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Bone health in Parkinson'’s
disease: a comprehensive review
of bone involvement and its
pathophysiological mechanisms

Eric Toussirot?!, Charline Compagne!?, Charline Vauchy! and
Matthieu Bereau®?*

Université Marie et Louis Pasteur, Centre d'Investigation Clinique INSERM CIC-1431, CHU de
Besancon, Besancon, France, ?Centre Expert Parkinson, Service de Neurologie électrophysiologie
cliniqgue, CHU de Besancon, Besancon, France

Parkinson’s disease (PD) is a frequent neurodegenerative disorder that combines
motor and non-motor features, including impaired balance, gait disturbances,
and progressive loss of mobility. Bone involvement is well established, with low
bone mass and elevated fracture risk- especially hip fractures- being common
findings. Because of impaired balance, gait disturbances, cognitive dysfunction, and
autonomic failure, individuals with PD experience a markedly elevated risk of falls.
Osteoporosis in PD likely results from a convergence of nutritional deficiencies,
vitamin D insufficiency, weight loss with sarcopenia, and progressive muscle
weakness. Anti-Parkinson medications such as levodopa may also contribute
through hyperhomocysteinemia. In addition, dopamine depletion and chronic
inflammation may further disrupt bone remodeling. This review summarizes current
evidence on bone mineral density, bone quality, falls, and fractures in PD and
discusses the pathophysiological mechanisms underlying this comorbidity.
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1 Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder after
Alzheimer’s disease (1, 2). It manifests with a wide range of motor and non-motor symptoms
that substantially burden patients. The key motor manifestations include resting tremor,
rigidity, and bradykinesia, often accompanied by disturbances of balance and gait. These
features arise from progressive degeneration of dopaminergic neurons in the substantia nigra
pars compacta, where abnormal accumulation of @-synuclein (Lewy bodies) disrupts neuronal
survival and function. As dopamine signaling diminishes, corticobasal ganglia circuits become
dysfunctional, producing the hallmark motor features. PD is now understood as a complex
neuropsychiatric disorder, with non-motor features such as mood and behavioral changes,
autonomic dysfunction, and in later stages, cognitive impairment and axial postural
abnormalities including scoliosis, camptocormia, and Pisa syndrome (3, 4). These
complications, together with nutritional deficits, muscle weakness, and body weight changes,
contribute to falls and loss of independence, significantly reducing quality of life for patients
and caregivers (5). Accumulating evidence indicates that PD is also complicated by
osteoporosis and skeletal fragility (6-9). Compared with individuals without PD, patients show
lower bone mineral density (BMD) (10) and an increased risk of falls, leading to higher rates
of fragility fractures, especially hip fractures (8, 11). Such fractures carry serious consequences,
including disability, hospitalization, and higher mortality (7). This review aims to summarize

01 frontiersin.org


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2025.1737844&domain=pdf&date_stamp=2026-01-13
https://www.frontiersin.org/articles/10.3389/fmed.2025.1737844/full
https://www.frontiersin.org/articles/10.3389/fmed.2025.1737844/full
https://www.frontiersin.org/articles/10.3389/fmed.2025.1737844/full
https://www.frontiersin.org/articles/10.3389/fmed.2025.1737844/full
mailto:mbereau@chu-besancon.fr
https://doi.org/10.3389/fmed.2025.1737844
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2025.1737844

Toussirot et al.

evidence on bone involvement in PD, focusing on BMD, bone quality,
falls, and fractures, and to discuss mechanisms that may underlie
these complications.

2 Search strategy

A comprehensive literature search was conducted in the Medline
database. The search terms included “Parkinson’s disease” combined
with “osteoporosis,” “fracture;” “fall risk,” “bone mineral density;” or
“bone quality” The search was restricted to articles published in
English. Eligible studies included original research articles,
epidemiological studies, systematic reviews, and meta-analyses. Case
reports, case series, editorials, conference abstracts, and full-text
articles published in languages other than English were excluded. The
literature search was performed in June 2025 and covered articles
published from 1990 up to the search date.

