I X Tnnds n . DJMP
l Science TRENDS IN SCIENCES 2026; 23(5): 12221 i for Bigialournal Managermers

https://doi.org/10.48048/ti5.2026.12221 RESEARCH ARTICLE

Liposomal Vitamin D3 as A Dual Modulator of Bone Density and Estrogen

Homeostasis in Postmenopausal Osteoporosis Model

Ari Budi Suryawinata®> ©, Sri Puji Astuti Wahyuningsih'>", Listyani Suhargo'?

Dwi Roudlotul Firda!, Alvin Oktaviana Puspitasari' and Lionel In Lian Aun®

!Departmen of Biology, Faculty of Science and Technology, Universitas Airlangga, Surabaya 60115, Indonesia
’RG Developmental Biology & Biomedical Science, Universitas Airlangga, Surabaya 60115, Indonesia
3Department of Biotechnology, Faculty of Applied Sciences, UCSI University, Kuala Lumpur 56000, Malaysia

(“Corresponding author’s e-mail: sri-p-a-w@fst.unair.ac.id)
Received: 9 October 2025, Revised: 31 October 2025, Accepted: 7 November 2025, Published: 10 January 2026

Abstract

Postmenopausal osteoporosis, driven by estrogen decline, leads to significant bone loss and increased fracture
risk. This study evaluated if a liposomal vitamin D3 (VD3) formulation offers superior therapeutic benefits over
conventional VD3 in an ovariectomized (OVX) mouse model of postmenopause, based on the rationale that enhanced
liposomal bioavailability may amplify VD3’s mechanistic role in regulating steroidogenesis and estrogen homeostasis.
Thirty-six female BALB/c mice were ovariectomized and allocated into 6 groups (n = 6/group): Control groups or
treatment groups receiving conventional VD3 (2,000 IU) or liposomal VD3 (1,000, 2,000, or 4,000 IU) daily for 2
months. Serum estrogen, calcium, phosphorus, and femoral bone histomorphometry (specifically trabecular area and
osteoblast, osteoclast, and osteocyte counts) were analyzed. Liposomal VD3 at 2,000 IU and 4,000 IU doses
significantly restored serum estrogen levels, an effect not seen with the conventional form. The 2000 IU liposomal dose
was most effective, restoring the trabecular area to near-normal levels and was unique among the interventions in
significantly increasing the osteoblast population. All VD3 treatments reduced osteoclast numbers; however, the
liposomal formulation showed no superiority in elevating serum calcium compared to the standard form. In conclusion,
liposomal VD3 (2000 IU) is significantly more effective than its conventional counterpart in reversing bone loss and
restoring estrogen by beneficially modulating bone cell populations. Its primary advantage lies in hormonal regulation
and bone remodeling rather than mineral homeostasis, highlighting it as a promising strategy for managing

postmenopausal osteoporosis.
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Introduction

Menopause, marked by the permanent cessation
of ovarian function, leads to a significant decline in
estrogen production. This hormonal shift is a primary
etiological  factor in the development of
postmenopausal osteoporosis, a systemic skeletal
disorder characterized by low bone mass and micro-
architectural deterioration of bone tissue [1,2]. The
resulting increase in bone fragility elevates the risk of

fractures, posing a considerable public health challenge

and diminishing the quality of life for aging women
worldwide. The

underlying pathophysiology involves an imbalance in
bone remodeling, where the rate of bone resorption by
osteoclasts surpasses the rate of bone formation by
osteoblasts, a process heavily influenced by estrogen
deficiency [2].

Vitamin D (VD) is a cornerstone in maintaining

mineral metabolism and skeletal integrity. Its active
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metabolite, 1,25(OH),Ds (calcitriol), is crucial for
calcium and phosphorus homeostasis. It enhances the
intestinal absorption of these minerals and modulates
the secretion of parathyroid hormone (PTH), both of
which are vital for proper bone mineralization [3,4].
Consequently, ensuring adequate VD levels is a
fundamental strategy in the prevention and therapeutic
management of osteoporosis.

