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ABSTRACT

Background: Osteoporosis is a major health concern in postmenopausal women, characterized by reduced
bone mineral density (BMD) and deteriorated bone microarchitecture due to estrogen deficiency. While
pharmacological therapies are widely used, exercise represents a promising non-pharmacological approach
to enhancing bone health. Purpose: This systematic review and meta-analysis evaluated the effects of
exercise interventions on BMD and bone-related biomarkers in ovariectomized (OVX) rats as a model of
postmenopausal osteoporosis. Methods: A comprehensive search was conducted across Scopus, PubMed,
and ScienceDirect databases for studies investigating exercise interventions in OVX rats. Random-effects
meta-analyses were performed using Review Manager 5.4 to pool mean differences in BMD and
bone-related biomarkers. Subgroup analyses were conducted according to skeletal site and exercise mo-
dality. Risk of bias was evaluated using the SYRCLE tool. Results: Twenty-nine studies were included,
involving treadmill running (55%), swimming (14%), resistance training (7%), jumping exercises (17%),
and downhill running (7%). Across 14 studies, OVX rats demonstrated significant reductions in BMD at
the vertebrae, femur, and tibia (MD: 0.03g cm 2, P < 0.0001). Exercise partially reversed these deficits,
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yielding small but significant BMD at skeletal sites (MD: —0.01g cm ™2, P < 0.0001). Moderate-intensity
treadmill and jumping/plyometric exercise showed significant effects on BMD. Exercise decreases bone
resorption biomarkers (TRACP/TRACP5b/TRAP, CTX-1/p-CTX/NTX) and balances bone formation
biomarkers (OCN, ALP, PINP), while regulating PPARy, Wnt/f-catenin, sirtuins, RANKL, and oxidative
stress. Conclusion: Exercise interventions significantly mitigate OVX-induced bone loss, improve BMD,
and positively influence biomarkers of bone remodeling, supporting its role as a potential non-pharma-
cological strategy for managing postmenopausal osteoporosis.
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INTRODUCTION

Osteoporosis is a systemic skeletal disorder characterized by reduced bone mineral density
(BMD) and deteriorated bone microarchitecture. This condition poses significant global health
burden, particularly for postmenopausal women due to estrogen deficiency [1]. Over 200 million
women are affected globally, with projections indicating a 240% increase in hip fractures among
women by 2050 [2, 3]. In the U.S., 54 million adults over the age of 50 suffer from osteoporosis
or low bone mass, with women accounting for 80% of these cases [4]. The economic impact is
staggering, costing $17.9 billion annually in the U.S. and €37.5 billion in Europe. These costs are
driven by fractures that lead to disability, reduced quality of life, and 20% mortality rate within
one year of hip fractures [2, 3]. These figures underscore the urgency of addressing osteoporosis
as a critical public health priority, particularly in aging populations in regions such as China and
India, which are experiencing rapid rises in fracture rates [5, 6]. Current management strategies
emphasize the use of antiresorptive drugs (such as bisphosphonates, denosumab) and anabolic
agents (including teriparatide, romosozumab). These treatments can reduce fracture risk by
40-70%, yet they encounter several limitations, including rare side effects, high costs, and issues
with patient adherence [7]. Despite their proven efficacy, fewer than 30% of high-risk patients
receive these treatments, underscoring significant gaps in care models like Fracture Liaison
Services (FLS) [8, 9]. Non-pharmacological approaches, particularly exercise, demonstrate
promise in improving BMD, muscle strength, and balance through mechanical loading [10].
However, optimal exercise protocols remain undefined, with most guidelines recommending
weight-bearing and resistance training without addressing hormonal interactions [11]. Emerging
research emphasizes the necessity of integrating mechanical and hormonal pathways, as
estrogen deficiency disrupts bone remodeling by elevating pro-osteoclastic cytokines such
as Interleukin-6 (IL-6), Tumor Necrosis Factor-a (TNF-a) and Receptor activator of NF-xB
ligand (RANKL) expression [12].

The pathogenesis of osteoporosis is characterized by estrogen deficiency, which leads
to increased bone resorption due to upregulated osteoclast activity and impaired osteoblast
function [12]. Estrogen loss accelerates bone turnover by increasing sclerostin expression and
oxidative stress, which suppresses Wnt/p-catenin signaling, a pathway critical for bone forma-
tion [12, 13]. Mechanistically, exercise counteracts these effects by stimulating bone formation
through strain-induced osteocyte signaling and enhancing muscle-bone crosstalk [10, 14, 15].
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Recent studies propose that postmenopausal bone loss creates a “window of opportunity” in
which mechanical loading synergizes with residual hormonal pathways to optimize bone
geometry [14, 15]. Ovariectomized (OVX) rats provide an excellent model for studying post-
menopausal osteoporosis, as they closely mimic the hormonal changes and subsequent bone loss
observed in humans [16]. This systematic review and meta-analysis aim to evaluate the effects
of exercise interventions on BMD and bone-related biomarkers in OVX rats as a model of
postmenopausal osteoporosis.

METHODS
Study design

This systematic review and meta-analysis were conducted in accordance with the Systematic
Review Center for Laboratory Animal Experimentation (SYRCLE), with the study protocol
prospectively registered in PROSPERO (registration no. CRD42025645911). A comprehensive
search strategy was implemented across multiple databases, including Scopus, PubMed, and
ScienceDirect, on February 4, 2025. We utilized Boolean operators to combine keywords derived
from free-text terms and Medical Subject Headings (MeSH) (see Table 1). Its reporting complies
with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA).
To ensure literature saturation, we performed backward citation tracking to identify additional
eligible studies.

Eligibility criteria

This systematic review will include in vivo studies utilizing OVX female rats as the primary
model for osteoporosis, focusing on interventions involving any form of exercise, including
weight-bearing, non-weight-bearing, or resistance training. Exclusion criteria comprise studies
using non-OVX animal models, male subjects, exercise groups that combined with other in-
terventions, ex vivo/in vitro experiments, human trials, in silico analyses, clinical trials, case
reports, cross-over designs, observational studies, review articles, editorials, conference abstracts,
and publications in languages other than English. Eligible studies must report outcomes related
to bone health parameters, such as BMD, and/or bone-related biomarkers including osteocalcin
(OCN), estrogen/estradiol (E2) levels, Alkaline Phosphatase (ALP), Tartrate-resistant
Acid Phosphatase (TRAP), C-Terminal telopeptide of type I collagen (CTX-1), N-terminal
telopeptide (NTX), Procollagen type I N-terminal propeptide (PINP), RANKL, sclerostin, etc.

