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Background: The incidence of osteoporosis and associated fracture risk 
increases significantly with age, making it a major global public health concern.
Objective: This study aims to evaluate the impact of exercise on bone mineral 
density (BMD) at the lumbar spine, femoral neck, and total body in adult women 
across different age groups, and to further assess the efficacy of different 
exercise modalities on BMD at these sites. A parallel objective is to investigate 
the effects of exercise on key bone turnover markers, including the bone 
formation markers osteocalcin (OC), bone-specific alkaline phosphatase (BALP), 
and procollagen type I N-terminal propeptide (P1NP), as well as the bone 
resorption markers C-terminal telopeptide of type I collagen (CTX) and tartrate-
resistant acid phosphatase 5b (TRACP-5b). The ultimate goal is to provide 
evidence for optimizing exercise strategies to enhance bone mass and prevent 
osteoporosis.
Methods: A systematic search was conducted in PubMed, Embase, the 
Cochrane Library, and Web of Science from inception to 14 November 2025. 
Randomized controlled trials (RCTs) were screened according to predefined 
inclusion and exclusion criteria. Relevant data were extracted, and study quality 
was assessed using the cochrane risk of bias tool (ROB2). Meta-analyses were 
performed using Stata 17. Publication bias was evaluated using Egger’s test, and 
sensitivity analyses were conducted to assess the robustness of the findings.
Results: A total of 22 RCTs involving 1,051 participants were included. The 
meta-analysis showed that, in subgroup analyses by age, exercise significantly 
increased lumbar spine BMD [SMD = 0.46, 95% CI (0.16, 0.76), P < 0.01] and 
femoral neck BMD [SMD = 0.42, 95% CI (0.13, 0.71), P < 0.01] in young adult 
women under 30 years of age. Subgroup analysis by exercise modality indicated 
that combined exercise significantly improved femoral neck BMD [SMD = 0.49, 
95% CI (0.08, 0.90), P = 0.02] and total body BMD [SMD = 0.52, 95% CI (0.08, 
0.97), P = 0.02]. Furthermore, exercise significantly elevated levels of bone 
formation markers, including OC [SMD = 0.41, 95% CI (0.17, 0.64), P < 0.01] 
and BALP [SMD = 0.71, 95% CI (0.36, 1.06), P < 0.01]. Subgroup analysis by 
exercise session duration showed that exercise programs shorter than 4 months 
were associated with increased OC [SMD = 0.41, 95% CI (0.12, 0.71), P < 0.01] 
and P1NP [SMD = 0.69, 95% CI (0.14, 1.24), P = 0.01], while BALP levels were
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significantly elevated both in interventions shorter than 4 months [SMD = 0.56, 
95% CI (0.10, 1.01), P < 0.01] and those longer than 4 months [SMD = 0.94,95% 
CI (0.39, 1.48), P = 0.02].
Conclusion: This systematic review and meta-analysis indicate that exercise 
significantly increases lumbar spine and femoral neck BMD in young adult 
women under the age of 30. Additionally, combined exercise shows significant 
benefits in improving femoral neck and whole-body BMD in adult women. 
Furthermore, in terms of bone metabolism, exercise effectively promotes the 
elevation of bone formation markers OC and BALP in adults. Specifically, short-
term interventions (less than 4 months) significantly increase OC and P1NP 
levels, while BALP levels show significant increases following both short-term 
and long-term (≥4 months) interventions.
Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/, 
identifier CRD420251001516.
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1 Introduction

Osteoporosis is a systemic skeletal disorder characterized by 
reduced bone mass and the deterioration of bone microarchitecture, 
leading to decreased bone strength and increased bone fragility, 
which significantly elevates the risk of fractures (Johnston and 
Dagar, 2020). According to the NICE clinical guidelines, the 
prevalence of osteoporosis increases significantly with age, rising 
from 2% in women aged 50 to over 25% in those aged 80 
(NICE, 2017). Globally, the prevalence of osteoporosis is estimated 
at 18.3%, with particularly high rates among older adults in 
Asia, reaching 24.3% (Hsu et al., 2024). Currently, an estimated 
137 million women and 21 million men worldwide are at 
risk of osteoporotic fractures (Odén et al., 2015). Moreover, 
osteoporosis imposes a substantial economic burden worldwide. In 
the European Union alone, the cost of prevention and management 
reached €37 billion in 2010, with projections suggesting a 25% 
increase by 2025 (Li et al., 2024). Consequently, osteoporosis has 
emerged as a major global public health challenge.

The development of osteoporosis is primarily attributed to 
an imbalance between osteoblast and osteoclast activity, typically 
manifesting as increased bone resorption coupled with reduced 
bone formation. Mechanical loading through exercise not only 
enhances bone formation by increasing the flow of extracellular 
fluid and hydrostatic pressure within the bone marrow—thereby 
stimulating the proliferation and differentiation of osteoprogenitor 
cells and promoting osteoblast activation—but also reduces bone 
resorption. Specifically, mechanical strain decreases the expression 
of receptor activator of nuclear factor κB ligand (RANKL), limiting 
its interaction with receptors (RANK) on osteoclast precursors and 
ultimately reducing osteoclast activity (Muñoz et al., 2020). As a 
dynamic tissue, bone can adapt to mechanical loading through 
structural and functional modifications, including changes in bone 
mass, geometry, and strength (Mustafy et al., 2019; Hou et al., 2024). 
These mechanical loads arise from both external factors, 
such as ground reaction forces and inertial forces, and 
internal factors, such as joint contact forces and muscle
contractions.

Throughout the human lifespan, bone undergoes continuous 
growth during the first 2 decades, reaching peak bone mass around 
the age of 30, followed by gradual bone loss, with an accelerated 
decline typically observed after the age of 50 (Hendrickx et al., 2015; 
Jaividhya and Hallie, 2018). A study by Florence et al. (2023) 
demonstrated that jumping exercises are less effective in improving 
bone mineral density (BMD) in individuals over 50 years of age 
compared to younger adults. This diminished response may be 
related to age-associated impairments in osteoblast differentiation 
signaling and degeneration of the lacunar–canalicular network, 
which weakens the ability of osteocytes to sense and respond to 
mechanical loading (Chermside-Scabbo et al., 2020). Consequently, 
regular exercise during adulthood plays a critical role in optimizing 
peak bone mass, maintaining bone homeostasis, and preventing 
age-related bone loss and osteoporosis in later life.

However, most previous research has focused on the effects of 
exercise on BMD in postmenopausal women (Watson et al., 2018; 
Kemmler et al., 2020; Mohebbi et al., 2023). This meta-analysis 
primarily focuses on premenopausal women, systematically 
comparing the effects of exercise on BMD in different age groups 
within this population, specifically examining the lumbar spine, 
femoral neck, and whole-body BMD. It further explores the 
differential effects of various exercise modalities on BMD across 
different sites, aiming to provide evidence-based recommendations 
for maintaining and improving bone mass in adult women, as 
well as for the early prevention of postmenopausal osteoporosis. 
Additionally, to better understand the underlying physiological 
mechanisms by which exercise impacts bone health, this study also 
examines the effects of exercise on bone metabolism biomarkers in 
adults. These biomarkers include bone formation markers, such as 
osteocalcin (OC), type I collagen N-terminal propeptide (P1NP), 
and bone-specific alkaline phosphatase (BALP), as well as bone 
resorption markers, including type I collagen C-terminal telopeptide 
(CTX) and tartrate-resistant acid phosphatase 5b (TRACP-5b). 
Furthermore, we compare the effects of different intervention 
periods on these bone metabolism markers. Through these analyses, 
this study aims to provide important scientific evidence to support 
exercise interventions for bone health. 
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2 Methods

2.1 Search strategy

This systematic review and meta-analysis was conducted 
in accordance with the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines (Moher et al., 2009). It has been prospectively registered 
with the International Prospective Register of Systematic Reviews 
(PROSPERO) under registration number CRD420251001516.

Literature searches were conducted in the following databases: 
PubMed, Embase, The Cochrane Library, and Web of Science from 
database inception to 14 November 2025. For example, the PubMed 
search combined keywords and MeSH terms, including: (((“Adult” 
[Mesh]) OR “Young Adult” [Mesh]) AND ((((“Exercise” [Mesh]) 
OR “Plyometric Exercise” [Mesh]) OR “Resistance Training” 
[Mesh]) OR ((((aerobics) OR (physical activity)) OR (training)) OR 
(sport)))) AND ((((((bone) OR (bone health)) OR (Bone mineral 
density)) OR (bone metabolism)) OR (bone turnover)) OR (bone 
biomarkers)) Filters: Randomized Controlled Trial. 

2.2 Inclusion and exclusion criteria

Studies were eligible if they met the following criteria: (a) Study 
design: randomized controlled trials (RCTs); (b) Participants: adults 
aged 18–45 years; (c) Intervention: any form of long-term exercise; 
(d) Control: routine daily activities or regular exercise without 
additional interventions (e) Outcomes: at least one site of BMD (e.g., 
lumbar spine, femoral neck or whole-body); or at least one type of 
bone turnover marker (e.g., OC, BALP, P1NP, CTX, or TRACP-5b).

Exclusion criteria were: (a) Non-randomized controlled 
trials; (b) Participants under 18 years of age or over 45 years 
of age (particularly postmenopausal women), as well as 
those with comorbidities that affect bone metabolism (e.g., 
hyperparathyroidism, osteogenesis imperfecta); (c) Control groups 
not meeting the criteria (e.g., no control group, medication-based 
controls); (d) Studies lacking BMD or bone turnover marker 
outcomes; (e) Insufficient or unclear data reporting, preventing 
calculation of means and standard deviations; (f) Acute studies or 
interventions with a duration of less than 8 weeks; (g) Follow-up 
studies, reviews, case reports, editorials, conference abstracts, and 
letters; (h) Animal studies. 

