [30]. Bläuer et al. [31] confirmed the
effect of 1,25-dihydroxyvitamin D3 on the inhibition of
human myometrial and leiomyoma cell growth [31]. Potent
vitamin D analogs have been shown to have antitumor
activity in a mouse model of squamous cell carcinoma [27].
Another synthetic analog of vitamin D, EB1089, has also
been shown to induce apoptosis in breast cancer cells in vitro
and in vivo [32]. However, the in vivo effects of 1,25-
dihydroxyvitamin D3 on uterine leiomyomas in animal
models have yet to be investigated.

In the present study, we evaluated the efficacy and safety
of 1,25-dihydroxyvitamin D3 for the potential treatment of
leiomyoma using the immune-competent Eker rat model. The
Eker rat has been widely characterized as an excellent in
vivo animal model for uterine leiomyomas [33]. Eker rats
carrying a germ line mutation in the tuberous sclerosis 2
(Tsc2) tumor suppressor gene develop leiomyomas in their
uteri with a frequency of 65% between ages 12 and 16 mo
[33]. These leiomyoma lesions share many similar anatomic,
histologic, and biologic features with human leiomyomas.
Therefore, Eker rats serve as an excellent preclinical model
to screen for and evaluate the therapeutic potential of
candidate compounds for nonsurgical treatment of uterine
leiomyomas.

MATERIALS AND METHODS

Reagents and Antibodies

1,25-Dihydroxyvitamin D3 was purchased from Sigma Biochemicals (St.
Louis, MO). Miniosmotic pumps were purchased from Alzet osmotic pumps.
The following antibodies were purchased: anti-PCNA, anti-CDK1, anti-CDK2,
anti-CDK4, anti-MYC, anti-cyclin D1, anti-BCL2, anti-BCL2L1, anti-BAD,
anti-ESR1, anti-VDR, anti-PGR-A, and anti-PGR-B purchased from Santa
Cruz Biotechnology; anti-caspase 3 from Calbiochem; anti-collagen type 1
from Fitzgerald; and anti-fibronectin and anti-b-actin from Sigma.

Experimental Animals and Animal Care

Female Eker rats (approximately 14–16 mo old) were obtained as a gift
from Eker breeders from a local Eker rat colony that was started by Dr. Cheryl
Walker at MD Anderson Cancer Center in Smithville, TX. The animals were
cared for and handled in accordance with National Institutes of Health
guidelines and were housed in facilities accredited by the Association for the
Accreditation of Laboratory Animal Care. All animal experiments were
approved by the Institutional Animal Care and Use Committee, Meharry
Medical College, Nashville, TN. Throughout the experimentation period, food
(normal) and water were available to animals ad libitum.

Eker Rat Leiomyoma Model and 1,25-Dihydroxyvitamin D3
Treatment

The presence of uterine leiomyoma tumors in the Eker rats was confirmed
by direct inspection via a limited laparotomy. Rats harboring visible leiomyoma
tumors were randomized into two groups, with six rats in each group: 1) the
control group was administered ethylene glycol (vehicle), and 2) the treatment
group was given 1,25-dihydroxyvitamin D3 delivered by micro-osmotic pumps
(Alzet) implanted into the dorsal subcutaneous space at a rate of 0.5 lg/kg per
day for 3 wk. Animals were observed daily for any posttreatment complications
or adverse events. At the end of the 3-wk experiment, animals were euthanized,
and the following tissues were collected: blood, uterus (myometrium and
leiomyoma), ovaries, fallopian tubes, liver, kidney, lung, heart, and brain.
Leiomyoma tumor size was measured in three diameters (length, width, and
height) by an electronic slide caliper, and tumor volume was determined using
the following ellipsoid formula: volume¼ (length 3 width 3 depth 3 0.52) as
previously described [34].

Safety and Toxicity Studies in Eker Rats

All experimental animals were examined for any visual signs of toxicity,
including lethargy, reduction in body weight, difficulty in mobility, change in
food and water intake, and unexplained death. Additionally, autopsies were
performed at the end of the experiment to examine for gross evidence of
toxicity. Tissue samples from various organs, including the uterus (myome-
trium and endometrium), ovaries, fallopian tubes, cervix, liver, spleen, heart,
lung, kidneys, and brain, were examined macroscopically and microscopically
by an animal pathologist who was blinded to the treatment group assignments.
In particular, the liver and kidney tissues were histologically examined after
hematoxylin and eosin (H&E) staining to verify any significant toxicity
associated with the treatment. Liver function was evaluated by determining the
serum levels of serum glutamic oxaloacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT), and total bilirubin (TB) from vehicle-
treated control and 1,25-dihydroxyvitamin D3-treated Eker rats using standard
techniques as previously described [35]. Additionally, the level of serum
calcium was evaluated as previously described [36].

Histology of Leiomyoma Tumors

Leiomyoma tumor tissues collected from vehicle-treated control and 1,25-
dihydroxyvitamin D3-treated Eker rats were divided into two parts: the first
was immediately snap frozen in liquid nitrogen and then stored at�808C, and
the second was fixed in 10% buffered formalin for 15–20 h, embedded with
paraffin, and subjected to immunohistochemistry. Paraffin-embedded tissue
sections (4 lm) were deparaffinized and rehydrated by being passed through
xylene and graded ethanol solutions as previously described [37]. Cell
proliferation was analyzed by staining with immunoreactive proliferating cell
nuclear antigen (PCNA) and MKI67 (a cell proliferating marker) via polyclonal
anti-PCNA and anti-MKI67 antibodies (Santa Cruz Biotechnology) at 1:100
dilutions. Apoptosis in leiomyoma tumors was evaluated using histochemical
staining with anti-caspase 3 antibody and subsequent staining with peroxidase-
conjugated secondary antibodies.