Pre-clinical studies utilizing the ovariectomized
(OVX) mouse, a well-established animal model that
mimics the estrogen-deficient state of post-menopause,
have substantiated the beneficial effects of VD3
supplementation.  Research in  these  models
demonstrates that VD3 administration can effectively
increase serum calcium levels and improve bone
mineral density (BMD) [5]. At the cellular level, VD
directly influences bone cell populations; it regulates
osteoclast activity via the RANKL pathway, promotes
the differentiation of osteoblasts, and has been shown
to decrease osteocyte apoptosis [6]. These cellular
effects translate to tangible improvements in bone
structure, including an increase in trabecular bone
volume [5]. However, the therapeutic window for VD
is critical, as supra-physiological or high doses have
been observed to paradoxically inhibit osteoblast
mineralization in vitro, highlighting the need for
optimized delivery and dosing strategies [7].

Despite its importance, the clinical efficacy of
conventional VD3 can be constrained by its lipophilic
nature, which may affect its oral bio-availability. To
address this challenge, advanced drug delivery systems
have been explored. Liposome encapsulation, a
technology that entraps active compounds within
phospholipid vesicles, offers a promising approach to
enhance the solubility, stability, and systemic bio-
availability of lipophilic molecules like VD3. This
improved delivery may allow for greater therapeutic
effects at potentially lower and safer concentrations.

Furthermore, the rationale for investigating
liposomal VD3 extends beyond its established role in
mineral metabolism to its potential influence on
estrogen homeostasis itself. While VD3 is primarily
known for bone integrity, emerging evidence indicates
it also functions as an endocrine regulator. Research
has demonstrated that VD3 can mechanistically
influence steroidogenesis; for example, it has been

shown to increase the expression of genes involved in

estrogen biosynthesis within ovarian granulosa cells
[9,10]. This process may be modulated through the
activation of specific signaling pathways, such as the
AMPK pathway, which plays a role in regulating
steroid production [10]. Moreover, VD3 has been
reported to possess direct estrogenic activity, capable
of influencing the estrous cycle and uterine growth in
animal models, further indicating its role in hormonal
balance [11]. Even its classical function in calcium
homeostasis is relevant, as proper calcium levels are
essential for normal granulosa cell function and
subsequent hormone biosynthesis [9,12].

Therefore, it is hypothesized that the superior
bioavailability afforded by liposomal encapsulation [8],
which enhances systemic absorption and stability
would not only optimize VD3’s effects on bone
remodeling but also amplify its less-appreciated effects
on these estrogenic pathways. This enhanced delivery
could lead to a more significant restoration of serum
estrogen levels compared to conventional VD3,
providing a dual-pronged therapeutic strategy against
postmenopausal osteoporosis by addressing both
mineral deficiency and the underlying hormonal
imbalance.

Given the critical role of VD in bone health and
the potential advantages of liposome formulations, this
study was designed to comprehensively evaluate the
impact of liposomal VD3 in a postmenopausal
osteoporosis model. Therefore, the present study aims
to investigate the effects of liposomal VD3
administration on serum estrogen, calcium, and
phosphorus levels, as well as its influence on bone
histomorphometry specifically trabecular area, and the
number of osteocytes, osteoblasts, and osteoclasts in
OVX mice.

Materials and methods

Ethical approval

All experimental protocols involving animal
subjects were reviewed and approved by the Health
Research Ethics Committee (KEPK) of the Faculty of
Dental Medicine, Universitas Airlangga (Ethical
Clearance No. 0923/HRECC.FODM/VIII/2024). All
procedures were conducted in accordance with the
applicable ethical principles and guidelines for animal

research.
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Animals and housing

Thirty-six female BALB/c mice, initially
weighing 25 g, were procured from the Center for
Veterinary Farm (PUSVETMA), Surabaya, Indonesia.
The animals were housed in eight standard laboratory
cages (47x33x15 cm?®), with 6 to 7 mice per cage. Each
cage was equipped with a food and water dispenser.
The animals were maintained in the Animal Laboratory
of  Universitas  Airlangga  under  controlled
environmental conditions with adequate lighting. A 3-
week acclimatization period was observed to allow the
mice to adapt to the new environment and reach a
target body weight of approximately 28 g prior to the
surgical procedures.