2.3 Data extraction

Miao screened the titles and abstracts to exclude irrelevant 
studies. Zhang, Liu and Xiao independently reviewed the full texts 
and extracted data from the eligible studies; any disagreements were 
resolved through discussion with Miao. Extracted data included: 
(a) Basic characteristics: authors, publication year, sample size and 
age of participants in the exercise group and control group; (b) 
Exercise characteristics: type of exercise, exercise session duration, 
frequency, intervention period, exercise intensity, and outcome 
measures for BMD and bone turnover markers. For quantitative 
outcomes, post-intervention means and standard deviations
were extracted. 

2.4 Risk of bias assessment

Two independent reviewers (Zhang and Liu) used the revised 
Cochrane risk-of-bias tool for randomized trials (ROB 2) to 
assess the risk of bias of included studies from five domains: the 
randomization process, deviations from intended interventions, 
missing outcome data, measurement of the outcome, and selection 
of the reported result. Each domain was judged as “low risk,” “some 
concerns,” or “high risk” according to corresponding algorithms. 
After learning the Cochrane risk-of-bias tool and pre-assessed, two 
independent reviewers assessed the risk of bias and then cross-
checked. Two reviewers discussed the disagreements or consulted 
with a third reviewer (Xiao). 

2.5 Data analysis

The outcome measures of the included studies were analyzed 
using Stata17. The outcome indicators of the studies included 
in this analysis were all continuous variables, standardized mean 
differences (SMDs) with 95% confidence intervals (95% CIs) were 
selected as the effect measures for pooling the effect sizes. According 
to the Cochrane Handbook (Chapter 10.10.2), the degree of 
heterogeneity is interpreted as follows: 0%–40% may not be of 
practical significance; 30%–60% suggests moderate heterogeneity; 
50%–90% indicates high heterogeneity; and 75%–100% suggests 
very high heterogeneity (Cochrane Collaboration, 2024). If I2 ≥ 
50%, a random-effects model was applied, and subgroup analysis 
was conducted to explore the sources of heterogeneity. Sensitivity 
analysis was also performed to ensure the reliability of the results. 
When more than 10 studies were included, Egger’s test was used to 
assess publication bias. The statistical significance level for all results 
was set at P < 0.05. 

3 Results

3.1 Search results

A total of 9,133 RCTs were initially identified, including 3,723 
from PubMed, 2,684 from Embase, 1,781 from The Cochrane 
Library, and 945 from Web of Science. These records were 
imported into EndNote, and after removing duplicates, 3,981 
studies remained. After screening titles and abstracts, 3,698 
studies were excluded, leaving 283 studies for full-text review. Of 
these, studies were excluded due to inconsistency in the target 
population of the intervention (n = 98), interventions not meeting 
the inclusion criteria (n = 99), control group not meeting the 
eligibility criteria (n = 34), discrepancies in outcome indicators 
(n = 25), and inability to extract data (n = 5). Ultimately, 22 
studies were included in the meta-analysis (Friedlander et al., 1995; 
Lohman et al., 1995; Bassey et al., 1998; Torvinen et al., 2003; 
Schroeder et al., 2004; Vainionpää et al., 2005; Kato et al., 2006; 
Heikkinen et al., 2007; Warren et al., 2008; Guadalupe-
Grau et al., 2009; Humphries et al., 2009; Lovelady et al., 2009; 
Vainionpää et al., 2009; Krustrup et al., 2010; Colleran et al., 2012; 
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FIGURE 1
PRISMA study flow diagram.

Wang et al., 2012; Mosti et al., 2014; Kim et al., 2015; Ploutz-
Snyder et al., 2018; Hornstrup et al., 2019; Batrakoulis et al., 2021; 
Kobayashi et al., 2023). Study flowchart shown in Figure 1.

3.2 Basic characteristics of the included 
studies

A total of 22 RCTs published between 1995 
(Friedlander et al., 1995) and 2023 (Kobayashi et al., 2023) were 
included, involving 1,051 participants, with 547 in the exercise 
groups and 504 in the control groups. The sample size in the 
exercise groups ranged from 6 (Kobayashi et al., 2023) to 72 
(Warren et al., 2008) participants per study. Participants’ ages 
ranged from approximately 19 (Kobayashi et al., 2023) to 43 
(Krustrup et al., 2010) years. Among the included studies, 15 focused 
primarily on female participants, all of whom were premenopausal 
women (Friedlander et al., 1995; Lohman et al., 1995; 
Bassey et al., 1998; Schroeder et al., 2004; Vainionpää et al., 2005; 
Kato et al., 2006; Heikkinen et al., 2007; Warren et al., 2008; 
Humphries et al., 2009; Lovelady et al., 2009; Vainionpää et al., 2009; 

Krustrup et al., 2010; Colleran et al., 2012; Mosti et al., 2014; 
Batrakoulis et al., 2021; Kobayashi et al., 2023); three studies focused 
primarily on male participants (Wang et al., 2012; Kim et al., 2015; 
Hornstrup et al., 2019); and the remaining three included both 
male and female participants (Torvinen et al., 2003; Guadalupe-
Grau et al., 2009; Ploutz-Snyder et al., 2018). Baseline characteristics 
are shown in Table 1. 

3.3 Characteristics of the exercise 
interventions included in the study

The exercise category included in this study primarily 
consisted of high-impact exercises, resistance training, combined 
exercise, and whole-body vibration training. The types of 
exercise covered a range of activities, including jumping, small-
ball games (e.g., soccer, handball), circuit training, resistance 
exercises using equipment, and vibration platform training. The 
duration of each session varied significantly, ranging from very 
short sessions of a few minutes (e.g., 4-min vibration training 
(Torvinen et al., 2003), <2-min jumping exercises (Kato et al., 2006)) 
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TABLE 1  Basic characteristics of the included studies.

Author (year) Sample size (n) Mean age (years) Sex

EX C EX C

Bassey et al. (1998) 30 25 38.4 ± 7.4 36.4 ± 7.6 Women

Batrakoulis et al. (2021) 14 21 36.4 ± 5.0 36.0 ± 4.2 Women

Colleran et al. (2012) 14 13 31.9 ± 3.1 30.3 ± 3.8 Women

Friedlander et al. (1995) 32 31 28.0 ± 6.8 30.1 ± 4.0 Women

Guadalupe-Grau et al. (2009) Women: 8
Men: 16

Women: 15
Men: 27

Women: 22.3 ± 2.7
Men: 23.13 ± 2.2

Women: 23.7 ± 2.7
Men: 24.6 ± 2.4

Women and men

Heikkinen et al. (2007) 34 30 38.3 ± 1.9 38.3 ± 1.6 Women

Hornstrup et al. (2019) 14 12 24.2 ± 2.8 25.8 ± 2.8 Men

Humphries et al. (2009) WBV: 15
WBV + RT: 15

15 21.02 ± 3.39 21.02 ± 3.39 Women

Kato et al. (2006) 18 18 20.5 ± 0.6 20.9 ± 0.8 Women

Kim et al. (2015) 29 10 24.86 ± 2.75 26.60 ± 2.80 Men

Kobayashi et al. (2023) RRT: 6
NRT: 8

RCON: 8
NCON: 6

RRT: 20.0 ± 0.9
NRT: 20.0 ± 1.1

RCON: 19.6 ± 2.0
NCON: 21.2 ± 2.0

Women

Krustrup et al. (2010) FG: 9
RG: 10

9 40 ± 3 40 ± 3 Women

Lohman et al. (1995) 22 34 34.2 ± 2.6 34.4 ± 2.7 Women

Lovelady et al. (2009) 10 10 31.1 ± 1.0 31.6 ± 0.9 Women

Mosti et al. (2014) 14 15 22.7 ± 2.2 21.5 ± 2.2 Women

Torvinen et al. (2003) 27 26 23.1 ± 4.3 25.5 ± 5.8 Women and men

Schroeder et al. (2004) LRT: 14
HRT: 14

9 LRT: 24.4 ± 1.9
HRT: 24.0 ± 1.4

24.4 ± 2.2 Women

Ploutz-Snyder et al. (2018) EX1: 9
EX2: 8

9 EX1: 33 ± 10
EX2: 29 ± 5

37 ± 8 Women and men

Vainionpää et al. (2005) 39 41 38.1 ± 1.7 38.5 ± 1.6 Women

Vainionpää et al. (2009) 39 41 38.1 ± 1.9 38.2 ± 1.6 Women

Wang et al. (2012) 7 7 30.7 ± 4.6 30.1 ± 3.1 Men

Warren et al. (2008) 72 72 36.4 ± 5.5 36.2 ± 5.6 Women

EX, exercise; C, group control group; WBV, whole-body vibration; RT, resistance training; RRT, runner with resistance training group; NRT, non-athlete with resistance training group; RCON, 
runner control group; NCON, non-athlete control group; FG, football group; RG, running group; LRT, low-intensity resistance training; HRT, high-intensity resistance training; EX1, training 
using traditional equipment; EX2, training using flywheel device.

to longer sessions lasting up to 60 min (Friedlander et al., 1995; 
Lohman et al., 1995; Vainionpää et al., 2005; Heikkinen et al., 2007; 
Vainionpää et al., 2009; Krustrup et al., 2010; Ploutz-
Snyder et al., 2018; Kobayashi et al., 2023). The frequency 
of exercise was generally between 2 and 4 times per week, 
with the intervention periods spanning a wide range, from 
2 months (Guadalupe-Grau et al., 2009; Wang et al., 2012; 

Kim et al., 2015; Ploutz-Snyder et al., 2018) to 2 years 
(Friedlander et al., 1995; Warren et al., 2008). Studies with 
intervention periods shorter than 4 months (Guadalupe-
Grau et al., 2009; Wang et al., 2012; Mosti et al., 2014; 
Kim et al., 2015; Ploutz-Snyder et al., 2018; Hornstrup et al., 2019) 
primarily focused on examining the effects of exercise on bone
metabolism.