3 Bone mineral density in patients
with Parkinson'’s disease

Compared with age- and sex-matched controls, individuals with PD
consistently exhibit reduced BMD (6, 8, 9), as demonstrated in both
cross-sectional and longitudinal studies (12-17). Smaller case-control
cohorts have shown lower BMD across multiple skeletal sites, with
evidence of progressive decline during follow-up (17). In large
prospective cohorts, such as the Study of Osteoporotic Fractures (16),
hip BMD was initially lower in PD patients, although differences
diminished after adjustment for confounders. Data from the
Osteoporotic Fractures in Men study indicated that men with PD
experience an accelerated decline in hip BMD relative to non-PD men
(age-adjusted mean annualized total hip bone loss: 1.08% vs. 0.36%)
(15). Another study found that lower lumbar spine BMD in PD was
related to the severity of the disease according to Hoehn and Yahr stage,
although this study was limited by the small patient sample size and by
the use of dual photon absorptiometry for BMD measurements, rather
than the reference method of dual X-ray absorptiometry (DXA) (18).
Other studies have suggested that reduced lumbar spine BMD is
associated with more advanced disease severity. A large Japanese cohort
further linked lower BMD to higher fracture risk, greater disease severity,
longer duration, lower body mass index (BMI), and vitamin D deficiency
(19). Meta-analyses confirm a consistent pattern: PD is associated with
lower BMD at several skeletal sites and an increased prevalence of
osteoporosis, though the magnitude of risk may differ by sex. A first
meta-analysis reported that PD patients were at a higher risk of
osteoporosis than healthy subjects, with an Odd Ratio (OR) of 1.18 [95%
CI: 1.09-1.27]. The results showed that PD patients had lower BMD in
the hip, lumbar spine and femoral neck than healthy subjects. In
addition, the risk of osteoporosis was higher in male patients than in
female patients (OR: 2.44 [95% CI: 1.37-4.34] vs. 1.16 [95%CI: 1.07-
1.26], respectively) (20). A second meta-analysis reached similar
conclusions, finding a higher risk of osteoporosis in PD patients than in
healthy controls, with an OR of 2.61 [95% CI: 1.69-4 0.03]. However,
unlike the previous study, the risk was higher for female patients. Patients
with PD had lower hip, lumbar spine and femoral neck BMD than
healthy controls (21). These results were in agreement with a third meta-
analysis on BMD in PD patients, which reported lower total body, total
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hip, total radius, lumbar spine, total femur, femoral neck and hand BMD
than in non-PD controls (22) (Table 1). Overall, BMD was lower in
patients with Parkinson’s disease compared with the control population,
and this reduction was observed at multiple skeletal sites. Whether the
decrease in BMD in PD differs by sex remains a matter of debate.

4 Bone quality in patients with
Parkinson'’s disease

Most studies of bone involvement in PD have relied on DXA, which
does not capture microarchitectural features of bone. Trabecular Bone
Score (TBS), a surrogate marker of bone microarchitecture, has been
shown to improve fracture risk prediction in other populations but has
only rarely been applied in PD. In smaller clinical studies, results have
been mixed: some reported alterations in TBS despite preserved BMD
(23), while others found differences more evident when muscle
performance was impaired (24): a first study conducted in Ukraine
reported TBS evaluation in a series of 38 male patients with PD and 38
without PD. Patients with PD had osteoporosis according to total body
BMD measurements, but BMD at the lumbar spine and femoral neck
did not differ between the patients and the controls. The TBS assessment
showed significantly higher results in the PD group than in the control
group (23). Another study from Italy compared 13 patients with PD in
the early stages of the disease to 13 age-matched controls. While there
was no decrease in BMD among the patients, TBS significantly decreased
in the PD group, as determined by the muscle performance assessment
using the short physical performance battery (SPPB). Indeed, patients
with lower SPPB scores had lower TBS scores despite having normal
BMD values (24). These findings suggest that microarchitectural
deterioration may occur earlier than measurable BMD loss. Other
techniques such as calcaneal ultrasound have also indicated poorer bone
quality in PD, with significant differences observed particularly in
women (25). Overall, bone quality parameters are altered in PD, as
evidenced by trabecular bone score or ultrasound assessments.