Table 1. The search strategy for eligible articles

Database Search strategy

Scopus (Exercise OR Training OR “Weight Bearing” OR “Non-Weight Bearing” OR Run OR
Swim) AND (Bone OR Skeletal OR Musculoskeletal) AND (“Ovariectomized Rat”)

PubMed (Exercise OR Training OR “Weight Bearing” OR “Non-Weight Bearing” OR Run OR
Swim) AND (Bone OR Skeletal OR Musculoskeletal) AND (“Ovariectomized Rat”)

Science Direct (Exercise OR Training OR Run OR Swim) AND (Bone OR Skeletal OR

Musculoskeletal) AND (“Ovariectomized Rat”)
Filters: Research Article, English
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Study selection

The search results were imported into the Rayyan.ai platform for systematic review manage-
ment. After removing duplicate entries, two independent reviewers screened the remaining
articles based on titles and abstracts. Full-text copies of studies that might be eligible were
obtained and evaluated using predetermined inclusion and exclusion criteria. A third reviewer
was consulted when the two primary reviewers couldn’t agree on a study’s eligibility.

Quality assessment

Critical judgment is conducted by two reviewers, with a third reviewer included in case of
disagreements. The SYRCLE RoB assessment results are visualized as a traffic-light and a
summary plot graph, which display outcomes as low, high, or unclear risk of bias. The overall
certainty of evidence for each outcome was assessed using the GRADE approach adapted for
preclinical animal studies [17]. Evidence from animal intervention studies was initially rated
"High’ certainty and downgraded across five domains: risk of bias, inconsistency, indirectness,
imprecision, and publication bias. Indirectness was considered inherent due to the translational
gap between OVX rat models and postmenopausal women.

Data extraction and analysis

Three independent reviewers conducted data extraction using standardized forms that captured
study metadata (author names, publication year), details of experimental design, animal model
specifications, and both quantitative and qualitative outcomes assessing the effects of exercise on
bone health. Extracted quantitative data for continuous outcomes (bone mineral density and
bone-related biomarkers) were entered into Review Manager 5.4 and pooled using inverse-
variance random-effects meta-analysis, generating mean differences (MD) with 95% confidence
intervals (CI). Where sufficient data were available, subgroup meta-analyses were performed by
skeletal site (vertebrae, femur, tibia) and by exercise modality (low- and moderate-intensity
treadmill, weight-bearing treadmill, jumping/plyometrics) to explore differential effects and
potential sources of heterogeneity. Statistical heterogeneity was quantified using the Chi-square
test and I” statistic, and, when pooling was not appropriate due to limited or incomparable data,
findings were synthesized narratively with results still categorized by exercise modality to facil-
itate comparison of efficacy patterns on bone health. Potential publication bias was evaluated
visually using funnel plots for the principal meta-analysis outcomes.

Use of Artificial Intelligence tools

During the preparation of this work, Artificial Intelligence (AI) tools were used to improve the
language and clarity of the manuscript. Specifically, Grammarly (Grammarly Inc.) was used for
grammar correction and language refinement; ChatGPT (OpenAl) was used to assist with
drafting and readability of selected text; QuillBot (QuillBot Inc.) for limited paraphrasing;
and Perplexity AI (Perplexity Al Inc.) for preliminary literature exploration. In addition, Rayyan
AT was used to facilitate systematic review screening, and RobVis was used to generate the risk-
of-bias figures. Authors independently created and verified all scientific content, analyses, and
conclusions. The authors subsequently reviewed and edited all Al-assisted content as needed
and are fully responsible for the final version of this manuscript.
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RESULTS

Study selection

Study selection process commenced with the identification of 1,264 records from three data-
bases: Scopus (n = 217), PubMed (n = 52), and ScienceDirect (n = 995). After removing
60 duplicate records and 32 entries with incomplete metadata, 1,172 records were screened
based on their titles and abstracts. Of these, 1,092 records were excluded for various reasons,
including incorrect intervention (n = 404), irrelevant disease background (n = 226), inappro-
priate publication type (n = 197), unsuitable population (n = 154), flawed study design
(n = 68), or unrelated outcomes (1 = 43). From the remaining 80 reports sought for retrieval,
35 could not be obtained. A total of 45 reports were assessed for eligibility, of which 16 were
excluded due to incompatible study designs (n = 9) or incomplete outcome data (n = 7).
Ultimately, 29 studies were included for qualitative synthesis, and 14 studies provide sufficient
quantitative data for meta-analysis (Fig. 1)

Risk of bias assessment

The risk-of-bias evaluation of 29 studies revealed a mixed pattern across the ten assessed
domains (Figs 2 and 3). Baseline characteristics and complete outcome data demonstrated the
strongest evidence of methodological rigor, with 29/29 studies (100%) rated at low risk.
Random sequence generation showed predominantly low risk ratings, with 28/29 studies
(96.6%). However, several critical methodological domains revealed substantial uncertainty
or inadequate reporting. Randomization of outcome assessment and selective reporting
emerged as a major weakness, with 29/29 studies (100%) classified as unclear. Similarly,
allocation concealment, random housing, and blinding of housing exhibited limited explicit
reporting (3/29; 1/29; and 1/29 classified as unclear, respectively). Blinding of outcome assess-
ment data showed relatively favorable reporting, with 6/29 studies (20.6%) at low risk. In
summary, while overt high-risk judgments were rare across all domains, the substantial pro-
portion of unclear ratings, particularly in randomization of outcome assessment and selective
reporting, substantially limits confidence in pooled estimates derived from this body of
evidence.

Characteristics of studies

A total of 29 studies were summarized in Table 2, which investigates exercise interventions in
OVX rat models of bone loss in postmenopausal osteoporosis. The studies include female Wistar
rats (34%, n = 10), Sprague-Dawley rats (59%, n = 17), and other strains (7%, n = 2) with ages
ranging from 5 weeks to 14 months, and sample sizes varying from 5 to 22 animals per group.
The studies employed a variety of exercise protocols, including treadmill running (55%, n = 16),
swimming (14%, n = 4), resistance training (7%, n = 2), jumping exercises (17%, n = 5), and
downbhill running (7%, n = 2) with intervention durations spanning from 4 to 36 weeks. The
experimental designs typically compared sham-operated controls with OVX groups (with or
without exercise), incorporating varying exercise intensities and different timings of exercise
initiation post-surgery.
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Identification of studies via databases and registers
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Fig. 1. PRISMA flowchart diagram

Exercise parameters exhibit substantial variation in intensity and progression. Treadmill
exercise, gradually increase speed from 10 to 22 m min~" or increase duration from 10 to 60
min. Some studies incorporated inclines of 0 to 15° or weighted backpacks of up to 20% of
body weight. Resistance training involved ladder climbing with tail weights, with the weight
gradually increasing from 50 to 100% of body weight. Jumping exercise involved jumping
from an initial height of 25 cm, gradually increasing to 40 cm, while swimming protocols
lasted up to 60 min per day. Most programs adhered to a 5-day-per-week regimen, with
intervention durations spanning from 4 to 36 weeks either immediately or delayed for up
to 16 weeks post-ovariectomy.
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Risk of bias
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Fig. 3. Summary plot of SYRCLE risk of bias results

Meta-analysis results

Pairwise meta-analyses of data from 14 studies were conducted to evaluate the effects of exercise
interventions on BMD in OVX rats, by skeletal site, and exercise modality-specific responses
(Table 3).