Ovariectomy

Mice in the ovariectomy groups were
anesthetized with ketamine (10 mg/kg body weight).
Following anesthetization, the abdominal area was
shaved and disinfected with alcohol. A mid-line
incision was made to expose the ovaries, which were
then ligated with catgut sutures and excised. The
peritoneum was sutured with catgut, and the skin was
closed with silk sutures. Post-surgery, Nebacetin
antibiotic powder was applied to the surgical wound to
prevent infection. The animals were allowed a 2-week
recovery period. The success of the ovariectomy was
confirmed by vaginal smear analysis, ensuring the mice

were in the diestrus phase.

Experimental design

A completely randomized design was employed
for this study. The mice were randomly allocated into 6
groups, with 6 animals (n = 6) in each group: Control
(K): Sham-operated mice receiving the vehicle
(coconut oil); Negative Control (P-): OVX mice
receiving the vehicle (coconut oil); Positive Control
(P+): OVX mice receiving 2000 IU of regular VD3
(NOW Foods, USA); Treatment 1 (P1): OVX mice
receiving 1000 IU of Liposomal VD3 (Upnourish,
USA); Treatment 2 (P2): OVX mice receiving 2000 TU
of Liposomal VD3; Treatment 3 (P3): OVX mice
receiving 4000 IU of Liposomal VD3.

A completely randomized design was employed
for this study. The mice were randomly allocated into 6
groups, with 6 animals (n = 6) in each group. The
groups were specifically defined as follows: Control

(K): Sham-operated (non-OVX) mice receiving the
vehicle (coconut oil), Negative Control (P-): OVX
mice receiving the vehicle (coconut oil), Positive
Control (P+): OVX mice receiving 2000 IU of regular
VD3 (NOW Foods, USA) Treatment (P1): OVX mice
receiving 1,000 IU of Liposomal VD3 (Upnourish,
USA), Treatment (P2): OVX mice receiving 2,000 1U
of Liposomal VD3, Treatment (P3): OVX mice
receiving 4,000 IU of Liposomal VD3. The
experimental dosages were derived from standard
human daily supplementation regimens of 1,000,
2,000, and 4,000 IU. These human reference doses
were  normalized to  body  weight and
pharmacologically scaled to determine the equivalent
doses for mice (in IU/kg). This established conversion
process was employed to ensure that the dosages
administered per-orally were analogous to the intended
human intakes. After the recovery and wvalidation
period, the 2-month treatment regimen was initiated.
Formulations were administered daily via oral gavage
(using a feeding needle). The superior bioavailability
of liposomal formulations [8,33]. After the recovery
and validation period, a 2-month treatment regimen
was initiated. VD3 was prepared in various
International Unit (IU) concentrations by dissolving it
in coconut oil. This preparation was administered to

the mice daily via oral gavage (using a feeding needle).

Serum collection and estrogen analysis

At the end of the treatment period, the mice were
euthanized by chloroform inhalation. Blood was
collected via cardiac puncture into micro-tubes and
allowed to clot for 2 h at room temperature. The
samples were then centrifuged at 3,000 rpm for 15 min
at 37 °C. The resulting serum was collected and stored
at —20 °C until analysis. Serum estrogen levels were
quantified using a competitive Enzyme-Linked
Immunosorbent Assay (ELISA) kit (BT-Lab, Cat. No.
EA0012Mo) according to the manufacturer’s protocol.