Western Blot Analysis

Sections of the frozen leiomyoma tumor tissues were homogenized and
sonicated in SDS-PAGE lysis buffer. Preparation of protein lysates and
Western blot analyses were performed as previously described [38]. Briefly, the
crude lysates were centrifuged at 13 000 rpm for 20 min at 48C. The clear
protein lysates were transferred into new Eppendorf tubes, and protein
concentrations were determined using Bio-Rad protein assay reagents
according to the manufacturer’s instructions. Equal amounts of each protein
lysate (30–40 lg) were resolved by 10% SDS-PAGE and transferred onto
polyvinylidene fluoride membrane. Western blot analyses were performed to
assess the expressions of cell growth and proliferation markers using anti-
PCNA (1:500), anti-CDK1 (1:1000), anti-CDK2 (1:1000), anti-CDK4
(1:1000), anti-MYC (1:500), and anti-cyclin D1 (1:500); antiapoptotic markers
using anti-BCL2 (1:300) and anti-BCL2L1 (1:300), proapoptotic markers using
anti-BAD (1:300); and apoptotic markers using caspase 3 antibodies. Steroid
hormone receptors and vitamin D receptor (VDR) expressions were verified
using anti-ESR1 (1:300), anti-PGR-A, anti-PGR-B (1:300), and anti-VDR
(1:500) antibodies. The antigen-antibody complex was detected with an
enhanced chemiluminescence detection system (Amersham). Specific protein
bands were visualized after exposure to autoradiography films and development
using an automatic x-ray developer.

Vitamin D3 Assay

At the end of the treatment phase, all experimental Eker rats were
euthanized, and their blood was collected via cardiac puncture. Blood samples
were allowed to clot at room temperature for approximately 15 min and then
placed on ice. Blood samples were centrifuged at 2000 rpm at 48C for 15 min.
Following centrifugation, the serum was separated and stored at �208C. The
determination of serum concentration of 1,25-dihydroxyvitamin D3 (vitamin
D3) was performed by R. L. Horst at Heartland Assays Inc. using a
radioimmunoassay (RIA) as previously described [39].

Statistical Analysis

Data were expressed as mean 6 SD unless otherwise stated. All statistical
analyses were performed using paired t-tests. The paired t-test was used to
assess the significance of differences in vehicle-treated control and 1,25-
dihydroxyvitamin D3-treated data points. Values were considered to be
statistically significant when P was less than 0.05 (P , 0.05).
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RESULTS

Higher Levels of Serum 1,25-Dihydroxyvitamin D3 Were
Detected in Treated Eker Rats

In an attempt to first confirm whether the micro-osmotic
pumps delivered 1,25-dihydroxyvitamin D3 into Eker rats
effectively, we measured serum levels of 1,25-dihydroxyvita-
min D3 in both vehicle-treated control and 1,25-dihydroxyvi-
tamin D3-treated Eker rats. Serum levels of 1,25-
dihydroxyvitamin D3 were measured using the standard RIA
technique as described in Materials and Methods. We observed
that there were significantly higher levels of serum 1,25-
dihydroxyvitamin D3 in treated Eker rats compared with
vehicle-treated control rats (Fig. 1). Therefore, these data
suggest that the exogenous 1,25-dihydroxyvitamin D3 was
efficiently delivered from the micro-osmotic pumps, which
subsequently led to shrinkage of uterine leiomyoma tumors in
Eker rats.

1,25-Dihydroxyvitamin D3 at the Dose of 0.5 lg/kg per
Day Is Safe and Well Tolerated in Eker Rats

To evaluate the safety of 1,25-dihydroxyvitamin D3 in the
treatment of uterine leiomyoma in female Eker rats, we
performed additional histological and laboratory testing on
1,25-dihydroxyvitamin D3-treated and vehicle-treated control
rats. Our daily monitoring indicated that all animals tolerated
the 1,25-dihydroxyvitamin D3 dose and survived during the
course of the experiment. There were no apparent signs of
toxicity, such as lethargy, body weight reduction, difficulty in
mobility, or change in food and water intake, and no
unexplained deaths. Additionally, there was no evidence of
any gross toxicity, necrosis, or changes in the morphology of
the vital organs on macroscopic examination, which included
the liver, kidneys, lung, spleen, brain, uterus, ovaries, and
brain. Histopathological examination of these organs was
normal, with no evidence of tissue damage (data not shown).
The H&E staining of tissue sections, especially liver and
kidney tissues, from vehicle-treated control and 1,25-dihy-
droxyvitamin D3-treated Eker rats was examined by an animal
pathologist blinded from treatment assignments. These tissues

revealed no signs of tissue damage or necrosis (Fig. 2E). To
further evaluate liver function, we measured serum levels of
SGOT, SGPT, and TB. 1,25-Dihydroxyvitamin D3 did not
cause any significant change in the Eker rat liver function tests
21 days after treatment started compared with vehicle-treated
control rats (Fig. 2). Serum levels of both SGOT and SGPT
were not significantly different between vehicle-treated control
and 1,25-dihydroxyvitamin D3-treated Eker rats (Fig. 2, C and
D). A slight increase was observed in TB levels in 1,25-
dihydroxyvitamin D3-treated Eker rats compared with vehicle-
treated control rats; however, that slight increase was not
statistically significant (P . 0.05; Fig. 2A). We further
investigated whether 1,25-dihydroxyvitamin D3 treatment
could affect serum calcium levels in Eker rats. On analysis,
the serum levels of calcium were similar in both vehicle-treated
control and 1,25-dihydroxyvitamin D3-treated Eker rats (Fig.
2B), suggesting that the 1,25-dihydroxyvitamin D3 dose (0.5
lg/kg per day) did not cause a significant increase in serum
calcium. Therefore, these results demonstrate that 1,25-
dihydroxyvitamin D3 at the dose of 0.5 lg/kg per day did
not show observable signs of toxicity in Eker rats.