The skeletal site analysis revealed OVX effects across anatomical regions, with vertebrae
demonstrating the most affected (MD: 0.03 g cm 2, 95% CI: 0.01 to 0.04, > = 94%, P = 0.0006),
followed by femur (MD: 0.04g cm™2, 95% CI: 0.03 to 0.04, I’ = 67%, P < 0.0001) and tibia
(MD: 0.04 g cm ™2, 95% CI: 0.02 to 0.06, P = 0.0001). The heterogeneity was high (I* = 94%),
which may reduce the reliability of the result. To test the robustness of the results and identify
the source of this high variance, we performed a sensitivity analysis by sequentially excluding
each study to evaluate its impact on the overall result. Leave-one-out sensitivity analysis iden-
tified Tromp et al. (2006) [22] as the primary source of heterogeneity in the vertebrae subgroup;
exclusion of this study reduced the I from 94% to 0% (MD: 0.03 g cm ™2, 95% CI: 0.03 to 0.04)
and the overall I? from 93% to 45% (MD: 0.03 g cm ™2, 95% CI: 0.03 to 0.04), while the pooled
effect estimates remained consistent in direction and significance (Fig. 4).

When stratified by exercise intervention versus OVX controls, vertebrae showed attenuated
benefit (MD: —0.01 g cm 2, 95% CI: —0.02 to 0.00, I* = 87%, P = 0.01), whereas femur
maintained significant positive effects (MD: —0.02g cm ™2, 95% CI: —0.02 to —0.01,
P = 78%, P = 0.002), and tibia exhibited marginal improvement (MD: —0.02 g cm 2,
95% CI: —0.03 to 0.00, I’ = N/A, P = 0.06). Exercise modality-specific subgroup analyses
demonstrated that moderate-intensity treadmill exercise produced the most pronounced oste-
ogenic stimulus in both vertebrae (MD: —0.02 g cm ™2, 95% CI: —0.03 to —0.00, P = 0.02) and
femur (MD: —0.03g cm™ 2, 95% CI: —0.04 to —0.01, P = 0.0004), while jumping/plyometric
protocols yielded consistent skeletal benefits across vertebrae (MD: —0.02g cm 2, 95% CI:
—0.04 to 0.00, I> = 83%, P = 0.05) and femur (MD: —-0.02¢g cm ™2, 95% CL: —0.02 to —0.01,
I’ = 0%, P < 0.0001), suggesting that high-impact loading stimuli effectively counteract
OVX-induced bone loss. These findings collectively support the implementation of structured,
moderate-to-high-intensity mechanical loading regimens as therapeutic strategies to mitigate
postmenopausal bone loss, while highlighting the need for exercise prescription tailored to
specific skeletal sites and biomechanical characteristics.
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Table 2. Data extraction for study characteristics

Author Groups (n per
(year) Animal strain Age (weight) group) Exercise model
Gala et al. Female Wistar 15 weeks old SHAM (22), OVX Treadmill running:
[18] rats (252 g) (22), OVX + EX (22) 1,080 m day ' at
8m min 5 days week ™!,
for 12 weeks
Hart et al. Female 12-14 months old CON (9), Swimming: 60 min day’l,
[19] Sprague-Dawley (327-335 g) EX-SWI (8) 5 days week ', for
rats 12 weeks
Sakakura Female Wistar 24 weeks old SHAM (5), SHAM + Treadmill running:
et al. [20] rats (386 g) EX-TM (6), OVX Gradual increase to
(6), OVX + EX-TM 25m min~ ! with a 5°
(6) incline for 30 min day ',
for 8 weeks
Honda et al.  Female Wistar 9 months old SHAM (9), SHAM +  Jumping: 10 jumps/day at
[21] rats (308-309 g) EX-JMP (12), OVX  a height of 40 cm, 5 days
(10), OVX + week ™!, for 8 weeks
EX-JMP (11)
Tromp et al.  Female Wistar 12 weeks old SHAM (10), OVX Treadmill running with
[22] rats (193-236 g) (10), EX-TM (10), backpack (20% body
OVX + EX-TM (10)  weight): 15 min day ™/,
5 days week !, for
19 weeks (started 5 weeks
post-OVX). Velocity
gradually increased to
16.8 m minfl, average
velocity 12.7 m min "'
Chang et al. Female 8 weeks old OVX (15), OVX + Treadmill running:
[23] Sprague-Dawley (229 +99g) EX-TM (15), 12 m min~', 60 min dayfl,
rats EX-TM (15), 5 days week 1, for
CON (15) 36 weeks (started 16 weeks
after surgery)
Chen et al. Female 3 months old SHAM (10), OVX Treadmill running:
[24] Sprague-Dawley (235 +8¢g) (10), OVX + 18 m min", at 0% grade,
rats EX-TM (10) 40 min day ™', 4 days
week !, for 14 weeks
Bu et al. Female 3 months old SHAM (10), OVX Treadmill running:
[25] Sprague-Dawley (235 +8 g) (10), OVX + 18 m min ", at 0% grade
rats EX-TM (10) for 40 min, 4 days week ™!
for 14 weeks
Park et al. Female 6 weeks old (N/R)  CON (7), EX-SWI Swimming: 1 h dayfl,
[26] Sprague-Dawley (7), EX-RT (Climb) 6 times/week. Climbing to
rats reach a water bottle, which
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Table 2. Continued