5 Risk of falls in Parkinson'’s disease

Because of balance instability, gait impairment, autonomic
dysfunction, and cognitive decline, patients with PD have a markedly
increased risk of falling (11). In a prospective cohort of more than 200
patients followed for 8 years, over two-thirds experienced falls, with
prevalence rising steadily over time. Factors such as freezing of gait,
higher levodopa exposure, and axial motor impairment were identified
as predictors (26). Retrospective analyses confirm that around
one-third of patients are recurrent fallers, with risk increasing in older
individuals, those with more advanced disease, or with prominent
rigidity and postural deficits (11). In a large survey, more than half of
PD patients reported at least one fall over a two-year period, particularly
in the presence of atypical Parkinsonism or dementia (27). Meta-
analyses indicate that nearly half of PD patients experience a fall within
3 months, and that a history of recurrent falls (two or more falls in the
previous year) is the strongest predictor of future events (28). Patients
with PD presenting with postural instability and gait disturbances were
more likely to experience falls than those with tremor-dominant
symptoms. In a prospective cohort study of 113 patients with PD, the
postural instability and gait difficulty subgroup experienced a higher
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TABLE 1 Meta-analysis on bone mineral density and fracture risk in patients with Parkinson’s disease.

Author
Reference
year

Outcome

Included studies

Number of studies

Number of patients/controls

Main results

fractures

Zhao Risk of osteoporosis and BMD | Comparative studies of patients 15 Risk of osteoporosis: 5 studies with 12,311 PD Risk of osteoporosis: higher for PD patients (OR
Bone levels with PD and healthy controls patients and 134,554 controls 1.18 [95%CI:1.09, 1.27]); higher risk for male
2013 BMD: 11 studies with 249-637 PD patients and | patients
550-8,800 controls PD patients have lower hip, lumbar spine and
femoral neck BMD than healthy controls.
Thorsney Risk of osteoporosis, fractures | Observational studies with a cohort 23 Diagnosis of osteoporosis: 2 studies Risk of osteoporosis: higher for PD patients (OR
J Neurol Neurosurg Psychiatry = and BMD levels or case- control design BMD: 14 studies with 938 and 15,050 controls 2.61; 95%ClI: 1.69-4.03). Male patients had a lower
2014 Fracture risk: 9 studies risk of osteoporosis and osteopenia than female
patients (OR 0.45; 95% CI 0.29-0.68)
PD patients had lower hip, lumbar spine and
femoral neck BMD levels compared with healthy
controls
Risk of fractures: increased in PD patients (OR
2.28;95% CI 1.83-2.83).
Liu Association between PD and Cohort, case-controlled, or cross- 17 10,289 individuals: 1090 PD and 9,199 non-PD PD patients: lower total body, total hip, total radius,
World Neurosurg BMD sectional studies. controls. lumbar spine, total femur, femur neck, right-hand,
2021 and left-hand BMD than non-PD controls.
Tan Association between PD and Prospective cohorts 6 69,387 participants Risk of fracture: increased in PD compared with
PlosOne risk of fracture control subjects (pooled HR: 2.66, 95% CI: 2.10-
2014 3.36).
Hosseinzadeh Association between PD and Observational studies 13 564,947 participants HR overall: 3.13, 95%CI: 2.53-3.87
Acta Neurol Belg risk of hip fracture HR in women: 3.11 95%CI 2.51-3.86
2018 HR in men: 2.60 95%CI 2.19-3.09
Schini Association between PD and Observational studies 18 Observational studies Effect size: risk for hip fractures: 2.40, 95% CI
Bone 2020 risk of hip and non-vertebral 2.04-2.82 and non-vertebral fractures: 1.80, 95%CI

1.60-2.01

Relative risk for hip fractures higher in men (2.93,
95%CI: 2.05-4.18 than in women: 1.81, 95%CI
1.61-2.04).