Frontiers in Physiology 05 frontiersin.org

https://doi.org/10.3389/fphys.2025.1672997
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Miao et al. 10.3389/fphys.2025.1672997

The intensity of the exercises was specifically tailored for 
each modality. High-impact exercises were quantified based on 
ground reaction forces (up to 3–4 times body weight) and 
accelerations (ranging from 2 to 9 g). Resistance training typically 
involved moderate to high loads (e.g., 60%–90% of 1RM) and 
emphasized concentric phase acceleration. Aerobic exercises were 
usually performed at 65%–85% of maximum heart rate or VO2max. 
Combined exercise protocols integrated various elements of these 
intensities. The primary outcome measures included DXA-assessed 
BMD at the whole-body, lumbar spine, and femoral neck sites, 
along with serum biomarkers of bone formation (e.g., P1NP, OC, 
BALP) and bone resorption (e.g., CTX, TRACP-5b). Exercise 
characteristics are summarized in Table 2.

3.4 Risk of bias

All studies were randomized, with two studies providing specific 
information on allocation concealment (Friedlander et al., 1995; 
Colleran et al., 2012). Eleven studies used intention-to-treat analysis 
(Friedlander et al., 1995; Bassey et al., 1998; Torvinen et al., 2003; 
Schroeder et al., 2004; Warren et al., 2008; Guadalupe-
Grau et al., 2009; Humphries et al., 2009; Colleran et al., 2012; 
Mosti et al., 2014; Ploutz-Snyder et al., 2018; Batrakoulis et al., 2021), 
while the remaining studies employed case analysis. Four studies 
had a high dropout rate, and were therefore rated as having some 
concerns or high risk (Friedlander et al., 1995; Lohman et al., 1995; 
Heikkinen et al., 2007; Humphries et al., 2009). The primary 
outcome measures were all objectively assessed, minimizing the 
potential for subjective bias. Two studies provided registration 
numbers (Colleran et al., 2012; Batrakoulis et al., 2021). Overall, 
two studies were rated as low risk (Colleran et al., 2012; 
Batrakoulis et al., 2021), two as high risk (Lohman et al., 1995; 
Humphries et al., 2009), and the remaining studies were rated as 
having some concerns (Figures 2, 3). 

3.5 Meta-analysis results

3.5.1 Effect of exercise on lumbar spine bone 
mineral density in adult women

The effect of exercise on lumbar spine BMD in adult women 
was assessed in 12 studies (15 trials) (Friedlander et al., 1995; 
Lohman et al., 1995; Bassey et al., 1998; Schroeder et al., 2004; 
Vainionpää et al., 2005; Kato et al., 2006; Heikkinen et al., 2007; 
Warren et al., 2008; Humphries et al., 2009; Lovelady et al., 2009; 
Colleran et al., 2012; Kobayashi et al., 2023). The heterogeneity 
between studies was moderate (I2 = 52.3%), and a random-
effects model was applied for the analysis. The results indicated 
no significant difference in lumbar spine BMD between the 
exercise and control groups [SMD = 0.15, 95% CI (−0.09, 0.38), 
P = 0.23] (Figure 4). The Egger test suggested no significant 
publication bias (P = 0.08). 

3.5.1.1 Subgroup analysis
Subgroup analyses based on age and exercise modality were 

conducted to further investigate the effects on lumbar spine BMD 
in adult women. As shown in Table 3. 

3.5.2 Effect of exercise on femoral neck bone 
mineral density in adult women

The effect of exercise on femoral neck BMD in adult women 
was evaluated in nine studies (11 trials) (Friedlander et al., 1995; 
Lohman et al., 1995; Bassey et al., 1998; Vainionpää et al., 2005; 
Kato et al., 2006; Heikkinen et al., 2007; Warren et al., 2008; 
Humphries et al., 2009; Kobayashi et al., 2023). The heterogeneity 
between studies was low (I2 = 10.9%), and a fixed-effects model was 
used for the analysis. The results showed no significant difference in 
femoral neck BMD between the exercise and control groups [SMD 
= 0.06, 95% CI (−0.11, 0.22), P = 0.49] (Figure 5). The Egger test 
suggested no significant publication bias (P = 0.07). 

3.5.2.1 Subgroup analysis
Subgroup analyses based on age and exercise modality were 

performed to explore the effects on femoral neck BMD in adult 
women. As shown in Table 4. 

3.5.3 Effect of exercise on whole-body bone 
mineral density in adult women

The effect of exercise on whole-body BMD in adult women 
was examined in seven studies (10 trials) (Lohman et al., 1995; 
Schroeder et al., 2004; Lovelady et al., 2009; Krustrup et al., 2010; 
Colleran et al., 2012; Batrakoulis et al., 2021; Kobayashi et al., 2023). 
The heterogeneity between studies was high (I2 = 60.6%), 
and a random-effects model was applied. The analysis showed 
no significant difference in whole-body BMD between the 
exercise and control groups [SMD = 0.13, 95% CI (−0.30, 0.55), 
P = 0.56] (Figure 6). The Egger test suggested no significant 
publication bias (P = 0.71). 

3.5.3.1 Subgroup analysis
Subgroup analyses based on age and exercise modality were 

conducted to assess the impact on whole-body BMD in adult 
women. As shown in Table 5. 

3.5.4 Effects of exercise on OC levels
Seven studies (involving 10 trials) investigating the effects 

of exercise on OC levels in adults (Torvinen et al., 2003; 
Schroeder et al., 2004; Guadalupe-Grau et al., 2009; 
Wang et al., 2012; Kim et al., 2015; Ploutz-Snyder et al., 2018; 
Hornstrup et al., 2019). Among them, five studies (3 trials) reported 
exercise interventions lasting ≥4 months (Torvinen et al., 2003; 
Schroeder et al., 2004), and two studies (7 trials) reported 
interventions lasting <4 months (Guadalupe-Grau et al., 2009; 
Wang et al., 2012; Kim et al., 2015; Ploutz-Snyder et al., 2018; 
Hornstrup et al., 2019). The heterogeneity among the included 
studies was low (I2 = 44.8%), so a fixed-effects model was used for 
meta-analysis. The pooled results showed that exercise significantly 
increased OC levels compared to the control group [SMD = 0.41, 
95% CI (0.17, 0.64), P < 0.01]. Subgroup analysis indicated that 
exercise interventions lasting ≥4 months showed no significant 
difference in OC levels compared to the control group [SMD = 
0.39, 95% CI (−0.02, 0.81), P = 0.06], whereas interventions lasting 
<4 months significantly increased OC levels [SMD = 0.41, 95% CI 
(0.12, 0.71), P < 0.01] (Figure 7). Egger’s test indicated no significant 
publication bias (P = 0.38). 
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TABLE 2  Characteristics of the exercise interventions included in the study.

Author 
(year)

Exercise 
category

Exercise 
type

Exercise 
duration

Frequency Intervention 
period

Exercise 
intensity

Outcome 
indicators

Bassey et al. (1998) High-impact 
exercise

Vertical jump 10 min 6 times/week 5 months Jump count: 
50/day;
Jump height: avg 
8.5 cm;
Ground reaction 
force: ∼3–4x body 
weight;
Frequency: 1 Hz

LS, FN

Batrakoulis
et al. (2021)

Combined exercise RT: using 
kettlebells, 
medicine balls;
AT: battle ropes, 
speed ladder;
Balance and joint 
mobility training

23–41 min 3 times/week 10 months Heart rate: ≥75% 
max HR

WB

Colleran et al. (2012) Combined exercise AT: Walking;
RT: Squats, bench 
press, etc;
High-impact 
exercise: 50 
vertical jumps 
from the 9th week

AT: Not specified
RT:20–30 min

AT: >5 days/week, 
RT: 3 days/week

4 months AT: Moderate 
intensity (steps 
≥100/min)
RT: Progressive 
load, specific 
intensity not 
specified

WB, LS

Friedlander
et al. (1995)

Combined exercise AT: Running;
RT: Dumbbells, 
barbells, etc.

60 min 3 times/week 2 years AT: 70%–85% 
max HR;
RT: 
Light-to-moderate 
load (3–12 lbs 
dumbbells, 16–36 
lbs barbells), 
gradually 
increasing load

LS, FN

Guadalupe-
Grau et al. (2009)

Combined exercise Jump training: 
Drop jumps, 
hurdle jumps;
RT: Leg extensions

Not specified 3 times/week 2 months RT: 50%–90% 
1RM

OC

Heikkinen
et al. (2007)

High-impact 
exercise

Jumping, Running 60 min 3 times/week 12 months Acceleration 
range: Running 
(9 km/h): 
∼1,000 m/s3, 
Running 
(13 km/h): 
∼1,500 m/s3, 
jumping: 
∼2,000–3,500 m/s3

LS, FN

Hornstrup
et al. (2019)

Combined exercise Handball training 40 min 1.4–2.8 times/week 3 months Avg HR: 84% ± 4% 
max HR

OC, P1NP, CTX

Humphries
et al. (2009)

(1) WBV
(2) WBV + RT

(1) WBV
(2) WBV + RT 
(Smith machine 
squats)

Whole-body 
Vibration: 3 min

2 times/week 4 months (1) Frequency: 
50 Hz, amplitude: 
1–6 mm,
(2) WBV + RT: 
75% body weight 
(1–10 reps), 100% 
body weight 
(11–20 reps), 125% 
body weight 
(21–32 reps)

LS, FN, BALP

(Continued on the following page)

Frontiers in Physiology 07 frontiersin.org

https://doi.org/10.3389/fphys.2025.1672997
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Miao et al. 10.3389/fphys.2025.1672997

TABLE 2  (Continued) Characteristics of the exercise interventions included in the study.