Author Groups (n per
(year) Animal strain Age (weight) group) Exercise model
Huang et al. Female 36 weeks old SHAM (9), OVX (8), Treadmill running:
[27] Sprague-Dawley (370-412 g) OVX + EX-TM (8) progressive increase to
rats 16 m min~' for 60 min,
5 days week 1, for
12 weeks
Juetal. [28]  Female Fisher 18 weeks old SHAM (9), SHAM +  Swimming: 60 min day ',
344 rats (165-167 g) EX-SWI (9), OVX 5 days week ™!, for
(9), OVX + EX-SWI 12 weeks
)
Murai et al. Female Wistar 15 weeks old SHAM (8), OVX + Downhill running:
[29] rats (250-300 g) EX-DR (6) 20 m min ! for 30 min per
session, 5 days a week for
12 weeks
Sun et al. Female 3-month-old OVX (15), SHAM Treadmill exercise:
[30] Sprague-Dawley (230 + 10 g) (15), OVX + gradually increased from
rats EX-TM (15) 10 to 20 m min_ %, at 5%
incline, 10-60 min/session
for 1 week; 22-24 m min !
for 60 min/session for the
remaining 53 days
Oh et al. Female 6 weeks old SHAM (6), SHAM + High-intensity
[31] Sprague-Dawley (130-160 g) EX-SWI (6), OVX intermittent swimming
rats (10), OVX + training (HIST): 14
EX-SWI (11) repetitions of 20-s bouts
with 10-s pauses. Weight
equivalent to 14-16% of
body weight, for 8 weeks
Kang et al. Female 8 weeks old SHAM (8), OVX (8), Downbhill training (16 m
[32] Sprague-Dawley (N/R) OVX + EX-DR (8), min~', —15°) and Uphill
rats OVX + EX-UR (8) (16 m min ', +15°) and
for 60 min day ', 5 days
week ™!, for 8 weeks
Kawano Female Wistar 6 weeks old OVX (5), OVX + Treadmill running:
et al. [33] rats (N/R) EX-TM (5) 10 m min~" for the first
5 min and 20 m min ™!
for the next 25 min; the
inclination was set to 0°.
Each rat ran 30 min day ',
5 days week ™ ! for 3 months
Okubo et al. ~ Female Wistar 10 weeks old SHAM (10), OVX Jumping: 20 times/day,
[34] rats (199.75 + 7.45 g) (10), SHAM + 5 days week ™!, to a height
EX-JMP (10), OVX of 40 cm for 12 weeks
+ EX-JMP (10) (started 60 days after

surgery)
(continued)
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Table 2. Continued

Author Groups (n per
(year) Animal strain Age (weight) group) Exercise model
Souza et al. Female N/R (240-250 g SHAM (11), OVX Resistance training:
[35] Holstman rats before grouping) (11), SHAM + Climbing a vertical ladder
EX-RT (11), OVX + (1.Im X 0.18 m X 2cm,
EX-RT (11) 80° incline) while wearing
weights on their tails, every
3 days for 12 weeks
Shimano Female Wistar 8 weeks old OVX (8), OVX + Jump exercise: 20 jumps/
et al. [36] rats (approx. 200 g)  EX-JMP (8), SHAM  day, 5 days week ' at an
(8), SHAM + initial height of 25 cm,
EX-JMP (8) gradually increased to
40 cm, for 12 weeks
Tamakoshi Female Wistar 7-week-old SHAM (6), OVX (8), Treadmill running: 20 m
et al. [37] rats (191-202 g) OVX + EX-TM (6), min~!, 30 min, 5 days
OVX + EX-UR (6), week ', for 8 weeks
OVX + EX-DR (6) starting at 1 week after
surgery; Uphill: +10%,
Normal Treadmill: 0%,
Downbhill: —10% slope
Kim et al. Female 8 weeks old SHAM (8), OVX (8), Continuous running (CR):
[38] Sprague-Dawley (N/R) OVX + EX-TM CR 16 m min %, 0° slope,
rats (8), OVX + EX-TM 60 min day ',

Stunes et al.  Female Sprague

[39] Dawley rats
Yuasa et al. Female
[40] Sprague-Dawley
rats
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12 weeks of age
(231 £ 19g)

16-week-old
(375-394 g)

IR (8)

SHAM (12), OVX +
EX-JMP (12)

SHAM (20), OVX +
EX-TM (20)

5 days week ' for 6 weeks.
Interval running (IR):
30 min
day ™!, 5 days week ' for
6 weeks, alternating
between 3 min high
intensity (23 m min~ %,
+15° slope) and 2 min
incomplete rest, repeated
five times. Velocity and
slope gradually increased
every 2 weeks
Plyometric jumping
exercise: 3 days a week for
8 weeks, 3 sets of 6 jumps
with progressive jumping
height
Low-intensity treadmill
exercise: 12-15m minfl,
5% incline, for 60 min
day_l, 5 days week ™!, for
4 or 8 weeks, starting
8 weeks after ovariectomy

(continued)



194

Physiology International 113 (2026) 2, 183-208

Table 2. Continued

Author Groups (n per
(year) Animal strain Age (weight) group) Exercise model
Aveline Female Wistar 5 weeks old SHAM (12), OVX  Jumping: 10 drops per day
et al. [41] rats (N/R) (12), OVX + EX- from 45 cm height, 5 days
JMP (12) a week for 8 weeks
Gao et al. Female 3-month-old SHAM (20), OVX Treadmill exercise:
[42] Sprague-Dawley (272 + 14 g) (40), OVX + EX- 20 m min~! for 60 min,
rats T™ (20) 5 days per week for
17 weeks
Tang et al. Female 3-month-old SHAM (10), OVX Treadmill running: 20 m
[43] Sprague-Dawley (210 + 8¢g) (10), OVX + EX- min~" while bearing 35%
rats TM (10) of their body weight,
20 min, 6 days week ' for
10 weeks
Peng et al. Female 3-month-old CON (8), OVX (8), Treadmill exercise:
[44] Sprague-Dawley  (approx. 270 g) OVX + EX-TM (8) 20m min}, 40 min dayfl,
rats 5 days week !, 5° slope, for
12 weeks (starting 14 days
post-OVX)
Wang et al. Female 9-week-old SHAM (6), OVX (6), Resistance exercise (ladder
[45] Sprague-Dawley (180-200 g) OVX + EX-RT (6) climbing): 2 weeks of
rats adaptive training (Started
at 50% body weight,
increased to 75%, then
100%.), then 12 weeks of
formal training. 5 days
week !, 4 sets of
3 repetitions, 1 min rest at
top, 2 min rest between sets
Yang et al. Female 3-month-old SHAM (20), OVX Moderate intensity
[46] Sprague-Dawley (272 + 14 g) (20), OVX + EX- treadmill exercise
rats T™ (20) program: 20 m min~! for

60 min in the morning,
5 days per week for
17 weeks

OVX, ovariectomized; SHAM, sham-operated; EX, exercise; OVX + EX, ovariectomized with exercise
intervention; SHAM + EX, sham-operated with exercise intervention; CON, non-ovariectomized control;
TM, treadmill running; SWI, swimming; JMP, jumping or plyometric jumping exercise; RT, resistance
training; CR, continuous running; IR, interval running; UR, Uphill running; DR, Downbhill running.