BMD, bone mineral density; PD, Parkinson’s disease; OR, odds ratio; RR, relative risk; HR, hazard ratio; CI, confidence interval.
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number of falls related to freezing of gait, balance impairment, and falls
occurring at home (29). Overall, these studies consistently report a
markedly increased risk of falls among patients with PD.

6 Risk of fracture in Parkinson’s
disease

Multiple retrospective and prospective studies have consistently
shown that individuals with PD face a higher burden of fragility
fractures compared with age-matched controls. In a population-based
study in the USA (Olmsted County, Minnesota), patients with PD were
more likely to have a history of fracture than control subjects, with
fracture rates of 59 and 44%, respectively, at 10 years. Fractures of the
femoral neck accounted for 23% of the fractures in PD patients (30). A
retrospective analysis of 200 PD patients and 200 control subjects
revealed that fractures were significantly more frequent in the PD group
(15% vs. 7.5%). The most common fracture site for PD patients was the
femur. Vertebral fractures were also higher in the PD group (31). In
long-term population cohorts, fracture incidence in PD exceeded that
in non-PD groups, with hip fractures disproportionately represented.
Case—control analyses likewise demonstrate that fractures, particularly
of the femur and spine, occur significantly more often in PD. The effect
of comorbidities on fracture risk was evaluated in the multinational
GLOW cohort, which included 52,960 women. This large multinational
cohort identified PD as one of the strongest comorbid predictors of
fracture risk, even after accounting for other chronic diseases (32). Meta-
analysis evidences indicate a roughly two- to threefold increased risk of
both hip and non-vertebral fractures, with men appearing especially
vulnerable to hip fractures (33-35) (Table 1). Importantly, fractures may
occur during the prodromal phase, as patients who later develop PD
already show higher fracture rates in the years preceding diagnosis (36).
Overall, fracture risk is increased in patients with PD, particularly at the
hip, while vertebral fractures are also overrepresented in this population.

7 Pathophysiological mechanisms of
osteoporosis in PD

As a systemic neurodegenerative disease involving multiple
comorbidities, the mechanisms explaining bone loss and fragility in
PD are complex and multifactorial (Figure 1).

7.1 Vitamin D and dietary deficiencies

Vitamin D is essential for bone health, and its deficiency has been
consistently associated with low bone mass, higher fall risk, and greater
fracture incidence (37). Meta-analyses indicate that circulating 1,25
dihydroxy vitamin D concentrations are significantly reduced in PD,
and deficiency states are linked to increased disease risk (38). Similar
trends are seen when comparing PD with other neurodegenerative
disorders such as Alzheimer’s disease (39). In 186 patients with early-
stage PD, osteoporosis and osteopenia, as defined by DXA
measurements, were commonly observed (12 and 41% respectively).
PD patients had lower 1,25 dihydroxy vitamin D levels than 802
controls. Female sex, low body weight and low 1,25 dihydroxy vitamin
D levels were associated with bone loss (40). 1,25 dihydroxy vitamin
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D, the active vitamin D metabolite, can be synthesized in the brain by
neurons and microglia, and dopaminergic neurons in the substantia
nigra express vitamin D receptors. In addition, an association was
found between VDR gene polymorphisms and PD (41). It has been
postulated that chronic inadequate intake of vitamin D could favor a
loss of dopaminergic neurons in the brain and thus could contribute
to the development of PD. Indeed, 1,25 dihydroxy vitamin D activates
VDR for normal cellular function and the substantia nigra is dependent
on this pathway (42-44). The relationship between vitamin D
deficiency and the development of PD was investigated in a prospective
cohort study conducted in Finland. This study included 3,173 non-PD
subjects who were followed up for 29 years. The results showed that
individuals with higher serum 1,25 dihydroxy vitamin D levels had a
reduced risk of PD (45). This supports the hypothesis that chronic
vitamin D insufficiency may contribute both to neuronal vulnerability
and bone fragility. Long-term cohort data suggest that higher 1,25
dihydroxy vitamin D levels reduce the risk of developing PD. Sunlight
exposure is the primary source of vitamin D. In patients with PD,
sunlight exposure has been shown to improve hypovitaminosis D and
BMD, ultimately reducing the risk of hip fracture (46, 47).