Femur collection and histological analysis

The right femur from each mouse was dissected,
cleaned of soft tissue, and fixed in a Neutral Buffer
Formalin solution. The bones were then decalcified in
10% EDTA for 5 days. Following decalsification, the
femurs underwent dehydration through a graded series
of ethanol (70%, 80%, 90% and absolute), cleared with
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xylene, and embedded in paraffin blocks. The paraffin-
embedded tissues were sectioned at a 5 pm thickness
using a micro-tome. The sections were stained with
Hematoxylin and Eosin (H&E) for histological

examination.

Quantification of calcium and phosphorus
levels

For the quantification of bone minerals, the
excised femur bones were first cleaned of adherent soft
tissue, dried in an oven at 100 °C to a constant weight,
and then ashed in a muffle furnace at 700 °C for 6 h. A
known mass of the resulting bone ash was prepared for
analysis by dissolving it in a solution containing 20 mL
of deionized water, 0.5 mL of 65% concentrated nitric
acid (HNO3), and 3 mL of 32% concentrated
hydrochloric acid (HCI), followed by heating until the
solution became clear. After cooling, the digestate was
quantitatively transferred to a 100 mL volumetric flask
and diluted to the mark with deionized water. Calcium
content was then determined using an Atomic
Absorption Spectrophotometer (AAS) at a wavelength
of 4227 nm, with the final concentration (ppm)
calculated by comparing sample absorbance against a
standard curve prepared from calcium chloride (CaCl,)
solutions. For phosphorus analysis, a 1 mL aliquot
from the same acid-digested solution was treated with
10 mL of deionized water, 1 mL of 5% ammonium
molybdate reagent, and 50 mg of ascorbic acid. This
mixture was heated to boiling, cooled, diluted in a 100
mL volumetric flask, and incubated for 10 min to allow
for the development of a blue color complex.
Phosphorus concentration (ppm) was measured using a
visible spectrophotometer at a wavelength of 830 nm
and determined by comparison to a standard curve
prepared from potassium dihydrogen phosphate (KH>
POy)

Histomorphometry analysis

Histological images of the epiphyseal region of
the femur were captured using a microscope equipped
with an Optilab camera at 400x magnification. The
images were analyzed using ImagelJ software (National
Institutes of Health, USA). To prevent operator bias,
all histological slides were coded, and the image

analysis was performed by an investigator blinded to
the treatment group allocations. The following
parameters were quantified:

Trabecular Area: The percentage of the total area
occupied by trabecular bone was measured.

Cell Counts: The number of osteoblasts,
osteoclasts, and osteocytes were counted in 4 different

fields of view for each sample.

Statistical analysis

Data were analyzed using GraphPad Prism
software. Descriptive statistics were used to calculate
the mean and standard deviation (SD). The normality
of the data was assessed using the Shapiro-Wilk test,
and homogeneity of variances was tested with
Levene’s test. For normally distributed and
homogeneous data, a one-way ANOVA followed by
Tukey’s post-hoc test was used. For data that were
normally distributed but not homogeneous, Welch’s
ANOVA with a Dunnett T3 post-hoc test was
performed. For non-normally distributed data, the
Kruskal-Wallis test followed by Dunn’s multiple
comparison test was used. A p-value of < 0.05 was

considered statistically significant.

Results and discussion

Liposomal VD3 restores serum estrogen levels
in ovariectomized mice

Based on the graph in Figure 1, the ovariectomy
(OVX) procedure resulted in a significant decrease of
78.5% in serum estrogen concentration in the negative
control group (P-), with a mean level of 123.2 + 44.52
ng/L compared to 572.1 + 211.8 ng/L in the normal
control group (K) (p < 0.0001). Supplementation with
liposomal VD3 showed a dose-dependent restorative
effect. Doses of 2000 IU (P2) and 4000 IU (P3)
significantly increased serum estrogen concentrations
to 222.5 £+ 89.22 ng/L (an 80.6% increase vs P-) and
271.8 £ 78.69 ng/L (a 120.6% increase vs P-),
respectively (both p < 0.001 vs P-). This efficacy was
superior to the conventional VD3 treatment (P+),
which failed to significantly restore estrogen levels
(114.9 + 39.60 ng/L), a value that was not significantly
different from the P- group (» > 0.05).
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Figure 1 The effect of liposomal VD3 on estrogen levels in ovariectomized mice. The bar charts illustrate estrogen

concentrations (ng/L) across different treatment groups. The experimental groups are defined as follows: K (sham-

operated control), P- (ovariectomized negative control), P+ (ovariectomized mice treated with standard VD3), P1