Bone-related biomarker result

The analysis of bone-related biomarkers revealed consistent patterns of ovariectomy-induced

alterations and exercise-mediated amelioration across multiple biological pathways (Table 4).
Ovariectomy significantly elevated bone resorption biomarkers, including TRACP/

TRACP5b/TRAP, CTX-1/B-CTX/NTX, compared with sham-operated controls. Exercise
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Table 3. Summary of pair-wise meta-analysis results

Outcomes Studies (1) Animals (n) MD (95% CI) P P-value
Sham vs OVX
BMD Skeletal Site Sub-Group 9 367 MD: 0.03g cm™2  93% <0.0001*
(0.02 to 0.04)
- Vertebrae 6 152 MD: 0.03gcm™>  94%  0.0006
(0.01 to 0.04)
- Femur 7 175 MD: 0.04gcm > 67% <0.0001*
(0.03 to 0.04)
- Tibia 1 40 MD: 0.04 g cm™?  N/A  0.0001*
(0.02 to 0.06)
OVX vs OVX-Exercise
BMD Skeletal Site Sub-Group 9 385 MD: —0.01g cm™> 82% <0.0001*
(—0.02 to —0.01)
- Vertebrae 7 169 MD: —001gcm™> 87%  0.01"
(—0.02 to —0.00)
- Femur 7 176 MD: —0.02gcm™> 78%  0.002°
(—0.02 to —0.01)
- Tibia 1 40 MD: —-0.02 g cm™? N/A 0.6
(—0.03 to 0.00)
BMD Exercise Sub-Group 9 345 MD: —0.01g cm™> 83% <0.0001
(—0.02 to —0.01)
e Treadmill 6 245 MD: —0.01gcm™> 77%  0.002*
(—0.02 to 0.00)
- Low-intensity 3 88 MD: —001gcm™> 70% 020
Treadmill - Vertebrae (—0.02 to 0.00)
- Low-intensity 3 98 MD: —00lgcm™> 86%  0.17
Treadmill - Femur (—0.03 to 0.00)
- Low-intensity 1 40 MD: —0.02gcm > N/A  0.06
Treadmill - Tibia (—0.03 to 0.00)
- Moderate-intensity 1 20 MD: —0.02gcm™> N/A  0.02°
Treadmill - Vertebrae (—0.03 to 0.00)
- Moderate-intensity 1 20 MD: —0.03gcm™> N/A  0.0004*
Treadmill - Femur (—=0.04 to —0.01)
- Weight-Bearing Treadmill 1 19 MD: 0.00gcm™ >  N/A 06
Vertebrae (—0.00 to 0.00)
¢ Jumping/Pyelometrics 3 100 MD: —0.02g cm™> 51% <0.0001*
(—0.03 to —0.01)
- Jumping - Vertebrae 2 42 MD: —0.02gcm > 83%  0.05
(—0.04 to 0.00)
- Jumping - Femur 3 58 MD: —0.02gcm™> 0%  <0.0001*

(—0.02 to —0.01)

BMD, bone mineral density; MD, mean difference; CI, confidence interval; B, Higgins I-squared
heterogeneity statistic; OVX, ovariectomized; SHAM, sham-operated control; P, statistical significance
level; *, statistically significant at P < 0.05; N/A, not applicable (single study, heterogeneity not calculated).
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Sham ovx Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
1.1.1 Vertebrae
Tromp 2006 01282 0.002 10 01246 0.0032 9 Mot estimable 2006
Chang 2010 0194 0013 15 0167 0011 15 12.6% 0.03([0.02,0.04] 2010 ==
Chen 2011 03035 0.0275 10 0.2675 00118 10 58% 0.04[0.02,0.05] 2011 —
Okubo 2017 014 0.02 10 011 0.01 10 8.4% 0.03[0.02,0.04] 2017 —
Stunes 2020 0.246 0.016 12 0206 0019 1" 8.0% 0.04[0.03,0.05] 2020 =
Gao 2021 0238 0029 20 0199 0029 20 61% 0.04[0.02,0.06] 2021 —_—
Subtotal (95% CI) 67 66 40.9% 0.03 [0.03, 0.04] L 2
Heterogeneity: Tau®= 0.00; Chi*= 3.31, df= 4 (P = 0.51); F= 0%
Test for overall effect: Z=10.70 (P = 0.00001)
1.1.2 Femur
Chen 2011 03141 00472 10 0.2805 00222 10 24% 0.03 [0.00,0.07] 2011
Murai 2015 0.298 0.008 8 0264 0012 8 11.4% 0.03[0.02,0.04] 2015 -
Okubo 2017 023 0.M 10 021 0.01 10 12.5% 0.02[0.01,0.03] 2017 =
Shimano 2018 0182 0.017 8 0133 0027 8  45% 0.04[0.02,0.07] 2018 —
Stunes 2020 0312 0014 12 0285 0017 11 91% 0.03[0.01,0.04] 2020 —
Gao 2021 028 0.03 20 0231 0022 20 69% 0.05[0.03,0.07] 2021 —_—
Yang 2023 028 003 20 023 002 20 72% 0.05(0.03,0.07] 2023
Subtotal (95% CI) 88 87 54.0% 0.04 [0.03, 0.04] -
Heterogeneity: Tau®= 0.00; Chi*=18.06, df=6 (P = 0.006); F=67%
Testfor overall effect: Z=7.28 (P < 0.00001)
1.1.3 Tibia
Gao 2021 0.224 0.035 20 0184 003N 20 51% 0.04 [0.02, 0.06] 2021 —
Subtotal (95% CI) 20 20 51%  0.04[0.02,0.06] i
Heterogeneity: Not applicable
Test for overall effect: Z= 3.83 (P = 0.0001)
Total (95% CI) 175 173 100.0% 0.03 [0.03, 0.04] ¢
Heterogeneity: Tau®= 0.00; Chi*= 21.96, df= 12 (P = 0.04); F= 45% + t

01 -005 0 005 01

Testfor overall effect: Z=12.40 (P = 0.00001) Favours [Sham] Favours [OVX]

Test for subgroun differences: Chi*= 0.85, df= 2 (P = 0.65), F= 0%

Fig. 4. Forest plot of BMD in Sham vs OVX groups after Leave-One-Out Sensitivity Analysis

interventions in OVX rats consistently reduced these elevated resorption biomarkers toward
sham levels, and balanced the formation biomarkers OCN, ALP, and PINP. Specifically,
for CTX-1, Huang et al. (2015) [27] showed that treadmill training reduced CTX-1 levels from
152 + 0.6 to 12.3 + 1.5 (approximately 19% reduction), and Stunes et al. (2020) [39] reported
that jumping exercise decreased CTX-1 from 12.2 + 3.4 to 9.9 + 1.9 (approximately 19%
reduction). The studies above show that exercise reduces collagen degradation across two
different exercise modalities. Hormonal analyses demonstrated that ovariectomy markedly
reduced E2 levels, whereas exercise elevated them.