1,25-Dihydroxyvitamin D3 Treatment Reduced Uterine
Leiomyoma Tumor Size in Eker Rats

The Eker rat is a unique model of uterine leiomyoma that is
characteristically similar to human fibroids and provides an
excellent spontaneous, preclinical model for evaluation of
potential treatments of uterine leiomyomas. To evaluate the
potential for 1,25-dihydroxyvitamin D3 to shrink preexisting
uterine leiomyoma tumors, female Eker rats harboring visible
uterine leiomyomas were randomized into control and
treatment groups and then treated with either vehicle or 1,25-
dihydroxyvitamin D3 for 3 wk. As shown in Figure 3A, 1,25-
dihydroxyvitamin D3 dramatically shrank (approximately 75%
6 3.85%; P , 0.05) uterine leiomyoma tumor size in Eker rats
compared with the vehicle-treated control group. At 21 days,
uterine leiomyoma tumors in vehicle-treated control Eker rats
were slightly larger compared with tumor volumes at Day 0,
which was not statistically significant and was consistent with
the slow growth nature of uterine leiomyomas. Figure 3B is a
representative picture of a uterus that showed a reduction of
uterine leiomyoma tumor size following 1,25-dihydroxyvita-
min D3 treatment. The uterine horns in the vehicle-treated
control rats were distended and appear large because of
inflammation and fluid entrapment secondary to the large
fibroid lesion in the cervical region, a common feature of Eker
rats [33]. After 1,25-dihydroxyvitamin D3 treatment, the major
reduction in the fibroid’s size appears to have allowed fluid to
be released from the horns and thus resulted in the apparently
smaller size of the uterine horns (data not shown). These results
suggest that 1,25-dihydroxyvitamin D3 has the potential to
reduce growth of uterine leiomyoma tumors in the preclinical
Eker rat model.

1,25-Dihydroxyvitamin D3 Suppresses Cell Proliferation
and Apoptosis-Related Protein Expressions in Leiomyoma
Tumors in Eker Rats

To determine the effects of 1,25-dihydroxyvitamin D3 on
protein expression associated with leiomyoma growth, we
performed Western blot analyses using uterine leiomyoma
tumor lysates obtained from both vehicle-treated control and
1,25-dihydroxyvitamin D3-treated Eker rats. We observed that
1,25-dihydroxyvitamin D3 reduced the expression levels of
cell proliferation marker PCNA compared with vehicle-treated

FIG. 1. Serum levels of 1,25-dihydroxyvitamin D3 (vitamin D3) in
treated Eker rats. Serum samples from vehicle-treated control and vitamin
D3-treated Eker rats were used to determine the concentration of vitamin
D3 using RIA. Elevated levels of serum vitamin D3 were found in treated
Eker rats compared with vehicle-treated control rats (n¼6 each group). *P
, 0.05 when compared with corresponding control.
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control rats (Fig. 4A). 1,25-Dihydroxyvitamin D3 also
significantly reduced the expression levels of cell cycle
regulatory proteins, such as CDK1, CDK2, and CDK4, in
leiomyoma tumors (Fig. 4A). Next, the effects of 1,25-
dihydroxyvitamin D3 treatment on cellular apoptosis-related
protein expression were verified using Western blot analyses
using the previously mentioned leiomyoma tumor lysates.
1,25-Dihydroxyvitamin D3 treatment significantly reduced the
antiapoptotic BCL2 and BCL2L1 protein expressions in
leiomyoma tumors in Eker rats (Fig. 4A). The expression of
the proapoptotic Bad protein was slightly increased in
leiomyoma tumors in Eker rats treated with 1,25-dihydroxy-

vitamin D3 compared with vehicle-treated controls (Fig. 4A).
The cell proliferation marker cyclin D1 and the proto-oncogene
MYC have been reported to be overexpressed in uterine
leiomyomas compared with normal myometrium [40, 41]. We
evaluated the effects of 1,25-dihydroxyvitamin D3 on the
expression of cyclin D1 and MYC proteins using Western blot
analyses. 1,25-Dihydroxyvitamin D3 treatment significantly
reduced both cyclin D1 and MYC protein expression in Eker
rat leiomyoma tumors (Fig. 4B). Additionally, 1,25-dihydroxy-
vitamin D3 treatment induced the caspase 3-cleaved product in
leiomyoma tumors in the treatment group compared with
vehicle-treated control rats (Fig. 4C), suggesting the activation
of the caspase signaling cascade. Together, these results
demonstrate strong antiproliferative and proapoptotic functions
of 1,25-dihydroxyvitamin D3 in the regulation of leiomyoma
growth in Eker rats.

1,25-Dihydroxyvitamin D3 Treatment Reduced ESR1,
PGR-A, and PGR-B and Induced VDR Expressions
in Eker Rats

Both estrogen and progesterone are known to play major
roles in leiomyoma growth and function through their nuclear
receptors [15, 42, 43]. In an attempt to verify whether 1,25-
dihydroxyvitamin D3 treatment affects these hormone func-
tions via regulating their levels of receptor expression, we
performed Western blot analyses using leiomyoma tumor
lysates from vehicle-treated control and 1,25-dihydroxyvitamin
D3-treated Eker rats. These analyses revealed that 1,25-
dihydroxyvitamin D3 treatment reduced ESR1, PGR-A, and
PGR-B protein expressions in Eker rat leiomyoma tumors (Fig.
4D). Prior reports have suggested that 1,25-dihydroxyvitamin
D3 treatment induced its own nuclear VDR expression in other
organ systems [30]. Using Western blot analyses, we further
assessed whether 1,25-dihydroxyvitamin D3 treatment changed
the expression levels of VDR in leiomyoma tumors. We
observed that 1,25-dihydroxyvitamin D3 significantly induced