Author 
(year)

Exercise 
category

Exercise 
type

Exercise 
duration

Frequency Intervention 
period

Exercise 
intensity

Outcome 
indicators

Kato et al. (2006) High-impact 
exercise

Jumping <2 min 3 times/week 6 months Ground reaction 
force: Take-off: 
2.35 ± 0.25× body 
weight, landing: 
4.76 ± 0.86× body 
weight

LS, FN

Kim et al. (2015) AT Treadmill running Not specified 4 times/week 2 months 65%–75% VO2max OC, BALP

Kobayashi
et al. (2023)

RT Squats and 
deadlifts

60 min 2 times/week 4 months 60%–85% 1RM WB, LS, FN, P1NP

Krustrup et al. (2010) (1) Combined 
exercise
(2) AT

(1) FG: Small 
football games
(2) RG: Outdoor 
continuous 
running

60 min 1.9–1.7 times/week 16 months (1) Avg HR: 82% → 
81% max HR;
(2) Avg HR: 
81%–82% max HR

WB

Lohman et al. (1995) RT Bench press, leg 
curls, etc.

60 min 3 times/week 18 months 70% 1RM initially, 
75% after 
6 months, 80% 
after 12 months

LS, FN, WB

Lovelady et al. (2009) Combined exercise AT: Brisk walking
RT: Squats, bench 
press, etc.

45 min 6 times/week 4 months AT: Target HR 
65%–80% 
max HR;
RT: Progressively 
increasing load

WB, LS

Mosti et al. (2014) RT Hack squat 20 min 3 times/week 3 months 85%–90% 1RM, 
emphasizing 
concentric phase 
max acceleration

P1NP, CTX

Torvinen et al. (2003) WBV Light squats 
(0–10 s), Standing 
(10–20 s)

4 min 3–5 times/week 8 months Frequency: 
25–45 Hz;
Vertical 
acceleration: 2–8 g
Amplitude: 2 mm

OC, PINP CTX, 
TRACP-5b

Schroeder
et al. (2004)

RT Chest press, 
high-pulley 
pull-down

 40 min 2 times/week 4 months HRT: 125% 
concentric 1RM, 3 
sets × 6 reps
LRT: 75% 
concentric 1RM, 3 
sets × 10 reps

WB, LS, OC

Ploutz-
Snyder et al. (2018)

(1) EX1: 
Combined exercise
(2) EX2: 
Combined exercise

(1) EX1: AT + RT
(2) EX2: AT + RT

60 min Aerobic: 6 
times/week, 
Resistance: 3 
times/week

2 months AT: Interval 
training: 85%–96% 
max HR
RT: Non-linear 
periodization, 
weekly load 
increase

OC, BALP

Vainionpää
et al. (2005)

High-impact 
exercise

Jumping, Running 60 min 3 times/week 12 months Gradually 
increasing 
intensity and 
impact

LS, FN

(Continued on the following page)
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TABLE 2  (Continued) Characteristics of the exercise interventions included in the study.

Author (year) Exercise 
category

Exercise type Exercise 
duration

Frequency Intervention 
period

Exercise 
intensity

Outcome 
indicators

Vainionpää
et al. (2009)

High-impact 
exercise

Jumping, Running 60 min 3 times/week 12 months Using 
accelerometer to 
quantify impact 
intensity, divided 
into acceleration 
levels: 2.5–5.3 g 
(running, 
jumping), 5.4–9.2 g 
(high-impact 
jumping)

PINP, TRACP-5b

Wang et al. (2012) Combined exercise Vertical vibration 
platform (with 
resistance bands for 
waist and 
shoulders)

24 min 7 times/week 2 months Vibration 
frequency: 30 Hz, 
acceleration: 0.3 g, 
displacement: 
<0.1 mm, 
Resistance: 1.5× 
body weight

OC, BALP, 
TRACP-5b

Warren et al. (2008) RT Bench press, leg 
press, etc.

Not specified 2 times/week 2 years Low-intensity 
training for first 
3 weeks, then load 
adjusted to 
complete 3 sets of 
10 reps

LS, FN

AT, aerobic training; RT, resistance training; WBV, whole-body vibration; WB, whole-body; LS, lumbar spine; FN, femoral neck; OC, osteocalcin; CTX, C-terminal telopeptide of type I 
collagen; BALP, bone-specific alkaline phosphatase; TRACP-5b, tartrate-resistant acid phosphatase 5b; FG, football group; RG, running group; LRT, low-intensity resistance training; HRT, 
high-intensity resistance training; EX1, training using traditional equipment; EX2, training using flywheel device.

FIGURE 2
Risk of bias of the included studies.

3.5.5 Effects of exercise on BALP levels
Four studies (involving six trials) evaluating the effects of 

exercise on BALP levels in adults (Humphries et al., 2009; 
Wang et al., 2012; Kim et al., 2015; Ploutz-Snyder et al., 2018). 
Among them, one study (2 trials) involved exercise interventions 
lasting ≥4 months (Humphries et al., 2009), and three studies (4 
trials) involved interventions lasting <4 months (Wang et al., 2012; 
Kim et al., 2015; Ploutz-Snyder et al., 2018). The heterogeneity 

among the included studies was low (I2 = 39.7%), so a fixed-effects 
model was used for meta-analysis. The pooled results demonstrated 
that exercise significantly increased BALP levels compared to the 
control group [SMD = 0.71, 95% CI (0.36, 1.06), P < 0.01]. Subgroup 
analysis further revealed that both exercise interventions lasting 
≥4 months [SMD = 0.94, 95% CI (0.39, 1.48), P = 0.02] and those 
lasting <4 months [SMD = 0.56, 95% CI (0.10, 1.01), P < 0.01] 
significantly increased BALP levels (Figure 8). 
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FIGURE 3
Risk of bias summary of the included studies.

FIGURE 4
Forest plot of the meta-analysis on the effects of exercise on lumbar spine BMD. WBV, whole-body vibration; RT, resistance training; RRT, runner with 
resistance training group; NRT, non-athlete with resistance training group; LRT, low-intensity resistance training; HRT, high-intensity resistance training.

3.5.6 Effects of exercise on P1NP levels
Five studies (involving six trials) investigating the effects 

of exercise on P1NP levels in adults (Torvinen et al., 2003; 
Vainionpää et al., 2009; Mosti et al., 2014; Hornstrup et al., 2019; 
Kobayashi et al., 2023). Among them, three studies (4 trials) involved 
exercise interventions lasting ≥4 months (Torvinen et al., 2003; 

Vainionpää et al., 2009; Kobayashi et al., 2023), and two studies (2 
trials) involved interventions lasting <4 months (Mosti et al., 2014; 
Hornstrup et al., 2019). The heterogeneity among the included 
studies was low (I2 = 33.2%), so a fixed-effects model was 
used for meta-analysis. The overall pooled results showed no 
significant difference in P1NP levels between the exercise and 
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TABLE 3  Subgroup analyses of the effects of exercise on lumbar spine BMD.

Subgroup Category Number of trials (n) SMD (95% CI) P-value

Age
>30 years 7 −0.12 (−0.36, 0.13) 0.35

<30 years 8 0.46 (0.16, 0.76) <0.01

Exercise category

High impact 4 −0.24 (−0.56, 0.07) 0.13

Combined exercise 4 0.32 (−0.02, 0.65) 0.06

WBV 1 1 (0.24, 1.77) 0.01

RT 4 0.27 (−0.14, 0.67) 0.19

RT, resistance training; WBV, whole-body vibration.

FIGURE 5
Forest plot of the meta-analysis on the effects of exercise on femoral neck BMD. WBV, whole-body vibration; RT, resistance training; RRT, runner with 
resistance training group; NRT, non-athlete with resistance training group.

control groups [SMD = 0.19, 95% CI (−0.08, 0.47), P = 0.17]. 
Subgroup analysis indicated that exercise interventions lasting 
≥4 months had no significant effect on P1NP levels [SMD = 0.03, 
95% CI (−0.28, 0.35), P = 0.85]. However, interventions lasting <4 
months significantly increased P1NP levels [SMD = 0.69, 95% CI 
(0.14, 1.24), P = 0.01] (Figure 9). 

3.5.7 Effects of exercise on CTX levels
Three studies (involving three trials) evaluating the effects 

of exercise on C-terminal telopeptide of type I collagen (CTX) 
levels in adults (Torvinen et al., 2003; Mosti et al., 2014; 

Hornstrup et al., 2019). The heterogeneity among the included 
studies was low (I2 = 16.2%), so a fixed-effects model was used for 
meta-analysis. The results showed no significant difference in CTX 
levels between the exercise and control groups [SMD = 0.32, 95% CI 
(−0.07, 0.70), P = 0.11] (Figure 10). 

3.5.8 Effects of exercise on TRACP-5b levels
Three studies (involving three trials) investigating the effects 

of exercise on TRACP-5b levels in adults (Torvinen et al., 2003; 
Vainionpää et al., 2009; Wang et al., 2012). There was moderate 
heterogeneity among the included studies (I2 = 53.4%), so a 
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TABLE 4  Subgroup analyses of the effects of exercise on femoral neck BMD.

Subgroup Category Number of trials (n) SMD (95% CI) P-value

Age
>30 years 5 −0.05 (−0.32, 0.23) 0.28

<30 years 6 0.42 (0.13, 0.71) <0.01

Exercise category

High impact 4 0.01 (−0.25, 0.27) 0.93

Combined exercise 2 0.49 (0.08, 0.90) 0.02

WBV 1 0.64 (−0.09, 1.38) 0.09

RT 4 −0.14 (−0.40, 0.12) 0.29

RT, resistance training; WBV, whole-body vibration.

FIGURE 6
Forest plot of the meta-analysis on the effects of exercise on whole-body BMD.RRT,runner with resistance training group; NRT,non-athlete with 
resistance training group; FG, football group; RG, running group; LRT,low-intensity resistance training; HRT, high-intensity resistance training.

random-effects model was used for meta-analysis. The results 
showed no significant difference in TRACP-5b levels between the 
exercise and control groups [SMD = −0.13, 95% CI (−0.67, 0.41), 
P = 0.64] (Figure 11). 