Beyond traditional bone turnover biomarkers, exercise modulated key molecular signaling
involved in bone metabolism and oxidative stress. Ovariectomy upregulated peroxisome pro-
liferator-activated receptor gamma (PPARY), increased triglycerides, and altered runt-related
transcription factor 2 (Runx2) expression, while exercise downregulated PPARy and normalized
triglyceride content in OVX rats. Exercise also restored Wnt/p-catenin signaling by increasing
p-catenin and phosphorylated glycogen synthase kinase-3 beta (P-GSK-3f) expression, which
were suppressed by ovariectomy. Additionally, exercise enhanced bone morphogenetic proteins
(BMPs), sirtuin 1 and 6 (SIRT1, SIRT6), and reduced RANKL-induced osteoclastogenesis, while
reducing osteopontin, sclerostin, and leptin levels. Resistance training specifically increased
matrix metalloproteinase-2 (MMP-2) activity and improved calcium and phosphorus levels in
both sham and OVX rats. Exercise also attenuated oxidative stress by increasing superoxide
dismutase (SOD) activity in OVX rats to levels approaching or exceeding sham controls, and
partially normalized ALP and estrogen receptor alpha (ERa) mRNA expression.
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Table 4. The results of bone-related biomarkers

Markers

Results

Reference(s)

ALP

OCN/Gla-OCN/Glu-OCN

CTX-1/p-CTX/NTX

PINP

TRACP/TRACP 5b/TRAP

Estradiol/Estrogen (E2)

PPARy, Runx2, TG

[-catenin, P-GSK-3f

MMP-2, Calcium,

Phosphorus

Osteopontin

Brought to you by MTA Konyvtér és Inf

OVX decreases ALP compared with
SHAM,; exercise in OVX partially
normalizes ALP toward SHAM
levels
OVX elevates circulating osteocalcin
(or its fractions) compared with
SHAM, whereas exercise in OVX
tends to reduce or normalize
osteocalcin levels compared with
OVX alone
OVX enhances CTX-1, f-CTX, and
NTX relative to SHAM; exercise in
OVX consistently lowers these
markers, often approaching SHAM
levels
OVX modestly elevates formation
marker PINP; exercise in OVX
shows a slight reduction versus
OVX
OVX increases TRACP/TRACP
5b/TRAP activity compared with
SHAM; exercise in OVX reduces
these activities toward control levels
OVX markedly reduces E2 relative
to SHAM; exercise in OVX
produces small, inconsistent
increases in E2 levels
OVX upregulates PPARy and
increases triglycerides with altered
Runx2; exercise in OVX
downregulates PPARy and
normalizes triglyceride content
OVX suppresses f-catenin and
P-GSK-3p; exercise in OVX restores
or increases these signaling proteins
toward SHAM
OVX reduces MMP-2 activity and
mineral levels; resistance training in
both SHAM and OVX increases
MMP-2 and improves calcium/
phosphorus, particularly in
exercised OVX rats
OVX stimulates osteopontin relative
to SHAM; exercise in OVX
markedly lowers osteopontin

(18, 20, 32, 38, 41, 43]

(21, 27, 30, 31, 32, 34, 36, 38, 41, 44,
46]

[27, 30, 38, 39, 41, 44, 45]

(39, 44]

[18, 20, 43, 45, 46]

[20, 24, 25, 32, 38, 43]

[24, 25, 27]

(25]

(35]

(36]

(continued)
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Table 4. Continued

Markers Results Reference(s)

BMPs, SIRT1, SIRTS6, OVX with interval running (OVX- [38]
IR) enhances BMPs and sirtuins
versus OVX control

Sclerostin, Leptin OVX boosts sclerostin and leptin; [27, 39, 44]
exercise in OVX reduces sclerostin
and leptin
SOD (oxidative stress OVX decreases SOD activity [44]
marker) compared with SHAM; exercise in
OVX increases SOD toward/above
SHAM
ALP mRNA, ERa mRNA OVX increases ALP and ER«a [33]

mRNA expression vs SHAM and is
reduced partially in exercise-OVX
towards SHAM
RANKL expression OVX upregulated RANKL [39, 44]
expression, while exercise
downregulated RANKL expression

ALP, alkaline phosphatase; TRAP, tartrate-resistant acid phosphatase; TRACP, tartrate-resistant acid
phosphatase; TRACP 5b, tartrate-resistant acid phosphatase 5b isoform; OVX, ovariectomized; SHAM,
sham-operated control; OCN, osteocalcin; Gla-OCN, gamma-carboxylated osteocalcin; Glu-OCN,
undercarboxylated osteocalcin; CTX-1, C-terminal telopeptide of type I collagen; f-CTX, beta C-terminal
telopeptide of type I collagen; NTX, N-terminal telopeptide of type I collagen; PINP, procollagen type I
N-terminal propeptide; E2, estradiol/estrogen; PPARY, peroxisome proliferator-activated receptor gamma;
Runx?2, runt-related transcription factor 2; TG, triglycerides; f-catenin, beta-catenin; P-GSK-3p,
phosphorylated glycogen synthase kinase-3 beta; MMP-2, matrix metalloproteinase-2; BMPs, bone
morphogenetic proteins; SIRT1, sirtuin 1; SIRTS, sirtuin 6; RANKL, receptor activator of nuclear factor
kappa-B ligand; SOD, superoxide dismutase; ALP mRNA, alkaline phosphatase messenger RNA;

ERa mRNA, estrogen receptor alpha messenger RNA.

Publication bias

The funnel plot comparing BMD between Sham and OVX groups (Fig. 5A) shows a relatively
symmetric distribution of studies around the pooled mean difference line across vertebrae,
femur, and proximal tibia, suggesting low risk of small-study or publication bias for this
contrast. In contrast, the funnel plot for BMD in OVX versus OVX-Exercise groups (Fig. 5B)
demonstrates a slightly asymmetric pattern driven mainly by one outlying vertebral study on the
left side, indicating a potential small-study effect that warrants cautious interpretation of the
exercise-related benefit.