FIG. 2. Effect of 1,25-dihydroxyvitamin D3 (vitamin D3) treatment on liver function and serum calcium levels in Eker rats. To verify the possible toxicity
associated with vitamin D3 treatment in Eker rats, the serum levels of total bilirubin (A), calcium (B), SGPT (C), and SGOT (D) in vehicle-treated control
and vitamin D3-treated Eker rats were analyzed (n¼6 rats per group). Total serum bilirubin level was slightly elevated in vitamin D3-treated samples, but
this elevation was not statistically significant (*P . 0.05). No significant changes in serum calcium level or SGPT and SGOT levels were found between
vitamin D3-treated versus vehicle-treated control Eker rats. E) The H&E staining of vehicle-treated control and vitamin D3-treated liver and kidney tissues
demonstrated no signs of toxicity associated with the treatment in the Eker rats. All images were captured at original magnification 3100. A high
magnification of the region of the bottom left corner is shown in each image.

FIG. 3. 1,25-Dihydroxyvitamin D3 (vitamin D3) shrinks uterine leiomy-
oma tumors in Eker rats. A) Female Eker rats having leiomyoma tumors
were randomized into control and treatment groups. The control group of
rats was given ethylene glycol that served as a vehicle control. Vitamin D3
was given to the treatment group at the rate of 0.5 lg/kg per day for 3 wk.
At the end of 3 wk, all rats (six rats per group) were euthanized, and
leiomyoma tumors were measured as described in Materials and Methods.
The reduction in uterine leiomyoma tumor sizes in vitamin D3-treated rats
was statistically significant (*P , 0.05). B) Representative pictures of
leiomyoma tumors in the uterus of vehicle-treated control (left) and
vitamin D3-treated (right) Eker rats are shown. The arrow points to the
leiomyoma lesions at the uterine-cervical junction area.
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VDR expression in leiomyoma tumors compared with vehicle-
treated control rats (Fig. 4D). These results demonstrated that
1,25-dihydroxyvitamin D3 reduced leiomyoma tumor size by
decreasing the protein expressions of ESR1, PGR-A, and PGR-
B, and increasing the VDR expression in Eker rats.

1,25-Dihydroxyvitamin D3 Reduced PCNA and MKI67
and Induced Caspase 3 Expression in Eker Rat Leiomyoma
Tumors

To test the expression and localization of cell growth and
proliferation markers, such as PCNA and MKI67, we
performed immunohistochemical analyses on leiomyoma
tumor samples from 1,25-dihydroxyvitamin D3-treated Eker
rats and vehicle-treated controls. The H&E staining revealed a
reduced number of tumor cells in 1,25-dihydroxyvitamin D3-
treated Eker rats compared with vehicle-treated control rats
(Fig. 5). Cell proliferation marker PCNA was expressed in the
nucleus of cells in leiomyoma tumors of vehicle-treated control
Eker rats. However, the expression of PCNA was significantly
lower (P , 0.05) in leiomyoma tumors obtained from 1,25-
dihydroxyvitamin D3-treated Eker rats compared with vehicle-
treated control rats (Fig. 5). Staining for another cell
proliferation marker, MKI67, was also significantly reduced
(P , 0.05) in leiomyoma tumors obtained from 1,25-
dihydroxyvitamin D3-treated Eker rats (Fig. 5). To further
understand the effects of 1,25-dihydroxyvitamin D3 on
apoptosis signaling, we performed immunohistochemistry with

the anti-caspase 3 antibody. Significantly higher levels of
caspase 3-immunoreactive cells were observed in leiomyoma
tumors derived from 1,25-dihydroxyvitamin D3-treated Eker
rats compared with vehicle-treated control rats (Fig. 5).
Together, these results suggest that 1,25-dihydroxyvitamin
D3 shrinks uterine leiomyoma tumor size in the Eker rat model
by reducing cell growth and proliferation-associated PCNA
and MKI67 protein expressions and by activating the intrinsic
apoptosis pathway.

1,25-Dihydroxyvitamin D3 Reduced Extracellular Matrix-
Associated Protein Expressions in Eker Rat Leiomyoma
Tumors

Uterine leiomyomas are characterized by the presence of an
abundance of extracellular matrix (ECM), which is mainly
composed of collagen and fibronectin [8]. Previous reports
have demonstrated that genes that encode ECM proteins are
expressed abnormally in leiomyomas [44, 45]. These ECM-
related genes, such as collagen type 1 and fibronectin, were
found to be overexpressed in uterine leiomyomas [46, 47]. The
effect of 1,25-dihydroxyvitamin D3 on ECM-related protein
expression was investigated using Western blot analyses on
tissue lysates from treated and vehicle-treated control rats.
Decreased levels of fibronectin expression (2-fold) were
observed in lysates of leiomyoma tumors obtained from the
1,25-dihydroxyvitamin D3-treated Eker rats compared with the
vehicle-treated control rats (Fig. 6). Another ECM-related