3.6 Sensitivity analysis

Sensitivity analysis was conducted by sequentially excluding 
individual studies and recalculating the pooled effect sizes. The 
results showed that the effect sizes and confidence intervals 

for all outcomes remained stable, indicating the robustness of 
the findings (Supplementary Figure S1). 

4 Discussion

This systematic review and meta-analysis aimed to evaluate the 
effects of exercise on lumbar spine, femoral neck, and whole-body 
BMD in adult women. We conducted subgroup analyses based 
on age to further investigate how women of different age groups 
respond to exercise interventions. Additionally, the study assessed 
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TABLE 5  Subgroup analyses of the effects of exercise on whole-body BMD.

Subgroup Category Number of trials (n) SMD (95% CI) P-value

Age
>30 years 6 0.09 (−0.56, 0.74) 0.79

<30 years 4 0.24 (−0.23, 0.71) 0.32

Exercise category

RT 5 0.01 (−0.39, 0.41) 0.32

Combined exercise 4 0.52 (0.08, 0.97) 0.02

AT 1 −1.63 (−2.68, −0.57) <0.01

AT, aerobic training; RT, resistance training.

FIGURE 7
Forest plot of the meta-analysis on the effects of exercise on OC levels. EX1, training using traditional equipment; EX2, training using flywheel device; 
LRT, low-intensity resistance training; HRT, high-intensity resistance training.

the effects of different types of exercise on BMD. Furthermore, we 
provided a comprehensive analysis of exercise’s impact on bone 
turnover markers in adults, including bone formation markers (OC, 
BALP, P1NP) and bone resorption markers (CTX, TRACP-5b), with 
subgroup analyses based on intervention period.

The meta-analysis results demonstrated that exercise 
significantly improved lumbar spine and femoral neck BMD in 
young adult women aged under 30. In terms of exercise modalities, 
combined exercise showed positive effects on enhancing femoral 
neck and whole-body BMD in adult women. Regarding bone 
metabolism, exercise significantly increased the levels of bone 
formation markers OC and BALP. Specifically, short-term exercise 

(less than 4 months) was more effective in boosting OC and P1NP 
levels, while BALP levels increased significantly following both 
short-term and long-term (≥4 months) exercise interventions. 

4.1 Effects of exercise on bone mineral 
density in adult women

Maintaining optimal BMD before menopause is crucial for 
reducing the risk of osteoporosis and related fractures in the 
future, as fracture risk in this stage can increase by 1.5–3.0 times 
(Vondracek et al., 2009). Although Kelley et al. (2013) found 
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FIGURE 8
Forest plot of the meta-analysis on the effects of exercise on BALP levels. WBV, whole-body vibration; RT, resistance training; EX1, training using 
traditional equipment; EX2, training using flywheel device.

FIGURE 9
Forest plot of the meta-analysis on the effects of exercise on P1NP levels. RRT, runner with resistance training group; NRT, non-athlete with resistance 
training group.
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FIGURE 10
Forest plot of the meta-analysis on the effects of exercise on CTX levels.

FIGURE 11
Forest plot of the meta-analysis on the effects of exercise on TRACP-5b levels.
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that exercise had a modest but significant improvement effect on 
femoral neck (FN) and lumbar spine (LS) BMD in premenopausal 
women, the overall results of this study did not show a significant 
improvement in BMD from exercise in premenopausal women. 
Research has shown that bone mass continues to significantly 
increase between the ages of 20 and 30 in women after growth 
ceases, with lumbar spine BMD and total body bone mass increasing 
by 6.8% and 12.5% per decade, respectively (Recker et al., 1992). 
Therefore, subgroup analysis in this study was conducted with 
an average age of 30 years, and the results revealed that exercise 
significantly improved lumbar spine and femoral neck BMD in 
premenopausal women under the age of 30. This suggests that 
exercise interventions during the young adult stage, when bone 
mass still has growth potential, may have a more positive effect on 
bone health.

The mechanical load generated by exercise, especially dynamic 
strains that exceed daily activity levels, can remodel bone tissue, 
optimize its macro and microstructures, and enhance bone strength 
(Kohrt et al., 2004). The effects of different types of exercise 
on bone are site-specific. Subgroup analysis in this study found 
that combined exercise significantly improved femoral neck and 
whole-body BMD. Common forms of combined exercise include 
resistance training combined with aerobic exercise. Studies by 
Friedlander et al. (1995) and Batrakoulis et al. (2021) utilized 
resistance training combined with aerobic exercise at intensities 
above 70% HRmax and significantly improved femoral neck and 
whole-body BMD in premenopausal women. Similarly, a meta-
analysis by Xiaoya et al. (2025) indicated that combined aerobic 
and resistance training was the most effective exercise modality 
for improving femoral neck BMD in postmenopausal women. 
Mechanistically, resistance exercise applies mechanical forces to the 
bone, causing interstitial fluid to flow through the bone canaliculi, 
generating shear stress and membrane deformation at the osteocyte 
level, thus activating osteocytes and initiating the bone formation 
process (Robling et al., 2002; Sherk and Rosen, 2019). In addition, 
resistance training can indirectly promote osteogenesis through 
muscle contractions that release myokines (such as irisin and IGF-
1) (Miao et al., 2025). Recent research has also highlighted the role 
of the “musculoskeletal axis,” where exercise induces the secretion 
of OC in bones, activating muscle IL-6 release. IL-6 then circulates 
through the bloodstream and returns to the bones, binding to the 
upregulated IL-6 receptor, directly promoting osteoblast function 
(Palmisano et al., 2023). Some studies have found that after a single 
session of high-intensity interval training, serum IL-6 levels show 
a positive correlation with bone formation marker P1NP, without 
enhancing bone resorption (Sasimontonkul and Sirivarasai, 2024). 
Aerobic exercise, on the other hand, improves nutrient delivery, 
induces the release of myokines such as irisin, enhances osteocyte 
survival (Sherk and Rosen, 2019), and helps improve mitochondrial 
function, thereby delaying cellular aging (Crane et al., 2010). 
The World Health Organization (WHO) recommends that adults 
engage in both aerobic and muscle-strengthening activities, and 
combining various exercise types may provide additional benefits for 
bone health (Bull et al., 2020).

In addition to combined aerobic and resistance exercise, 
resistance training combined with whole-body vibration (WBV) 
is also an effective approach. WBV provides high-frequency 
mechanical stimulation via a vibration platform, which, when 

combined with resistance training, enhances mechanical input 
to the bones (Rauch et al., 2010). A study by Zinner et al. (2017) 
found that combined resistance training and WBV significantly 
promoted cortical bone formation in the femur in young adults. 
The effectiveness of WBV is influenced by factors such as vibration 
frequency, amplitude, and participant posture (Kiiski et al., 2008). 
Humphries et al. (2009) used progressive WBV combined with 
resistance training at 50 Hz frequency and 1–6 mm amplitude. 
After 16 weeks of intervention, they significantly improved femoral 
neck BMD in young women. Additionally, team sports such as 
soccer have been included in the category of combined exercise. 
Soccer involves high-intensity, multidirectional movements 
such as sprinting, changing directions, and tackling. The high 
acceleration and impact load generated by these actions effectively 
stimulate bone accumulation (Vainionpää et al., 2007). Research by 
Krustrup et al. (2010) showed that twice-weekly, 1-h small-sided 
soccer training significantly increased participants’ whole-body 
BMD (+1.3%) and lower limb muscle strength after 16 months. 
Several studies suggest that before engaging in high-intensity impact 
exercises, strength training or low-impact activities should be 
performed to enhance muscle strength and endurance, thereby 
reducing the risk of injury and promoting bone adaptation 
more effectively (Rodrigues et al., 2021). This progressive, 
composite exercise strategy helps optimize bone structure and
improve BMD. 

4.2 Effects of exercise on bone turnover 
markers in adults

After adulthood, the skeleton continues to undergo remodeling, 
a process that involves a dynamic balance between bone resorption 
and formation (Owen and Reilly, 2018). Bone turnover markers 
(BTMs) reflect the activity of osteoblasts and osteoclasts. Osteoclasts 
secrete acidic substances and specific enzymes (e.g., cathepsin 
K) during bone resorption, degrading the bone matrix and 
releasing type I collagen fragments (such as CTX and NTX) 
as well as TRACP-5b, which serve as biochemical markers for 
bone resorption (Eastell and Szulc, 2017). The subsequent bone 
formation phase is dominated by osteoblasts, which synthesize bone 
matrix and promote its mineralization, releasing substances like 
OC, P1NP, and BALP, which act as markers of bone formation
(Schini et al., 2023).

Studies by Hinton et al. (2015) found that 12 weeks of 
resistance and jumping exercise significantly increased OC levels 
but had no significant effect on CTX or TRACP. Similarly, 
Prawiradilaga et al. (2020) reported that a single high-intensity 
jumping exercise session significantly increased P1NP and OC 
levels, with no significant changes in CTX. Taken together, 
these findings suggest that the positive effects of exercise on 
bone density are likely due to the promotion of bone formation 
rather than the inhibition of bone resorption. Mechanistically, 
the “mechanostat” hypothesis supports this concept: when 
mechanical strain sensed by osteoblasts exceeds a certain 
threshold, it activates their proliferation and bone-forming 
activity (Frost, 2003; Scott et al., 2008). This process involves 
the transduction of mechanical signals into biochemical signals 
within the cells, subsequently initiating bone remodeling pathways 
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(Zernicke et al., 2006; Lombardi et al., 2019). Additionally, bone 
turnover markers themselves are influenced by various factors. 
For example, CTX levels exhibit circadian fluctuations and are 
modulated by nutritional status (Qvist et al., 2002), which adds 
complexity to the interpretation of results. Exercise type is also a 
key factor. Dolan et al. (2020a) noted that low-intensity repetitive 
loading activities (e.g., cycling) have a more pronounced effect 
on CTX than high-intensity or resistance training. Most of the 
bone resorption-related studies included in this analysis involved 
high-load or high-frequency exercises (e.g., high-impact exercises, 
resistance vibration training), which may have influenced the 
response of bone resorption markers.