Overall certainty of evidence

GRADE assessment indicated that the overall certainty of evidence was Very Low across all
outcomes (Table 5). For both the Sham vs. OVX and OVX vs. OVX-Exercise comparisons, all
BMD outcomes at the vertebrae, femur, and tibia were downgraded due to serious risk of bias
(in SYRCLE domains, 100% of studies rated 'unclear’ for randomization of outcome assessment

Brought to you by MTA Konyvtar és Informacios Kézpont olvasok | Unauthenticated | Downloaded 07/14/26 12:42 PM UTC



Physiology International 113 (2026) 2, 183-208 199

0__SE(MD) 5 .
G °

002+

004+

006

008t

MD
01

-0.1 -0.05 0 0.05 01

Subgroups
I(—D vertebrae >Femur [ Tibia

D__SE(ND)

0.02+

004+

'
'
]
'
i
'
'
'
:
i
0.06t i
i
H
'
i
'
'

MD

0.1

-0.02 -0.01 0 0.01 0.02

Subgroups
IE) Vertebrae O Femur 0 Proximal Tibia

Fig. 5. Funnel plot of BMD in (A) Sham vs OVX groups and (B) OVX vs OVX-Exercise groups

and selective reporting; >90% unclear for allocation concealment, random housing, and blinding
of housing). Serious indirectness (OVX rat model as a surrogate for human postmenopausal
osteoporosis) and serious inconsistency (I” ranging from 67 to 94% for multi-study outcomes)
suggest variability across experimental protocols, animal characteristics, and intervention pa-
rameters, with additional downgrading for imprecision in tibia outcomes (single study, small
sample) and suspected publication bias in the OVX vs. OVX-Exercise vertebral comparison
(funnel plot asymmetry). The certainty for biomarker outcomes (CTX-1, osteocalcin, TRAP,
ALP) was also rated Very Low due to the same risk of bias and indirectness concerns,
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Table 5. GRADE summary of findings for the certainty of evidence

Outcome Studies (Animals)  Risk of bias  Inconsistency  Indirectness  Imprecision  Publication bias Certainty
Sham vs. OVX

BMD - Vertebrae 5 (133)* @ Serious® Not serious® @ Serious® Not serious Not serious? DDOO Low
BMD - Femur 7 (175) @ Serious® @ Serious® @ Serious® Not serious Not serious® OO0 Very Low
BMD - Tibia 1 (40) @ Serious® N/Af @ Serious® @ Serious® Not serious OO0 Very Low
OVX vs. OVX-Exercise

BMD - Vertebrae 7 (169) @ Serious® (43} Serious® @ Serious® Not serious @ Serious' OO0 Very Low
BMD - Femur 7 (176) @ Serious® @ Serious’ @ Serious® Not serious Not serious OO0 Very Low
BMD - Tibia 1 (40) @ Serious® N/Af @ Serious® b Serious® Not serious SOO0 Very Low
Bone biomarkers 2-9 (narrative) @ Serious® N/A! @ Serious® @ Serious® Not assessed @000 Very Low

Notes: * Post-sensitivity analysis: Tromp et al. (2006) [22] excluded as the identified source of heterogeneity.
* Risk of bias: Downgraded —1 (serious). Randomization of outcome assessment unclear in 29/29 studies (100%); selective reporting unclear in 29/29
(100%); allocation concealment unclear in 26/29 (90%); random housing unclear in 28/29 (97%); blinding of personnel unclear in 27/29 (93%).

® Not downgraded. After exclusion of Tromp et al. (2006) [22] via leave-one-out sensitivity analysis, I? reduced from 94% to 0% (P = 0.51); pooled

effect remained consistent in direction and significance.

¢ Downgraded —1 (serious). OVX rat model used as surrogate for human postmenopausal osteoporosis; inherent translational gap in species, bone

physiology, and remodeling rate.

4 Not serious. Funnel plot showed relatively symmetric distribution.

¢ Downgraded —1 (serious). P = 67%, P = 0.006.

 Not applicable — single study; heterogeneity cannot be assessed.

& Downgraded —1 (serious). Single study or limited studies with small sample size.
" Downgraded —1 (serious). I* = 87%.

" Downgraded —1 (serious). Funnel plot asymmetry driven by one outlying vertebral study.

j Downgraded —1 (serious). P = 78%.
k Downgraded —1 (serious). Single study; 95% CI includes null (P = 0.06).
! Not assessed — synthesized narratively due to limited and incomparable quantitative data.
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compounded by limited study numbers that precluded meta-analytic pooling. Therefore, while
the findings provide valuable preclinical insight, the overall certainty of evidence remains
limited.

DISCUSSION

This systematic review and meta-analysis synthesized 29 studies qualitatively and 14 quantita-
tively to examine how different exercise modalities affect bone health in OVX rat models.
Ovariectomy caused marked BMD loss at the vertebrae, femur, and tibia, while exercise partially
reversed these deficits, producing significant BMD gains at vertebral and femoral sites but not at
the tibia. Treadmill running and jumping/plyometric were shown to have osteogenic responses,
and exercise broadly shifted bone biomarker profiles from a resorptive toward a more balanced
or mildly anabolic state, attenuating increases in TRACP/TRACP5b/TRAP, CTX-1/B-CTX/
NTX, and normalizing formation markers such as OCN, ALP, and PINP while favorably
regulating PPARy, Wnt/f-catenin, sirtuins, RANKL and oxidative stress.

Similar to the results of our study in OVX rat models, human studies have demonstrated that
weight-bearing and resistance exercises significantly enhance BMD at critical sites such as the
lumbar spine, femoral neck, and total hip. For instance, a systematic review involving post-
menopausal women reported standardized mean differences (SMDs) of 0.29 for lumbar spine,
0.27 for femoral neck, and 0.41 for total hip BMD after exercise interventions, underscoring the
osteogenic potential of physical activity in mitigating bone loss caused by estrogen deficiency
[47, 48]. Additionally, studies have shown that exercise reduces markers of bone resorption and
increases markers of bone formation, consistent with the biomolecular findings in OVX rats,
where exercise shifts the balance towards bone formation [49]. These parallels underscore the
relevance of OVX rat models in studying postmenopausal osteoporosis and the translational
value of exercise interventions.

However, some divergences exist between animal and human studies. While OVX rat models
often focus on specific molecular pathways (e.g., Wnt/B-catenin signaling) to elucidate exercise-
induced changes in bone remodeling, human studies tend to emphasize clinical outcomes such
as fracture risk reduction or long-term BMD improvements. For example, prolonged exercise
protocols in humans (e.g., 12 months or more) have been found to produce more substantial
BMD gains compared to shorter interventions [50, 51]. Furthermore, aquatic exercises, which
are less impactful in OVX rats due to reduced mechanical loading, have shown benefits in
human populations by improving balance and preventing falls [52]. These differences highlight
the importance of considering biomechanical and physiological variations when translating
findings from animal models to clinical settings.