FIG. 4. Effect of 1,25-dihydroxyvitamin D3 (vitamin D3) on cell proliferation and apoptosis-related protein expressions in Eker rats. A) Lysates were
prepared from leiomyoma tumors from vitamin D3-treated and vehicle-treated control Eker rats. Equal amounts of tumor lysates were analyzed using
Western blot analyses with antibodies against PCNA, CDK1, CDK2, CDK4, BCL2, BCL2L1, and BAD. A Western blot analysis using anti-b-actin antibody
served as the loading control. B) Above tumor lysates were analyzed using Western blot analyses with anti-cyclin D1 and anti-MYC antibodies. A Western
blot analysis using anti-b-actin antibody served as the loading control (top). Protein band intensities were quantified by image analysis software and
normalized with corresponding b-actin (bottom). *P , 0.05 and **P , 0.05 when compared with their corresponding controls. C) Leiomyoma tumor
lysates were analyzed for activation of apoptosis signaling using anti-caspase 3 antibody. A Western blot analysis using anti-b-actin antibody served as the
loading control. D) Leiomyoma tumor lysates were also analyzed for expression of steroid hormone receptors using Western blot analyses with anti-ESR1,
anti-PGR-A, anti-PGR-B, and anti-VDR antibodies. A Western blot analysis using anti-b-actin antibody served as the loading control.
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protein, collagen type 1, was also studied in the above tumor
lysates. Similarly, we observed a significantly reduced
expression of collagen type 1 (4-fold) in the lysates of
leiomyoma tumors from Eker rats treated with 1,25-dihydroxy-
vitamin D3 (Fig. 6). These results suggest that 1,25-
dihydroxyvitamin D3 has the potential to reduce leiomyoma
tumor size in Eker rats by suppressing the ECM-associated
fibronectin and collagen type 1 protein expressions.

DISCUSSION

The management of uterine leiomyomas is challenging
given their high incidence in premenopausal women and the
lack of an effective and safe nonsurgical treatment. It is a
complicated disease process that exerts an enormous burden on
health care resources in this country and around the globe [48,
49]. Currently, hysterectomy remains the main option for
treatment of uterine leiomyoma, with more than 600 000
procedures done each year in United States alone, making it
one of the most commonly performed surgeries, second only to

cesarean sections [50]. Nevertheless, this surgical approach is
not always a favorable choice, especially in women who desire
to preserve their future fertility and those who are not good
surgical candidates. Therefore, the development of a safe,
effective, and nonsurgical therapeutic strategy is a critical need
in women’s health care.

1,25-Dihydroxyvitamin D3 is a biologically active hormone
[24]. We have recently presented preliminary data suggesting
an association between lower serum levels of either 25-
hydroxyvitamin D3 or 1,25-dihydroxyvitamin D3 and an
increased risk of symptomatic uterine fibroids [51]. We and
others have also recently demonstrated that 1,25-dihydroxyvi-
tamin D3 induced leiomyoma growth inhibition [28, 31] and
that it induced apoptosis in human leiomyoma cell lines in vitro
[26]. Although these studies have demonstrated the effect of
1,25-dihydroxyvitamin D3 on leiomyoma growth in vitro, no
in vivo study has been conducted to evaluate the effects of
vitamin D3 on uterine leiomyomas. The direct association
between uterine leiomyoma growth in vivo and vitamin D3 is
not documented. Therefore, the present study was conducted to
evaluate the therapeutic efficacy of 1,25-dihydroxyvitamin D3
on leiomyoma tumors using the Eker rat model.

The Eker rat is a unique model for the evaluation of the
therapeutic efficacy of nonsurgical treatment of uterine
leiomyoma [12]. The Eker rat contains Tsc2 gene mutations
that spontaneously lead to the development of uterine
leiomyoma lesions when they are 12–16 mo old [33]. Uterine
leiomyomas in Eker rats share many phenotypic characteristics
with their cognates in humans [33]. Therefore, to evaluate the
therapeutic utility of 1,25-dihydroxyvitamin D3, we used this
model, which is the only immunocompetent, preclinical animal
model that spontaneously develops orthotopic uterine leiomy-
oma lesions [33]. The objective of this study was to evaluate
the safety and efficiency of 1,25-dihydroxyvitamin D3 in
preparation for a pilot clinical trial for women with
symptomatic uterine leiomyomas in the future.

FIG. 5. Immunohistochemical analyses of 1,25-dihydroxyvitamin D3
(vitamin D3)-treated and vehicle-treated control leiomyoma tissues
derived from Eker rats. The H&E staining demonstrated a reduced number
of tumor cells in vitamin D3-treated leiomyoma tumor relative to vehicle-
treated control. The cell proliferation marker MKI67 nuclear staining
(blue) was much lower in leiomyoma tumor in Eker rats treated with
vitamin D3. Additionally, the cell growth and proliferation marker PCNA
staining (brown) was significantly reduced in leiomyoma tumor in vitamin
D3-treated Eker rats. The apoptosis-related marker caspase 3 staining
(brown) was significantly higher in leiomyoma tumor derived from
vitamin D3-treated Eker rats. All images were captured at original
magnification 3100. The number of stained cells was counted in six
random fields in the representative vehicle-treated control and vitamin
D3-treated Eker rats, and the average number of cells is presented (right).
A high magnification of the region of the bottom left corner is shown in
each image. Similar results were also observed in other Eker rats. The
representative data showed the changes in staining cells in vitamin D3-
treated Eker rats were statistically significant (*P , 0.05).