(ovariectomized mice treated with 1,000 IU liposomal VD3), P2 (ovariectomized mice treated with 2,000 IU liposomal

VD3), and P3 (ovariectomized mice treated with 4,000 IU liposomal VD3). Data are presented as mean + standard

deviation (SD). Data were analyzed using the Kruskal-Wallis test followed by Dunn’s multiple comparison test, as

normality was not assumed (Shapiro-Wilk test, p < 0.05). Statistical significance between groups is denoted by asterisks

(p <0.05; **p < 0.001), while ‘ns’ indicates a non-significant difference.

Serum calcium and phosphorus levels

Based on the graph in Figure 2, all VD3
treatment groups (P+, P1, P2 and P3) significantly
increased both calcium (p < 0.001) and phosphorus
levels (p < 0.0001 for liposome; p < 0.001 for standard)
compared to the negative control group (P-). A primary
finding is the superiority of the liposome formulation
in phosphorus modulation; all

groups receiving

liposomal VD3 (P1, P2 and P3) exhibited statistically
significantly higher phosphorus levels than the group
receiving the standard formulation (P+) (p < 0.05, p <
0.01, and p < 0.001, respectively). However, this
advantage was not observed in calcium metabolism,
where the efficacy of liposomal VD3 was statistically
equivalent to the standard formulation (p > 0.05).
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Figure 2 Effect of liposomal VD3 on bone mineral content in ovariectomized mice. The bar charts display the

concentration (mg/g) of (a) Calcium and (b) Phosphorus across different treatment groups. The experimental groups are

defined as: K (sham-operated control), P- (ovariectomized negative control), P+ (ovariectomized mice treated with

standard VD3), P1 (ovariectomized mice treated with 1,000 IU liposomal VD3), P2 (ovariectomized mice treated with
2,000 IU liposomal VD3), and P3 (ovariectomized mice treated with 4,000 IU liposomal VD3). Data are presented as
mean + standard deviation (SD). Statistical significance between groups is denoted by asterisks: p < 0.05, *p < 0.01,

**p < 0.001, and ***p < 0.0001. Data for calcium and phosphorus levels were analyzed using a 1-way ANOVA

followed by Tukey’s post-hoc test, as data were normally distributed and variances were homogeneous. ‘ns’ indicates a

non-significant difference.

Effect of liposomal VD3 on trabecular bone
area

Quantitative analysis of the femoral trabecular
revealed a

area (Figure 3) statistically highly

significant  difference among treatment groups
(Welch’s ANOVA, p < 0.0001). The OVX procedure
was confirmed to cause a significant bone mass
reduction of 35.8% in the negative control group (P-)
to 2,776 + 226.0 um?, which was significantly lower
than the normal control group (K) (4,322 £ 911.8 um?)
(p <0.0001).

Administration of conventional VD3 (P+) was

able to significantly increase the trabecular area by

26.2% to 3,503 £ 168.1 pm?, compared to the P- group
(»p < 0.01). However, its efficacy was sub-optimal
compared to the liposome treatments. The liposomal
VD3 2000 IU (P2) treatment group showed the most
optimal results. The trabecular area in the P2 group
reached 4,221 + 447.6 pm? representing a 52.0%
increase from the P- group (p < 0.001). This level
successfully restored the bone condition to 97.7% of
the normal control level (K), and there was no
statistically significant difference (p > 0.05) between
P2 and K. The 4,000 IU dose (P3) also demonstrated a
significant increase of 41.9% (3,941 + 472.1 pm?)
compared to P- (p <0.001).
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Figure 3 Histomorphometry analysis of trabecular area in ovariectomized mice femur following liposomal VD3
treatment. The bar charts illustrate the trabecular bone area (um?) measured. The treatment groups are defined as: K
(sham-operated control), P- (ovariectomized negative control), P+ (ovariectomized mice treated with standard VD3), P1
(ovariectomized mice treated with 1,000 IU liposomal VD3), P2 (ovariectomized mice treated with 2,000 IU liposomal
VD3), and P3 (ovariectomized mice treated with 4,000 IU liposomal VD3). All values are presented as mean + standard
deviation (SD). Statistical significance between groups is denoted by asterisks: p < 0.05, *p < 0.01, **p < 0.001, and
*#%*p <0.0001. ‘ns’ indicates a non-significant difference.