Other vitamin deficiencies are also frequent, including folate, B12,
and vitamin K, with the latter being positively associated with BMD
in advanced PD (48).

7.2 Body composition and sarcopenia in
Parkinson's disease

Compared with healthy individuals, patients with PD consistently
present with lower BMI, as confirmed by meta-analyses (49, 50). Weight
loss may appear early in the disease and typically worsens in advanced
stages, particularly when cognitive decline develops (17). Longitudinal
studies show that BMI begins to decline within a few years after
diagnosis and subsequently decreases more rapidly (51). Nutritional
deficits in PD are multifactorial, arising from difficulties with swallowing
and feeding, gastrointestinal dysfunction, cognitive impairment, and
side effects of PD treatments (6, 8, 9, 52). Body composition is altered
in PD with reduced fat mass and lean mass, indicating that weight loss
reflects alterations in overall body composition rather than BMI alone
(6). Case—control studies confirm lower adiposity measures in PD
compared with controls, while muscle mass appears relatively preserved
in some cohorts (53). Sarcopenia represents another significant
problem: in a large series of 679 male patients with PD from the United
Kingdom and Belgium, lean mass and fat mass parameters were
measured using DXA. The results showed that 12% of PD patients had
sarcopenia according to relative appendicular skeletal muscle mass
(RASM < 7.26 kg/m?). The analysis showed an association between lean
mass (appendicular lean mass), RASM and fat mass with BMD. Men
with sarcopenia were more likely to have osteoporosis than patients
with normal RASM (54). Frailty frequently overlaps with sarcopenia. In
comparative studies, both conditions were far more common in PD
than in controls and were associated with disease severity, advanced
stage, falls, and institutional care (55). Appetite and energy metabolism
changes likely contribute, with reduced caloric intake, higher energy
expenditure, and hypothalamic dysfunction all implicated (6, 43).
Mechanical loading is a critical driver of bone remodeling, and reduced
mobility in PD-manifested as bradykinesia or hypokinesia- may
therefore impair bone health. In addition, sarcopenia may also impair
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FIGURE 1

Mechanisms involved in osteoporosis in PD. Patients with PD are characterized by a low BMD resulting from multiple factors that act synergistically:
nutritional factors, such as vitamin deficiencies, especially vitamin D; reduced mobility; and changes in body weight and body composition, with
weight loss and decreased muscle mass leading to sarcopenia and poor muscle strength. In addition, PD medications may influence bone metabolism,
as levodopa treatment induces hyperhomocysteinemia. Presumably, dopamine loss, together with an inflammatory background, contributes to
impaired bone remodeling. Bone quality is also altered in PD. The motor symptoms of PD are associated with gait difficulties and postural instability,
cognitive decline and dysautonomia, increasing the risk of falls. Ultimately, the combination of low BMD and an increased risk of falls leads to an
increased risk of fractures, especially at the hip (PD: Parkinson'’s disease; BMD: bone mineral density).

bone formation in PD (43). Observational studies link low physical
activity and diminished muscle strength with decreased BMD, whereas
higher levels of both are associated with greater bone mass (16). In
women with PD, impaired gait and lower limb strength have been
directly related to reduced hip BMD, illustrating the muscle-bone
connection (56). Other investigations confirm pronounced weakness in
hip and knee muscles, which likely contributes to bone fragility (57).
Notably, muscle impairment can appear even in early disease stages,
suggesting a role in the initiation of bone loss (9).