FIG. 6. Effect of 1,25-dihydroxyvitamin D3 (vitamin D3) on fibronectin
and collagen type 1 protein expression in Eker rat leiomyoma tumors.
Protein lysates were prepared from Eker rat leiomyoma tumors and
analyzed using Western blot analyses with anti-fibronectin and anti-
collagen type 1 antibodies. A Western blot analysis using anti-b-actin
antibody served as the loading control. Protein band intensities were
quantified by image analysis software and normalized with corresponding
b-actin. Similar results were also observed in other Eker rats. The
representative data showed the reductions in fibronectin and collagen
type 1 protein expression in vitamin D3-treated rats were statistically
significant (*P , 0.05).
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Vitamin D plays a key role in maintaining the skeleton by
regulating calcium and phosphate homeostasis, and its
deficiency leads to common bone diseases, such as rickets, in
children and osteomalacia in adults. It also influences other
components of the skeleton, notably the cells that control bone
turnover. A recent study showed that 1,25-dihydroxyvitamin
D3 has an effect on the proliferation and differentiation on
bone-forming osteoblasts through the suppression of mamma-
lian target of rapamycin (MTOR) signaling [52]. The MTOR is
a member of the phosphoinositol kinase-related kinase family
whose induction is regulated by phosphorylation by protein
kinase B (AKT) in response to insulin, growth factor, and
nutrient stimulation. The MTORC1 is induced by AKT, which
phosphorylates and inhibits TSC1/2, leading to downstream
effects on protein synthesis and cell proliferation. The MTOR
pathway is a crucial master regulator of cell function, and a
study has shown that 1,25-dihydroxyvitamin D3 suppressed
MTOR function by inducing the expression of DNA-damage-
inducible transcript 4 (DDIT4), a specific inhibitor of MTOR.
Additionally, the upregulation of DDIT4 results in the
activation of TSC1/2, leading to suppression of MTOR activity
and decreased cell proliferation [52], suggesting a protective
role for vitamin D3 in the regulation of MTOR signaling
involved in cell proliferation. At present, there is limited
information available to support that human leiomyomas that
do not exhibit aberrance in the MTOR pathway respond to
vitamin D3. However, we and others have shown that vitamin
D3 can suppress proliferation of human normal myometrial
cells as well as uterine leiomyoma cells [28, 31]. It is possible
that uterine leiomyoma cells that do not have an aberrant
MTOR pathway may still respond to vitamin D3.

A previous study demonstrated a dose-dependent inhibition
of human liver cancer by 1,25-dihydroxyvitamin D3 in an in
vivo nude mouse model [36]. In that study the authors
employed three dosages of 1,25-dihydroxyvitamin D3 (0.02,
0.1, and 0.5 lg/kg per day) for 21 days in the treatment of
human liver cancer. However, they observed that the inhibition
of tumor growth was most evident in animals treated with the
0.5 lg/kg per day dosage of the drug. Additionally, this dosage
did not induce any significant increase in serum calcium levels.
Therefore, based on this published result we hypothesized that
1,25-dihydroxyvitamin D3 at the dosage of 0.5 lg/kg per day
would be the better choice to effectively reduce uterine
leiomyoma in Eker rats without the toxic effect of the drug.
We first addressed the safety issue regarding the exogenous
1,25-dihydroxyvitamin D3 dose, which was given subcutane-
ously to the Eker rats. We measured the serum levels of 1,25-
dihydroxyvitamin D3 in both treated and untreated Eker rats
and observed significantly higher levels of serum 1,25-
dihydroxyvitamin D3 in treated Eker rats compared with
vehicle-treated control rats, as shown in Figure 1. To further
evaluate any toxicity associated with 1,25-dihydroxyvitamin
D3 treatment dosing, we screened liver enzymes, including
SGOT and SGPT, as well as serum levels of TB, SGOT, and
SGPT, to provide an index of hepatocyte integrity. Leakage of
these liver enzymes into the extracellular compartment causes a
subsequent rise in their serum levels and reflects hepatocyte
damage. Studies have shown that these enzymes are signifi-
cantly elevated in a number of conditions that cause liver injury
[53]. Our results did not reveal any significant change in serum
SGOT and SGPT levels in 1,25-dihydroxyvitamin D3-treated
Eker rats, as shown in Figure 2. These results clearly
demonstrate that the 1,25-dihydroxyvitamin D3 dose used for
leiomyoma treatment in Eker rats was therapeutically safe and
nontoxic. 1,25-Dihydroxyvitamin D3 is involved in calcium
homeostasis, and it enhances active calcium absorption in the

small intestine and stimulates calcium reabsorption in the
kidney [54, 55], which is a key nutritional role for 1,25-
dihydroxyvitamin D3 in supporting healthy bones. Higher
levels of 1,25-dihydroxyvitamin D3 can cause hypercalcemia,
a condition that is known to be associated with renal stones
[56]. We measured the effect of 1,25-dihydroxyvitamin D3 on
serum levels of calcium in both vehicle-treated control and
1,25-dihydroxyvitamin D3-treated Eker rats. Our results
indicate that the serum levels of calcium were not affected
by 1,25-dihydroxyvitamin D3 (Fig. 2B). Therefore, these
results demonstrate that 1,25-dihydroxyvitamin D3 treatment
was therapeutically effective, safe, and well tolerated for the
treatment of uterine leiomyomas in Eker rats.