(d) (e) S

Figure 4 Histological Analysis of Trabecular Bone Femur Ovariectomized Mice Microarchitecture with Hematoxylin
and Eosin (H&E) Staining. Representative micrographs of the bone tissue from each experimental group. (a) The sham-
operated control group (K) showing a dense, thick, and well-connected trabecular network. (b) The ovariectomized
negative control group (P-) exhibiting significant bone loss, characterized by thin, disconnected trabeculae and enlarged
bone marrow spaces. (c) The positive control group (P+) treated with standard VD3 shows slight improvement
compared to P-. (d) - (f) Groups treated with 1,000 IU (P1), 2,000 IU (P2), and 4,000 IU (P3) of liposomal VD3,
respectively, demonstrate a progressive, dose-dependent restoration of trabecular bone structure and density. All images
were taken at 400x magnification.
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Figure 4 Quantitative analysis of bone cell populations in ovariectomized mice treated with liposomal VD3. The bar

charts represent the cell counts for (A) Osteoblasts (bone-forming cells), (B) Osteoclasts (bone-resorbing cells), and (C)

Osteocytes (mature bone cells) across the different experimental groups. The groups are defined as: K (sham-operated

control), P- (ovariectomized negative control), P+ (ovariectomized mice treated with standard VD3), Pl

(ovariectomized mice treated with 1,000 IU liposomal VD3), P2 (ovariectomized mice treated with 2,000 IU liposomal

VD3), and P3 (ovariectomized mice treated with 4,000 IU liposomal VD3). All data are expressed as mean cell number

+ standard deviation (SD). Statistical significance between groups is denoted by asterisks: p < 0.05, *p < 0.01, **p <

0.001, and ***p < 0.0001. ‘ns’ indicates a non-significant difference.

Histomorphometry analysis (Figure 5) revealed
that OVX significantly altered bone cell populations.
Osteoclasts (Figure 5(c)): The number of osteoclasts
(bone-resorbing cells) in the P- group was significantly
increased (p < 0.05) compared to the normal control
(K). All VD3 interventions showed a suppressive trend
against this increase. However, only the liposomal
VD3 2000 IU (P2)
statistically significantly (p < 0.01 vs P-) suppressing

intervention succeeded in
the osteoclast count, reducing it to the lowest level
(136.6 = 75.09 cells), which was equivalent to the
normal control level (p > 0.05 vs K).

Osteoblasts 5(b)): the
number of osteoblasts (bone-forming cells) markedly
decreased in the P- group (p < 0.001 vs K). Only the
liposomal VD3 2000 IU (P2) treatment succeeded in
increasing the osteoblast population

(Figure Conversely,

significantly
(51.20 = 15.07 cells; p < 0.01 vs P-), reaching a level

comparable to the normal control group (K) (p > 0.05
vs K). Other interventions, including conventional
VD3 (P+), did not show significant improvement in
osteoblast numbers (p > 0.05 vs P-).

Osteocytes (Figure 5(a)): The osteocyte count
also significantly decreased in the P- group (p < 0.0001
vs K). Treatment with conventional VD3 (P+), as well
as liposomal doses of 1,000 IU (P1) and 2,000 IU (P2),
successfully restored a portion of the osteocyte count,
but the count was still significantly lower than the
normal control (K) (p < 0.01, p <0.001, and p < 0.01,
respectively). The highest dose (P3) resulted in the
lowest osteocyte count, which was also significantly
lower than the normal control (» < 0.0001).