Our findings align with the current understanding of osteoporosis pathophysiology,
particularly the role of estrogen deficiency in disrupting bone remodeling processes. Estrogen
plays a critical role in maintaining skeletal homeostasis by promoting osteoprotegerin (OPG)
expression and suppressing RANKL expression, thereby inhibiting osteoclast activity and
promoting osteoblast function. Estrogen also activates Wnt/p-catenin signaling pathway to
enhance osteoblast differentiation. In its absence, as seen in postmenopausal osteoporosis or
OVX models, there is an upregulation of RANKL expression and pro-inflammatory cytokines
(e.g., IL-1, IL-6, TNF-ar), leading to increased osteoclastogenesis and bone resorption [53-55].
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This imbalance results in elevated bone turnover, with bone resorption exceeding formation,
ultimately causing bone loss. The studies in this review demonstrate that exercise counteracts
these effects by modulating these molecular pathways. For instance, interventions like treadmill
running and resistance training have been shown to reduce RANKL expression, normalize OPG
levels [39], and suppress inflammatory cytokines, thereby restoring balance to bone remodeling
processes [56].

When estrogen levels in tissues decrease, extragonadal tissues synthesize estrogen through
the aromatization of testosterone and androstenedione by enzyme CYP19 aromatase, the sole
member of family 19 of the cytochrome P450 enzymes. Exercise has been shown to enhance
CYP19 aromatase expression in osteoblasts and osteocytes, ensuring sufficient estrogen in bone
to maintain bone homeostasis [57-59]. During exercise, osteoblast cell proliferation is enhanced,
intracellular signaling pathways that support bone formation are boosted, and Estrogen Recep-
tor alpha (ERa) signaling is activated. The presence of estrogen further promotes ERa tran-
scription in bone and other estrogen-responsive tissues [60, 61].

Moreover, exercise exerts anabolic effects by enhancing mechanical loading on bones, which
stimulates osteocyte signaling and promotes osteoblast activity. Osteocytes are the primary bone
cells responsible for perceiving mechanical signals, transforming them into biological messen-
gers, and transmitting these signals intercellularly through the highly specialized Lacunocana-
licular Network (LCN). Interstitial fluid flows through LCN in the bone matrix because of
mechanical strain [15, 62]. These mechanical signals are transferred from osteocytes’ processes
to surrounding cells via gap junctions and ion channels, controlling the activities of osteoblasts,
osteoclasts, and the extracellular matrix (ECM) of the bone microenvironment, leading to
upregulation of bone turnover and subsequent bone deposition [62, 63].

Mechanical stimulation in exercise activates Wnt/p-catenin signaling and reduces oxidative
stress markers such as reactive oxygen species (ROS), both of which are disrupted during
estrogen deficiency [54, 56]. Mesenchymal stem cells proliferate and differentiate when the
Wnt/f-catenin signaling pathway is activated [64], increases the population of osteoblast pro-
genitor cells, reduces the apoptosis of mature osteoblasts [65], and inhibits osteoclast differen-
tiation, resulting in enhanced bone formation [66].

Tissue crosstalk may also be modulated by molecular signals originating in muscle tissue that
act on bone tissue, particularly during mechanical stimulation. Research has shown that during
exercise, skeletal muscle releases myokines such as myostatin and irisin, which promote oste-
oblast differentiation [62, 67, 68]. Mechanical loading reduces sclerostin expression in osteo-
cytes, thereby activating Wnt/fp-catenin signaling, which promotes osteoblast differentiation and
bone formation [65, 66]. Additionally, exercise enhances the production of cytokines that pre-
vent bone resorption, such as IL-2, IL-10, IL-12, IL-13, IL-18, and IFN, while decreasing the
secretion of pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-a [67].

Exercise improves biomarkers of bone formation (e.g., OCN) while reducing markers of
resorption (e.g., CTX-1), as evidenced in OVX rat studies included in this review. These
tindings highlight exercise’s dual role in mitigating the catabolic effects of estrogen deficiency
and enhancing anabolic processes, making it a valuable non-pharmacological strategy for
managing osteoporosis. By addressing both structural and molecular deficits caused by estro-
gen loss, exercise provides a holistic approach to preserving bone health in postmenopausal
conditions.
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LIMITATION OF THE STUDY

A thorough search across multiple databases, strict research selection criteria, and comprehen-
sive extraction of various exercise parameters and bone health outcomes are the strengths of this
systematic review. The use of SYRCLE for quality assessment enhances the robustness of bias
assessment. However, the review also has limitations. Primarily, it focuses on animal studies
(OVX rats), which, while informative, may not fully translate to human conditions due to
physiological differences. Publication bias may also exist because studies with favorable findings
are more likely to be published. Moreover, although overt high-risk judgments were rare, the
predominance of unclear ratings in critical methodological domains, particularly randomization
of outcome assessment and selective reporting, raises substantial concerns about possible selec-
tion, detection, and reporting bias. The limited explicit reporting of allocation concealment,
random housing procedures, and blinding of housing (collectively unclear in the vast majority of
studies) further constrains confidence in the observed effect estimates. These substantial gaps in
methodological transparency warrant cautious interpretation of the pooled findings and high-
light the need for future studies to adhere to rigorous reporting standards. When assessed using
the GRADE framework adapted for preclinical animal studies, these methodological gaps
(together with high statistical heterogeneity and inherent indirectness of the OVX rat model)
resulted in Low-to-Very Low certainty of evidence for the primary outcomes. Additionally, most
included studies used female Sprague-Dawley or Wistar rats, with limited representation of
other strains, ages, or disease comorbidities (e.g., obesity, metabolic dysfunction) relevant to
diverse human populations. Further research should focus on longitudinal studies to assess the
long-term effects of exercise on bone health in OVX rats. Additionally, studies comparing
different exercise modalities directly, using standardized methods for measuring BMD and
biomarkers, and exploring the molecular mechanisms by which exercise affects bone remodel-
ing, could provide valuable insights into developing effective exercise interventions for post-
menopausal women.

CONCLUSIONS

Exercise emerges as a promising non-pharmacological strategy for mitigating postmenopausal
bone loss through integrated mechanical, biomolecular, hormonal, and inflammatory mecha-
nisms. Despite the Low-to-Very Low certainty of evidence as assessed by GRADE, the consistent
direction of BMD improvements and favorable modulation of bone turnover markers across
exercise types and skeletal sites provide valuable preclinical insights supporting the rationale for
exercise in clinical osteoporosis management, particularly as an adjunctive strategy to optimize
pharmacological therapies or for patients intolerant of or refusing medication. However, the
high proportion of unclear risk-of-bias ratings and the inherent translational limitations of the
OVX rat model necessitate cautious interpretation of these findings. Future animal studies
should employ standardized outcome assessments, longer follow-up periods, and direct compar-
ative protocols to identify exercise prescriptions that maximize bone mechanical properties and
fracture resistance, which attributes are more predictive of clinical fracture risk than BMD alone.
Well-designed clinical trials are needed to confirm these preclinical findings in postmenopausal
women.
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