Regarding intervention period, exercise interventions shorter 
than 4 months were more likely to elevate OC and P1NP levels, 
while BALP levels increased significantly regardless of whether the 
intervention was shorter or longer than 4 months. For example, 
Davidović Cvetko et al. (2022) found that 8 weeks of progressively 
increased interval aerobic exercise significantly raised serum OC 
levels in young adults. In terms of the bone remodeling timeline, 
mechanical stimulation typically induces a 3-week osteoclast-
dominated resorption phase, followed by a 3-month osteoblast-
mediated formation phase (Dolan et al., 2020b; Dolan et al., 2022). 
This may explain why short-term interventions significantly 
increased OC, P1NP, and BALP. Additionally, BALP levels 
continued to rise during long-term interventions, reflecting 
the sustained osteoblast activity due to ongoing mechanical 
stimulation, thereby promoting a positive feedback loop for
bone formation.

This meta-analysis has several potential limitations that need 
to be acknowledged. First, the number of studies included in 
some subgroups was small, which may have reduced statistical 
power and impacted the detection of significant effects. Second, 
due to the predominance of studies focusing on adult women, 
there were fewer studies involving men, and no further subgroup 
analysis by gender was conducted. As a result, we were unable 
to fully elucidate potential gender differences in the effects 
of exercise interventions. Furthermore, there was considerable 
heterogeneity in the specific parameters of exercise interventions 
(e.g., intensity, frequency, and type) across the studies, which 
may have influenced the interpretation of the combined results. 
Future research should include more high-quality, rigorously 
designed studies to further clarify the impact of exercise on
bone health. 

5 Conclusion

This systematic review and meta-analysis indicate that exercise 
significantly increases lumbar spine and femoral neck BMD in 
young adult women under the age of 30. Additionally, combined 
exercise shows significant benefits in improving femoral neck 
and whole-body BMD in adult women. Furthermore, in terms 
of bone metabolism, exercise effectively promotes the elevation 
of bone formation markers OC and BALP in adults. Specifically, 
short-term interventions (less than 4 months) significantly 
increase OC and P1NP levels, while BALP levels show significant 
increases following both short-term and long-term (≥4 months)
interventions.

Data availability statement

The original contributions presented in the study are included 
in the article/Supplementary Material, further inquiries can be 
directed to the corresponding author.

Author contributions

TM: Conceptualization, Formal Analysis, Software, Writing – 
original draft, Writing – review and editing. XL: Methodology, 
Writing – review and editing. WZ: Data curation, Writing – review 
and editing. JL: Data curation, Writing – review and editing. YX: 
Data curation, Writing – review and editing. XW: Supervision, 
Writing – review and editing. 

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. This work was supported by the 
Social Science Planning Research Program of Shandong Province in 
2021 (21DTYJ03).

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary Material for this article can be 
found online at: https://www.frontiersin.org/articles/10.3389/
fphys.2025.1672997/full#supplementary-material

Frontiers in Physiology 17 frontiersin.org

https://doi.org/10.3389/fphys.2025.1672997
https://www.frontiersin.org/articles/10.3389/fphys.2025.1672997/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1672997/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Miao et al. 10.3389/fphys.2025.1672997

References

Bassey, E. J., Rothwell, M. C., Littlewood, J. J., and Pye, D. W. (1998). Pre- 
and postmenopausal women have different bone mineral density responses 
to the same high-impact exercise. J. Bone Min. Res. 13 (12), 1805–1813. 
doi:10.1359/jbmr.1998.13.12.1805

Batrakoulis, A., Tsimeas, P., Deli, C. K., Vlachopoulos, D., Ubago-Guisado, E., 
Poulios, A., et al. (2021). Hybrid neuromuscular training promotes musculoskeletal 
adaptations in inactive overweight and obese women: a training-detraining randomized 
controlled trial. J. Sports Sci. 39 (5), 503–512. doi:10.1080/02640414.2020.1830543

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman, M. P., Cardon, G., et al. 
(2020). World Health Organization 2020 guidelines on physical activity and sedentary 
behaviour. Br. J. Sports Med. 54 (24), 1451–1462. doi:10.1136/bjsports-2020-102955

Chermside-Scabbo, C. J., Harris, T. L., Brodt, M. D., Braenne, I., Zhang, B., Farber, C. 
R., et al. (2020). Old mice have less transcriptional activation but similar periosteal cell 
proliferation compared to young-adult mice in response to in vivo mechanical loading. 
J. Bone Min. Res. 35 (9), 1751–1764. doi:10.1002/jbmr.4031

Cochrane Collaboration (2024). Cochrane handbook for systematic reviews of 
interventions, version 6.5. Available online at:  https://training.cochrane.org/handbook/
current/chapter-10#sectio-n-10-10-2.

Colleran, H. L., Wideman, L., and Lovelady, C. A. (2012). Effects of energy restriction 
and exercise on bone mineral density during lactation. Med. Sci. Sports Exerc 44 (8), 
1570–1579. doi:10.1249/MSS.0b013e318251d43e

Crane, J. D., Devries, M. C., Safdar, A., Hamadeh, M. J., and Tarnopolsky, 
M. A. (2010). The effect of aging on human skeletal muscle mitochondrial and 
intramyocellular lipid ultrastructure. J. Gerontol. A Biol. Sci. Med. Sci. 65 (2), 119–128. 
doi:10.1093/gerona/glp179

Davidović Cvetko, E., Nešić, N., Matić, A., Milas Ahić, J., and Drenjančević, I. 
(2022). Effects of 8-week increment aerobic exercise program on bone metabolism 
and body composition in young non-athletes. Eur. J. Appl. Physiol. 122 (4), 1019–1034. 
doi:10.1007/s00421-022-04900-y

Dolan, E., Dumas, A., Keane, K. M., Bestetti, G., Freitas, L. H. M., Gualano, B., et al. 
(2020a). The influence of acute exercise on bone biomarkers: protocol for a systematic 
review with meta-analysis. Syst. Rev. 9 (1), 291. doi:10.1186/s13643-020-01551-y

Dolan, E., Varley, I., Ackerman, K. E., Pereira, R. M. R., Elliott-Sale, K. J., and Sale, C. 
(2020b). The bone metabolic response to exercise and nutrition. Exerc Sport Sci. Rev. 48 
(2), 49–58. doi:10.1249/jes.0000000000000215

Dolan, E., Dumas, A., Keane, K. M., Bestetti, G., Freitas, L. H. M., Gualano, B., et al. 
(2022). The bone biomarker response to an acute bout of exercise: a systematic review 
with meta-analysis. Sports Med. 52 (12), 2889–2908. doi:10.1007/s40279-022-01718-8

Eastell, R., and Szulc, P. (2017). Use of bone turnover markers in 
postmenopausal osteoporosis. Lancet Diabetes Endocrinol. 5 (11), 908–923. 
doi:10.1016/s2213-8587(17)30184-5

Florence, G. E., Oosthuyse, T., and Bosch, A. N. (2023). Skeletal site-specific effects of 
jump training on bone mineral density in adults: a systematic review and meta-analysis. 
J. Sports Sci. 41 (23), 2063–2076. doi:10.1080/02640414.2024.2312052

Friedlander, A. L., Genant, H. K., Sadowsky, S., Byl, N. N., and Glüer, C. C. (1995). 
A two-year program of aerobics and weight training enhances bone mineral density of 
young women. J. Bone Min. Res. 10 (4), 574–585. doi:10.1002/jbmr.5650100410

Frost, H. M. (2003). Bone’s mechanostat: a 2003 update. Anat. Rec. A Discov. Mol. Cell 
Evol. Biol. 275 (2), 1081–1101. doi:10.1002/ar.a.10119

Guadalupe-Grau, A., Perez-Gomez, J., Olmedillas, H., Chavarren, J., Dorado, C., 
Santana, A., et al. (2009). Strength training combined with plyometric jumps in adults: 
sex differences in fat-bone axis adaptations. J. Appl. Physiol. 106 (4), 1100–1111. 
doi:10.1152/japplphysiol.91469.2008

Heikkinen, R., Vihriälä, E., Vainionpää, A., Korpelainen, R., and Jämsä, T. (2007). 
Acceleration slope of exercise-induced impacts is a determinant of changes in bone 
density. J. Biomech. 40 (13), 2967–2974. doi:10.1016/j.jbiomech.2007.02.003

Hendrickx, G., Boudin, E., and Van Hul, W. (2015). A look behind the scenes: the 
risk and pathogenesis of primary osteoporosis. Nat. Rev. Rheumatol. 11 (8), 462–474. 
doi:10.1038/nrrheum.2015.48

Hinton, P. S., Nigh, P., and Thyfault, J. (2015). Effectiveness of resistance training 
or jumping-exercise to increase bone mineral density in men with low bone mass: 
a 12-month randomized, clinical trial. Bone 79, 203–212. doi:10.1016/j.bone.2015.
06.008

Hornstrup, T., Løwenstein, F. T., Larsen, M. A., Helge, E. W., Póvoas, S., Helge, J. W., 
et al. (2019). Cardiovascular, muscular, and skeletal adaptations to recreational team 
handball training: a randomized controlled trial with young adult untrained men. Eur. 
J. Appl. Physiol. 119 (2), 561–573. doi:10.1007/s00421-018-4034-5

Hou, J., Mao, H., Xie, P., Cui, Y., and Rong, M. (2024). The effect of different 
traditional Chinese exercises on bone mineral density in menopausal women: a 
systematic review and network meta-analysis. Front. Public Health 12, 1430608. 
doi:10.3389/fpubh.2024.1430608