The present study successfully validated the use
of an OVX mouse model to simulate menopausal
conditions, as confirmed by the drastic reduction in

estrogen levels observed in the negative control group
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(P-). Against this established baseline, the primary
finding demonstrates that VD3 supplementation via a
liposomal delivery system is significantly superior in
increasing estrogen levels compared to conventional
VD3. This advantage, particularly evident at higher
doses of 2,000 IU (P2) and 4,000 IU (P3), is
attributable to the fundamental mechanism of
liposomal encapsulation, which is proven to enhance
the bioavailability and efficiency of VD3 absorption
into the circulatory system [8]. This enhanced
bioavailability underpins the series of physiological
effects observed.

The superiority of the liposomal formulation in
restoring estrogen is supported by several mechanisms.
Firstly, VD3 possesses intrinsic estrogenic activity,
which has been shown to regulate the estrous cycle and
increase uterine weight, an indicator of estrogenic
effects [11]. With higher bioavailability, this effect
becomes more pronounced. Secondly, VD3 plays a
crucial role in estrogen metabolism, where its active
metabolite, 1,25-dihydroxyVD3, can interact with
estrogen receptors and  potentially  stimulate
endogenous estrogen production [13]. The superior
absorption of the liposomal formulation ensures higher
levels of this active metabolite. Lastly, VD3’s
antioxidant and anti-inflammatory properties [13,14]
can improve the microenvironment within adrenal
tissues, making it more conducive to steroidogenesis,
including estrogen synthesis, to compensate for the loss
of ovarian function.

The benefits of this enhanced bioavailability also
extend significantly to bone health parameters. The
results indicate that the liposomal VD3 formulation
was superior in improving bone trabecular area
compared to conventional VD3. The increased
availability of VD3 [5,15] directly optimizes its
anabolic effects on bone, such as stimulating an
increase in trabecular number and thickness [16].
Furthermore, a more bioavailable VD3 can more
effectively suppress the activity of osteoclasts the cells
responsible for bone resorption thereby preserving
trabecular structure [17,18]. This process is supported
by the more efficient absorption of calcium and
phosphate required for robust bone mineralization
[16,19].

These findings are further corroborated at the
cellular level. The administration of liposomal VD3

was shown to ameliorate bone remodeling parameters,
evidenced by a significant decrease in osteoclast count
alongside a tendency towards an increase in osteoblast
and osteocyte numbers. The superior delivery
efficiency of the liposomal system [20,121] allows
VD3 to more effectively stimulate the differentiation
and activity of osteoblasts, the bone-forming cells
[22,23], and to suppress bone resorption by regulating
the expression of RANKL, a key cytokine for
osteoclast activation [24,25]. Collectively, the
liposomal technology fosters a more favorable balance
between bone formation and resorption, which is
crucial for preventing bone degradation in
postmenopausal conditions [6,26].

In contrast to its demonstrated superiority in
hormonal and bone architectural parameters, a
divergent finding emerged concerning serum mineral
homeostasis. The analysis revealed that while all forms
of VD3 supplementation successfully increased
calcium and phosphorus levels compared to the
untreated negative control, there was no statistically
significant difference in efficacy between liposomal
and conventional VD3. Even at the highest dose (P3),
the liposomal formulation conferred no additional
advantage in elevating serum mineral levels.

This phenomenon suggests the influence of
limiting factors within the biological system. A
multifactorial explanation can be proposed. The tightly
regulated nature of calcium homeostasis may have
reached a response ceiling or saturation point at the
tested dosages, where further increases in
bioavailability no longer translate into proportional
increases in serum mineral levels [27]. Moreover, the
efficacy of supplementation may be constrained by the
rate-limiting enzymatic conversion of VD3 to its active
metabolite, a step unaffected by the delivery system
[28].