Vitamin D3 (cholecalciferol) is generally considered to be
the primary form of dietary vitamin D. Vitamin D3 is produced
naturally in human skin exposed to ultraviolet B light at 285- to
320-nm wavelengths. Vitamin D3 itself is biologically inactive,
and it must be metabolized to its biologically active forms.
After it is consumed in the diet or synthesized in the epidermis
of skin, vitamin D3 enters into the circulation and is
transported to the liver, where it is hydroxylated to form 25-
hydroxyvitamin D3, the major circulating form of vitamin D3.
Increased exposure to sunlight or increased dietary intake of
vitamin D3 increases serum levels of 25-hydroxyvitamin D3, a
useful indicator of vitamin D nutritional status. In the kidney,
the 25-hydroxyvitamin D3 enzymatically catalyzed to the
biologically active 1,25-dihydroxyvitamin D3. Most of the
physiological effects of vitamin D3 in the body are related to
the activity of 1,25-dihydroxyvitamin D3 [57]. Vitamin D is
found naturally in fatty fish such as mackerel, salmon, and
sardines, fish liver oils, and eggs from hens that have been fed
vitamin D. Ordinary dietary sources usually provide approx-
imately 2.5 lg/day vitamin D, but can reach as high as 5–10 lg
with the use of fortified foods [58], which is still a small
amount compared with the recommended tolerable upper
intake level of 250 lg [58]. Accumulating epidemiologic and
clinical intervention trial data suggest that increased vitamin D
status may decrease the risk of cancer, particularly colorectal
adenomas, decrease the prevalence of diabetes mellitus, help in
maintaining physical strength in the elderly, and also be
protective against falls [58]. However, the safety is always an
important consideration when formulating recommendations
for nutrient intake. Vitamin D is usually nontoxic in a
physiologic dose, which is 30 ng/ml for 25-hydroxyvitamin
D3, the level usually obtained by 2000 IU/day. Chronic or
acute administration of higher doses of vitamin D3 leads to
hypervitaminosis D and induces abnormally high serum
calcium levels (hypercalcemia), which could result in bone
loss, kidney stones, and calcification of organs like the heart
and kidneys. Hypercalcemia has been reported following daily
doses of greater than 50 000 IU of vitamin D3. Studies
demonstrated that vitamin D toxicity is very unlikely in healthy
people at intake levels lower than 10 000 IU/day [59, 60].
However, the Food and Nutrition Board of the Institute of
Medicine conservatively set a tolerable upper intake level of
4000 IU/day (100 lg/day) for all adults [58]. In our study we
have used a 0.5 lg/kg per day dosage of vitamin D3, which is
equivalent to 1400 IU for an adult having a body weight of 70
kg. We have calculated the dose of vitamin D3 using the
conversion equation in which 1 lg of vitamin D3 is equivalent
to 40 IU [61, 62]. Recently, there are no available published
data evaluating the effect of vitamin D3 on reduction of uterine
leiomyoma in humans. However, based on our preclinical data
in an Eker rat leiomyoma model (Fig. 3), we believe that the
1400 IU is an effective dose of vitamin D3 with no toxicity in
the treatment of human diseases like uterine leiomyoma. A
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clinical study is warranted to evaluate the therapeutic efficacy
of the dose of vitamin D3 in the treatment of human uterine
leiomyoma.

Our study revealed that 1,25-dihydroxyvitamin D3 was able
to significantly shrink uterine leiomyoma tumor volumes in the
Eker rats (Fig. 3). The shrinkage of uterine leiomyoma lesions
reached a maximum of 75% in the 1,25-dihydroxyvitamin D3-
treated group after 21 days. Furthermore, we evaluated the
expression of genes controlling cell growth, proliferation, and
apoptosis. These data provide potential mechanisms of positive
1,25-dihydroxyvitamin D3-mediated therapeutic effects on
uterine leiomyoma and explain the observed rapid and notable
tumor shrinkage in the Eker rat model (Figs. 3 and 4). In
particular, we observed that this treatment approach was safe
and did not induce any macroscopic or microscopic tissue
damage or significant changes in serum liver function tests or
calcium levels (Fig. 2).

To further understand the potential mechanisms of tumor
shrinkage by 1,25-dihydroxyvitamin D3, we evaluated the
cellular signaling pathways that are associated with uterine
leiomyoma pathogenesis, including cell growth and prolifera-
tion (PCNA, CDK1, CDK2, CDK4), apoptosis (BCL2,
BCL2L1, BAD, caspase 3), and steroid hormone receptors,
such as ESR1 and progesterone receptors (PGR-A and PGR-
B). The evidence indicates that leiomyoma growth is regulated
in part by the balance between genes controlling proliferation
and apoptosis [63]. Decreased levels of PCNA, CDK1, CDK2,
CDK4, cyclin D1, and MYC expressions were observed in the
tumors of the 1,25-dihydroxyvitamin D3-treated rats compared
with vehicle-treated control rats (Fig. 4); this suggests the
inhibition of leiomyoma proliferation by 1,25-dihydroxyvita-
min D3 treatment. PCNA is a known marker for cell
proliferation [64], and its expression was higher in uterine
leiomyoma compared with normal myometrium [63]. Our
results (Figs. 4 and 5) showed markedly reduced PCNA
expression by 1,25-dihydroxyvitamin D3 in Eker rats, which
might reveal the cause for cell cycle arrest. The proto-oncogene
MYC was found to be overexpressed in uterine leiomyoma
tumors [41]. Our observations suggest that 1,25-dihydroxyvi-
tamin D3 notably reduced MYC protein expression in
leiomyoma tumors (Fig. 4B), suggesting an antitumor effect
for 1,25-dihydroxyvitamin D3. Similarly, MKI67 is also a
known cell proliferation marker. Our immunohistochemical
analyses showed that there was reduced nuclear MKI67
staining in Eker rat leiomyoma tumors in the 1,25-dihydroxy-
vitamin D3 treatment group (Fig. 5), suggesting that 1,25-
dihydroxyvitamin D3 has the potential to inhibit leiomyoma
proliferation. To further verify whether 1,25-dihydroxyvitamin
D3 induced apoptosis signaling in Eker rat leiomyoma, we
performed Western blot analyses on several apoptosis factors.
Our results showed that 1,25-dihydroxyvitamin D3 induced
apoptosis by reducing the expression of antiapoptotic BCL2
and BCL2L1 and by increasing proapoptotic BAD expression
in leiomyoma tumors, as shown in Figure 4A. Additionally,
higher levels of caspase 3 cleaved product were detected in
leiomyoma tumors in the 1,25-dihydroxyvitamin D3-treated
Eker rats (Fig. 4C), indicating that 1,25-dihydroxyvitamin D3
treatment reduced leiomyoma growth by activating cellular
apoptosis pathways in Eker rats. Together, our results
demonstrate that 1,25-dihydroxyvitamin D3 treatment shrinks
Eker rat uterine leiomyoma in part through the induction of
apoptosis and the inhibition of proliferation in leiomyoma cells.