Hsu, S. H., Chen, L. R., and Chen, K. H. (2024). Primary osteoporosis induced 
by androgen and estrogen deficiency: the molecular and cellular perspective on 

pathophysiological mechanisms and treatments. Int. J. Mol. Sci. 25 (22), 12139. 
doi:10.3390/ijms252212139

Humphries, B., Fenning, A., Dugan, E., Guinane, J., and MacRae, K. (2009). Whole-
body vibration effects on bone mineral density in women with or without resistance 
training. Aviat. Space Environ. Med. 80 (12), 1025–1031. doi:10.3357/asem.2573.2009

Jaividhya, D., and Hallie, L. (2018). Bone health in women. Prim. Care Clin. Office 
Pract. 45, 643–657. doi:10.1016/j.pop.2018.07.011

Johnston, C. B., and Dagar, M. (2020). Osteoporosis in older adults. Med. Clin. North 
Am. 104 (5), 873–884. doi:10.1016/j.mcna.2020.06.004

Kato, T., Terashima, T., Yamashita, T., Hatanaka, Y., Honda, A., and Umemura, Y. 
(2006). Effect of low-repetition jump training on bone mineral density in young women. 
J. Appl. Physiol. 100 (3), 839–843. doi:10.1152/japplphysiol.00666.2005

Kelley, G. A., Kelley, K. S., and Kohrt, W. M. (2013). Exercise and bone mineral 
density in premenopausal women: a meta-analysis of randomized controlled trials. Int. 
J. Endocrinol. 2013, 741639. doi:10.1155/2013/741639

Kemmler, W., Shojaa, M., Kohl, M., and von Stengel, S. (2020). Effects of different 
types of exercise on bone mineral density in postmenopausal women: a systematic 
review and meta-analysis. Calcif. Tissue Int. 107 (5), 409–439. doi:10.1007/s00223-020-
00744-w

Kiiski, J., Heinonen, A., Järvinen, T. L., Kannus, P., and Sievänen, H. (2008). 
Transmission of vertical whole body vibration to the human body. J. Bone Min. Res.
23 (8), 1318–1325. doi:10.1359/jbmr.080315

Kim, Y. S., Nam, J. S., Yeo, D. W., Kim, K. R., Suh, S. H., and Ahn, C. W. (2015). 
The effects of aerobic exercise training on serum osteocalcin, adipocytokines and 
insulin resistance on obese young males. Clin. Endocrinol. (Oxf) 82 (5), 686–694. 
doi:10.1111/cen.12601

Kobayashi, T., Seki, S., and Hwang, I. (2023). Effects of resistance training on 
bone mineral density and resting serum hormones in female collegiate distance 
runners: a randomized controlled pilot trial. J. Sports Med. Phys. Fit. 63 (6), 765–772. 
doi:10.23736/s0022-4707.23.14571-3

Kohrt, W. M., Bloomfield, S. A., Little, K. D., Nelson, M. E., Yingling, V. R., and 
American College of Sports Medicine (2004). American college of sports medicine 
position stand: physical activity and bone health. Med. Sci. Sports Exerc 36 (11), 
1985–1996. doi:10.1249/01.mss.0000142662.21767.58

Krustrup, P., Hansen, P. R., Andersen, L. J., Jakobsen, M. D., Sundstrup, E., Randers, 
M. B., et al. (2010). Long-term musculoskeletal and cardiac health effects of recreational 
football and running for premenopausal women. Scand. J. Med. Sci. Sports 20 (Suppl. 
1), 58–71. doi:10.1111/j.1600-0838.2010.01111.x

Li, M., Yu, B., Yang, H., He, H., Li, N., Lv, A., et al. (2024). Trends and hotspots in 
research on osteoporosis and nutrition from 2004 to 2024: a bibliometric analysis. J. 
Health Popul. Nutr. 43 (1), 204. doi:10.1186/s41043-024-00690-5

Lohman, T., Going, S., Pamenter, R., Hall, M., Boyden, T., Houtkooper, L., et al. 
(1995). Effects of resistance training on regional and total bone mineral density in 
premenopausal women: a randomized prospective study. J. Bone Min. Res. 10 (7), 
1015–1024. doi:10.1002/jbmr.5650100705

Lombardi, G., Ziemann, E., and Banfi, G. (2019). Physical activity and bone health: 
what is the role of immune system? A narrative review of the third way. Front. 
Endocrinol. (Lausanne) 10, 60. doi:10.3389/fendo.2019.00060

Lovelady, C. A., Bopp, M. J., Colleran, H. L., Mackie, H. K., and Wideman, L. (2009). 
Effect of exercise training on loss of bone mineral density during lactation. Med. Sci. 
Sports Exerc 41 (10), 1902–1907. doi:10.1249/MSS.0b013e3181a5a68b

Miao, T., Li, X., Zhang, W., Yang, F., and Wang, X. (2025). Effects of high-impact 
jumping versus resistance exercise on bone mineral content in children and adolescents: 
a systematic review and meta-analysis. PeerJ 13, e19616. doi:10.7717/peerj.19616

Mohebbi, R., Shojaa, M., Kohl, M., von Stengel, S., Jakob, F., Kerschan-Schindl, K., 
et al. (2023). Exercise training and bone mineral density in postmenopausal women: 
an updated systematic review and meta-analysis of intervention studies with emphasis 
on potential moderators. Osteoporos. Int. 34 (7), 1145–1178. doi:10.1007/s00198-023-
06682-1

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and PRISMA Group 
(2009). Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. Ann. Intern Med. 151 (4), 264–269. 
doi:10.7326/0003-4819-151-4-200908180-00135

Mosti, M. P., Carlsen, T., Aas, E., Hoff, J., Stunes, A. K., and Syversen, U. 
(2014). Maximal strength training improves bone mineral density and neuromuscular 
performance in young adult women. J. Strength Cond. Res. 28 (10), 2935–2945. 
doi:10.1519/jsc.0000000000000493

Muñoz, M., Robinson, K., and Shibli-Rahhal, A. (2020). Bone health and 
osteoporosis prevention and treatment. Clin. Obstet. Gynecol. 63 (4), 770–787. 
doi:10.1097/grf.0000000000000572

Mustafy, T., Londono, I., Moldovan, F., and Villemure, I. (2019). High impact exercise 
improves bone microstructure and strength in growing rats. Sci. Rep. 9 (1), 13128. 
doi:10.1038/s41598-019-49432-2

Frontiers in Physiology 18 frontiersin.org

https://doi.org/10.3389/fphys.2025.1672997
https://doi.org/10.1359/jbmr.1998.13.12.1805
https://doi.org/10.1080/02640414.2020.1830543
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.1002/jbmr.4031
https://training.cochrane.org/handbook/current/chapter-%2010#%20sectio-n-10-10-2
https://training.cochrane.org/handbook/current/chapter-%2010#%20sectio-n-10-10-2
https://doi.org/10.1249/MSS.0b013e318251d43e
https://doi.org/10.1093/gerona/glp179
https://doi.org/10.1007/s00421-022-04900-y
https://doi.org/10.1186/s13643-020-01551-y
https://doi.org/10.1249/jes.0000000000000215
https://doi.org/10.1007/s40279-022-01718-8
https://doi.org/10.1016/s2213-8587(17)30184-5
https://doi.org/10.1080/02640414.2024.2312052
https://doi.org/10.1002/jbmr.5650100410
https://doi.org/10.1002/ar.a.10119
https://doi.org/10.1152/japplphysiol.91469.2008
https://doi.org/10.1016/j.jbiomech.2007.02.003
https://doi.org/10.1038/nrrheum.2015.48
https://doi.org/10.1016/j.bone.2015.06.008
https://doi.org/10.1016/j.bone.2015.06.008
https://doi.org/10.1007/s00421-018-4034-5
https://doi.org/10.3389/fpubh.2024.1430608
https://doi.org/10.3390/ijms252212139
https://doi.org/10.3357/asem.2573.2009
https://doi.org/10.1016/j.pop.2018.07.011
https://doi.org/10.1016/j.mcna.2020.06.004
https://doi.org/10.1152/japplphysiol.00666.2005
https://doi.org/10.1155/2013/741639
https://doi.org/10.1007/s00223-020-00744-w
https://doi.org/10.1007/s00223-020-00744-w
https://doi.org/10.1359/jbmr.080315
https://doi.org/10.1111/cen.12601
https://doi.org/10.23736/s0022-4707.23.14571-3
https://doi.org/10.1249/01.mss.0000142662.21767.58
https://doi.org/10.1111/j.1600-0838.2010.01111.x
https://doi.org/10.1186/s41043-024-00690-5
https://doi.org/10.1002/jbmr.5650100705
https://doi.org/10.3389/fendo.2019.00060
https://doi.org/10.1249/MSS.0b013e3181a5a68b
https://doi.org/10.7717/peerj.19616
https://doi.org/10.1007/s00198-023-06682-1
https://doi.org/10.1007/s00198-023-06682-1
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.1519/jsc.0000000000000493
https://doi.org/10.1097/grf.0000000000000572
https://doi.org/10.1038/s41598-019-49432-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Miao et al. 10.3389/fphys.2025.1672997

NICE (2017). “National institute for health and care excellence: guidelines,” in 
Osteoporosis: assessing the risk of fragility fracture (London: National Institute for Health 
and Care Excellence).