Other factors, such as the challenging
physiological milieu of the OVX animal model [29]
and the primary objective of liposomal encapsulation,
which may prioritize stability and toxicity reduction
over maximizing physiological effects [30], likely
contribute to this observation. Thus, this study
underscores that the superiority of the liposomal
formulation is most pronounced in its long-term

impacts on hormonal regulation and bone architectural
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remodeling rather than on the acute modulation of
serum mineral levels.

A primary finding of this study highlights a non-
linear, dose-dependent  response  to VD3
supplementation on bone remodeling in the OVX
animal model. Our data consistently demonstrate that
the 2000 IU dose, particularly when liposomally
formulated, provides superior efficacy in achieving
balanced bone remodeling. This dosage appears to
achieve an optimal threshold for VD Receptor (VDR)
activation, which is essential for promoting osteoblast
differentiation =~ while  concurrently  suppressing
osteoclast activity. This mechanism is likely mediated
by the upregulation of osteoprotegerin (OPG) and
suppression of RANKL, which shifts the remodeling
balance toward bone formation [24,26,34,35].

Significantly, and contrary to the hypothesis that
a higher dose would confer greater benefit, the 4,000
IU dose failed to demonstrate additional superiority.
Conversely, our data align with studies indicating a
plateau or even a decline in efficacy [26,36]. This
phenomenon may be explained by the activation of
negative feedback mechanisms at supraphysiological
doses. Excessive VDR activation at the 4000 IU dose
has been shown to trigger suppression of the primary
osteogenic transcription factor, Runx2, which directly
inhibits osteoblast maturation [37,38]. Furthermore,
this “overactivation” may disrupt the sensitive
OPG/RANKL signaling axis, potentially reducing the
antiresorptive effect or even paradoxically promoting
osteoclastogenesis [39].

Another critical aspect of our study is the role of
the delivery vehicle. The liposomal formulation
demonstrated enhanced bioavailability, yet this
advantage was most pronounced at the 2,000 IU dose
[40-42]. Liposomal encapsulation is known to improve
intestinal absorption and protect VD3 from degradation
[33,43-45]. The fact that this superiority diminished at
the 4,000 IU dose [46] suggests a possible saturation of
the intestinal absorption mechanisms. This implies that
for therapeutic efficacy in postmenopausal conditions
(as mimicked by the OVX model), a more effective
strategy is to optimize bioavailability (via liposomes)
at a moderate dose (2000 IU), rather than merely
increasing the total dosage (4,000 IU).

These findings must be interpreted within the
context of the study’s limitations. Reliance on the

OVX rodent model, while a gold standard [47],
necessitates caution in direct extrapolation to human
physiology. There is also variability in site-specific
bone responses (e.g., femur vs. maxilla) that cannot be
overlooked [5,48], as well as limited pharmacokinetic
data directly comparing the liposomal and regular
formulations at both dosages [49, 50]. Furthermore, the
risk of high-dose toxicity, such as altered metabolite
profiles [51,52] and potential vitamin K depletion a
critical cofactor for matrix protein carboxylation

remains a significant concern [53].

Conclusions

This study concludes that the liposomal
formulation, particularly at a dose of 2,000 IU, is
notably more effective in ameliorating bone loss, as
evidenced by the significant restoration of femoral
trabecular area to near-normal levels. Furthermore, the
liposomal preparation showed a superior capacity to
restore serum estrogen concentrations, an effect not
observed with conventional VD3. This superior
hormonal effect is likely attributable to the liposomal
delivery significantly enhancing VD3 bioavailability.
This increased bioavailability is hypothesized to
potentiate a dual mechanism: enabling the intrinsic
estrogenic activity of VD3 to exert a more pronounced
effect and stimulating endogenous steroidogenesis,
possibly in adrenal tissues, to compensate for the loss
of ovarian production. These structural and hormonal
improvements are underpinned by a more effective
modulation of bone cell populations, including a
significant reduction in osteoclast numbers and a
unique ability to restore the osteoblast population at the
2000 IU dosage.
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