Prior studies have demonstrated that both estrogen and
progesterone play pivotal roles in uterine leiomyoma growth
[15, 42, 43, 65]. ESR expression was found to be higher in
human uterine leiomyoma compared with adjacent normal

myometrium [19–21]. The effects of estrogen are mediated via
ESR1, which is a nuclear receptor belonging to a superfamily
of ligand-regulated transcription factors [66]. Both estrogen
and progesterone transmit signals through their nuclear
receptors. We observed significantly reduced levels of both
estrogen and progesterone receptors in 1,25-dihydroxyvitamin
D3-treated Eker rat leiomyoma tumors, as shown in Figure 4D.
Additionally, an induced level of VDR expression was also
detected in the treated Eker rat leiomyoma tumors, suggesting
the functional implication of 1,25-dihydroxyvitamin D3
treatment. We hypothesized that there is a balance between
VDR levels and ESR1 and PGR-A/B in normal cells. In the
absence of VDR protein expression or with reduced levels of
VDR protein, ESR1 as well as PGR-A/B carry out their
growth-promoting functions in uterine leiomyoma cells.
Vitamin D3 induces VDR expression, which further combines
with the retinoid X receptor (RXRA) to form a heterodimer
complex, VDR-RXRA. This VDR-RXRA complex binds to
specific vitamin D response elements (VDREs) in Esr1 gene or
other VDR target gene promoters, which in turn negatively or
positively regulates gene transcription. The steroid receptor
coactivators (SRCs) family of proteins play important roles in
cancer cell growth and are functionally associated with ESR1
in cancer cells [67]. These SRC family proteins were also
upregulated in uterine leiomyomas [68]. The transcriptional
activation of ESR1 requires NCOA1 (SRC1), NCOA2 (SRC2),
and NCOA3 (SRC3) to interact with the VDR-RXRA
complex. Vitamin D3 induces the VDR-RXRA complex in
uterine leiomyoma cells. Additionally, vitamin D3 treatment
can reduce the expression of the SRC family of transcription
coactivators in human uterine leiomyoma cells (data not
shown), thereby reducing the transcription of ESR1 as well
as PGR-A/B or other vitamin D3 target genes, which can lead
to a blockage of cell cycle progress and can induce apoptosis
and possibly other anticancer mechanisms. Thus, our results
clearly demonstrate that 1,25-dihydroxyvitamin D3 targets
estrogen and progesterone functions by suppressing the
expression levels of their receptors to shrink uterine leiomyoma
tumors in Eker rats.

In healthy adults, bone mass declines with age in both men
and women because of decreasing estrogen levels. The decline
in circulating estrogen levels leads to an imbalance favoring
bone resorption over new bone formation, and that leads to
osteoporosis, a systemic disease that causes low bone mass and
increases bone fragility and susceptibility to fracture. A
published study demonstrated that the agonists of gonadotro-
pin-releasing hormone (GnRH) are often given to the women
who have estrogen-dependent diseases, such as endometriosis
and uterine leiomyomas [69]. Because estrogen deficiency
causes bone loss, a concern about premature osteoporosis has
prevented long-term therapy with GnRH agonists. However,
the administration of parathyroid hormone with GnRH agonists
can prevent bone loss in women with estrogen deficiency
caused by the treatment with GnRH agonists [69]. Bone loss is
a common issue during the treatment of cancers with GnRH
agonists, and higher doses of vitamin D3 can also cause bone
loss. However, supplementation with calcium and vitamin D3
is recommended in order to prevent bone loss during treatment
with GnRH agonists as cancer therapy [70]. Therefore, vitamin
D3 could be a useful therapeutic for the treatment of uterine
leiomyomas in humans, and the recommended dose of vitamin
D3 for Eker rat leiomyoma treatment may not have a
significant effect on bone loss during the treatment of human
uterine leiomyomas. It is important that medical professionals
are aware of the risks and complications associated with GnRH
agonists or high-dose vitamin D3 therapy that may induce bone
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loss, and that they are monitored for bone-related complica-
tions to facilitate appropriate treatment.

Uterine leiomyomas are characterized by an excessive
accumulation of ECM proteins and proteoglycans that leads to
fibrosis [8]. Prior reports have demonstrated that the ECM-
associated proteins collagen type 1 and fibronectin were found
to be overexpressed and play important roles in the
pathophysiology of uterine leiomyomas [46, 47]. We observed
that 1,25-dihydroxyvitamin D3 treatment reduced protein
expression of collagen type 1 and fibronectin in Eker rat
leiomyoma tumors, as shown in Figure 6. These results suggest
that 1,25-dihydroxyvitamin D3 potentially reduced ECM-
associated collagen type 1 and fibronectin proteins, which
might lead to the shrinkage of uterine leiomyoma volume in
Eker rats.

In conclusion, 1,25-dihydroxyvitamin D3 treatment notably
shrinks uterine leiomyoma tumors in the Eker rat model. This
tumor shrinkage effect of 1,25-dihydroxyvitamin D3 is
mediated in part through the modulation of several cell growth
genes that control apoptosis and proliferation. 1,25-dihydroxy-
vitamin D3 also reduced estrogen and progesterone receptor
levels as well as ECM-associated fibronectin and collagen type
1 protein expression, which may also contribute to uterine
leiomyoma tumor growth in Eker rats. In summary, this study
provides the first preclinical data on the use of 1,25-
dihydroxyvitamin D3-based therapy as an alternative, safe,
and nonsurgical treatment option for uterine leiomyoma and
suggests the need for a future pilot clinical trial to verify the
utility of this approach in women with symptomatic uterine
fibroids.
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