Odén, A., McCloskey, E. V., Kanis, J. A., Harvey, N. C., and Johansson, H. (2015). 
Burden of high fracture probability worldwide: secular increases 2010-2040. Osteoporos. 
Int. 26 (9), 2243–2248. doi:10.1007/s00198-015-3154-6

Owen, R., and Reilly, G. C. (2018). In vitro models of bone remodelling and associated 
disorders. Front. Bioeng. Biotechnol. 6, 134. doi:10.3389/fbioe.2018.00134

Palmisano, B., Riminucci, M., and Karsenty, G. (2023). Interleukin-6 signaling 
in osteoblasts regulates bone remodeling during exercise. Bone 176, 116870. 
doi:10.1016/j.bone.2023.116870

Ploutz-Snyder, L. L., Downs, M., Goetchius, E., Crowell, B., English, K. L., Ploutz-
Snyder, R., et al. (2018). Exercise training mitigates multisystem deconditioning during 
bed rest. Med. Sci. Sports Exerc 50 (9), 1920–1928. doi:10.1249/mss.0000000000001618

Prawiradilaga, R. S., Madsen, A. O., Jørgensen, N. R., and Helge, E. W. (2020). Acute 
response of biochemical bone turnover markers and the associated ground reaction 
forces to high-impact exercise in postmenopausal women. Biol. Sport 37 (1), 41–48. 
doi:10.5114/biolsport.2020.91497

Qvist, P., Christgau, S., Pedersen, B. J., Schlemmer, A., and Christiansen, C. (2002). 
Circadian variation in the serum concentration of C-terminal telopeptide of type I 
collagen (serum CTx): effects of gender, age, menopausal status, posture, daylight, 
serum cortisol, and fasting. Bone 31 (1), 57–61. doi:10.1016/s8756-3282(02)00791-3

Rauch, F., Sievanen, H., Boonen, S., Cardinale, M., Degens, H., Felsenberg, D., et al. 
(2010). Reporting whole-body vibration intervention studies: recommendations of the 
international society of musculoskeletal and neuronal interactions. J. Musculoskelet. 
Neuronal Interact. 10 (3), 193–198.

Recker, R. R., Davies, K. M., Hinders, S. M., Heaney, R. P., Stegman, M. R., and 
Kimmel, D. B. (1992). Bone gain in young adult women. JAMA 268 (17), 2403–2408. 
doi:10.1001/jama.1992.03490170075028

Robling, A. G., Hinant, F. M., Burr, D. B., and Turner, C. H. (2002). Improved 
bone structure and strength after long-term mechanical loading is greatest if 
loading is separated into short bouts. J. Bone Min. Res. 17 (8), 1545–1554. 
doi:10.1359/jbmr.2002.17.8.1545

Rodrigues, I. B., Ponzano, M., Hosseini, Z., Thabane, L., Chilibeck, P. D., Butt, D. 
A., et al. (2021). The effect of impact exercise (alone or multicomponent intervention) 
on health-related outcomes in individuals at risk of fractures: a systematic review 
and meta-analysis of randomized controlled trials. Sports Med. 51 (6), 1273–1292. 
doi:10.1007/s40279-021-01432-x

Sasimontonkul, S., and Sirivarasai, J. (2024). The 40-min HIIT acutely induced bone 
formation which was likely through the increases in muscle derived interleukin 6 and 
adiponectin activation: the 16 weeks of HIIT intervention, longitudinal randomized 
controlled trial. Bone 184, 117105. doi:10.1016/j.bone.2024.117105

Schini, M., Vilaca, T., Gossiel, F., Salam, S., and Eastell, R. (2023). Bone 
turnover markers: basic biology to clinical applications. Endocr. Rev. 44 (3), 417–473. 
doi:10.1210/endrev/bnac031

Schroeder, E. T., Hawkins, S. A., and Jaque, S. V. (2004). Musculoskeletal adaptations 
to 16 weeks of eccentric progressive resistance training in young women. J. Strength 
Cond. Res. 18 (2), 227–235. doi:10.1519/r-13443.1

Scott, A., Khan, K. M., Duronio, V., and Hart, D. A. (2008). Mechanotransduction 
in human bone: in vitro cellular physiology that underpins bone changes with exercise. 
Sports Med. 38 (2), 139–160. doi:10.2165/00007256-200838020-00004

Sherk, V. D., and Rosen, C. J. (2019). Senescent and apoptotic osteocytes and aging: 
exercise to the rescue? Bone 121, 255–258. doi:10.1016/j.bone.2019.02.006

Torvinen, S., Kannus, P., Sievänen, H., Järvinen, T. A., Pasanen, M., Kontulainen, 
S., et al. (2003). Effect of 8-month vertical whole body vibration on bone, muscle 
performance, and body balance: a randomized controlled study. J. Bone Min. Res. 18 
(5), 876–884. doi:10.1359/jbmr.2003.18.5.876

Vainionpää, A., Korpelainen, R., Leppäluoto, J., and Jämsä, T. (2005). Effects of 
high-impact exercise on bone mineral density: a randomized controlled trial in 
premenopausal women. Osteoporos. Int. 16 (2), 191–197. doi:10.1007/s00198-004-
1659-5

Vainionpää, A., Korpelainen, R., Sievänen, H., Vihriälä, E., Leppäluoto, J., and Jämsä, 
T. (2007). Effect of impact exercise and its intensity on bone geometry at weight-bearing 
tibia and femur. Bone 40 (3), 604–611. doi:10.1016/j.bone.2006.10.005

Vainionpää, A., Korpelainen, R., Väänänen, H. K., Haapalahti, J., Jämsä, T., and 
Leppäluoto, J. (2009). Effect of impact exercise on bone metabolism. Osteoporos. Int.
20 (10), 1725–1733. doi:10.1007/s00198-009-0881-6

Vondracek, S. F., Hansen, L. B., and McDermott, M. T. (2009). Osteoporosis risk in 
premenopausal women. Pharmacotherapy 29 (3), 305–317. doi:10.1592/phco.29.3.305

Wang, H., Wan, Y., Tam, K. F., Ling, S., Bai, Y., Deng, Y., et al. (2012). Resistive 
vibration exercise retards bone loss in weight-bearing skeletons during 60 days bed rest. 
Osteoporos. Int. 23 (8), 2169–2178. doi:10.1007/s00198-011-1839-z

Warren, M., Petit, M. A., Hannan, P. J., and Schmitz, K. H. (2008). Strength training 
effects on bone mineral content and density in premenopausal women. Med. Sci. Sports 
Exerc 40 (7), 1282–1288. doi:10.1249/MSS.0b013e31816bce8a

Watson, S. L., Weeks, B. K., Weis, L. J., Harding, A. T., Horan, S. A., and Beck, B. R. 
(2018). High-intensity resistance and impact training improves bone mineral density 
and physical function in postmenopausal women with osteopenia and osteoporosis: 
the LIFTMOR randomized controlled trial. J. Bone Min. Res. 33 (2), 211–220. 
doi:10.1002/jbmr.3284

Xiaoya, L., Junpeng, Z., Li, X., Haoyang, Z., Xueying, F., and Yu, W. (2025). 
Effect of different types of exercise on bone mineral density in postmenopausal 
women: a systematic review and network meta-analysis. Sci. Rep. 15 (1), 11740. 
doi:10.1038/s41598-025-94510-3

Zernicke, R., MacKay, C., and Lorincz, C. (2006). Mechanisms of bone remodeling 
during weight-bearing exercise. Appl. Physiol. Nutr. Metab. 31 (6), 655–660. 
doi:10.1139/h06-051

Zinner, C., Baessler, B., Weiss, K., Ruf, J., Michels, G., Holmberg, H. C., et al. (2017). 
Effect of resistance training with vibration and compression on the formation of muscle 
and bone. Muscle Nerve 56 (6), 1137–1142. doi:10.1002/mus.25560

Frontiers in Physiology 19 frontiersin.org

https://doi.org/10.3389/fphys.2025.1672997
https://doi.org/10.1007/s00198-015-3154-6
https://doi.org/10.3389/fbioe.2018.00134
https://doi.org/10.1016/j.bone.2023.116870
https://doi.org/10.1249/mss.0000000000001618
https://doi.org/10.5114/biolsport.2020.91497
https://doi.org/10.1016/s8756-3282(02)00791-3
https://doi.org/10.1001/jama.1992.03490170075028
https://doi.org/10.1359/jbmr.2002.17.8.1545
https://doi.org/10.1007/s40279-021-01432-x
https://doi.org/10.1016/j.bone.2024.117105
https://doi.org/10.1210/endrev/bnac031
https://doi.org/10.1519/r-13443.1
https://doi.org/10.2165/00007256-200838020-00004
https://doi.org/10.1016/j.bone.2019.02.006
https://doi.org/10.1359/jbmr.2003.18.5.876
https://doi.org/10.1007/s00198-004-1659-5
https://doi.org/10.1007/s00198-004-1659-5
https://doi.org/10.1016/j.bone.2006.10.005
https://doi.org/10.1007/s00198-009-0881-6
https://doi.org/10.1592/phco.29.3.305
https://doi.org/10.1007/s00198-011-1839-z
https://doi.org/10.1249/MSS.0b013e31816bce8a
https://doi.org/10.1002/jbmr.3284
https://doi.org/10.1038/s41598-025-94510-3
https://doi.org/10.1139/h06-051
https://doi.org/10.1002/mus.25560
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Data extraction
	2.4 Risk of bias assessment
	2.5 Data analysis

	3 Results
	3.1 Search results
	3.2 Basic characteristics of the included studies
	3.3 Characteristics of the exercise interventions included in the study
	3.4 Risk of bias
	3.5 Meta-analysis results
	3.5.1 Effect of exercise on lumbar spine bone mineral density in adult women
	3.5.1.1 Subgroup analysis

	3.5.2 Effect of exercise on femoral neck bone mineral density in adult women
	3.5.2.1 Subgroup analysis

	3.5.3 Effect of exercise on whole-body bone mineral density in adult women
	3.5.3.1 Subgroup analysis

	3.5.4 Effects of exercise on OC levels
	3.5.5 Effects of exercise on BALP levels
	3.5.6 Effects of exercise on P1NP levels
	3.5.7 Effects of exercise on CTX levels
	3.5.8 Effects of exercise on TRACP-5b levels

	3.6 Sensitivity analysis

	4 Discussion
	4.1 Effects of exercise on bone mineral density in adult women
	4.2 Effects of exercise on bone turnover markers in adults

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