7.3 Impact of Parkinson's disease
treatments

Several antiparkinsonian treatments, particularly high-dose
levodopa, have been implicated in adverse effects on bone health (58).
Large pharmacoepidemiological studies indicate that dopaminergic
therapies may increase fracture risk, especially at higher doses of
levodopa: this analysis showed that ongoing use of dopaminergic drugs
was associated with an increased risk of hip or femur fracture compared
to patients who had never taken dopaminergic drugs (OR: 1.76 [95%
CL: 1.39-2.22]) (59). Most other drug classes do not appear to
significantly influence skeletal outcomes, although high-dose MAO-B
inhibitors may elevate hip fracture risk (60). Levodopa therapy is also
(61),
hyperhomocysteinemia has been linked to both lower BMD and higher

associated with elevated homocysteine levels and
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fracture rates (62). Mechanistic studies suggest that excess homocysteine
impairs osteoblast and osteoclast function, thereby disrupting bone
remodeling (63, 64).

7.4 Effects of dopamine on bone
metabolism

Autonomic dysfunction in PD underscores a potential link
between nervous system changes and bone fragility, since sympathetic
activation can favor bone resorption over formation (43). Animal
studies show that disruption of dopaminergic signaling and
sympathetic stimulation reduce osteoblast activity and compromise
bone remodeling (65). The presence of dopamine receptors on
osteoblasts and osteoclasts further supports a direct role for dopamine
in bone regulation. In vitro and in vivo experiments suggest that
dopaminergic depletion enhances osteoclast activity while suppressing
osteoblast mineralization, ultimately weakening bone integrity (66).

7.5 A role for inflammation in Parkinson'’s
disease bone loss?

Immune dysfunction is increasingly recognized as a contributor
to both the onset and progression of PD (67). Epidemiological studies
have identified associations between PD and autoimmune disorders,
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and genetic risk factors for PD overlap with those implicated in
autoimmunity (68). Within the brain, neuroinflammation is mediated
by activated microglia and elevated levels of pro-inflammatory
cytokines including TGF, IL-1, IL-2, IL-6 and TNF« are observed
in the brain and cerebrospinal fluid of patients with PD (69-71).
Cellular and humoral immune responses are also disturbed in the
peripheral blood of patients with PD, with the activation of peripheral
monocytes and CD4" T cells with a Thl and Th1l7 phenotype,
contributing to the production of TNFa and IFNy (72). Systemic
markers such as C-reactive protein are consistently higher in PD and
correlate with both motor and non-motor symptoms (73, 74). Since
chronic inflammation drives bone loss in autoimmune diseases like
rheumatoid arthritis and lupus (75, 76), similar immune-mediated
mechanisms may underlie bone fragility in PD.

8 Conclusion

Robust evidence indicates that PD impacts bone integrity from early
in the disease course. Patients consistently exhibit lower BMD than
non-PD individuals, and when combined with frequent falls, this
markedly increases hip fracture risk. Skeletal fragility in PD arises from
multiple mechanisms, including vitamin D deficiency, body composition
changes, sarcopenia, reduced mobility, medication effects such as
levodopa-related hyperhomocysteinemia, and systemic inflammation.
Nevertheless, osteoporosis screening is not standard practice in PD, and
clinical guidelines remain inconsistent. There is a clear need for
dedicated recommendations and proactive management strategies to
improve bone health outcomes in this vulnerable population.

Author contributions

ET: Conceptualization, Writing - original draft, Writing - review
& editing. CC: Writing - review & editing. CV: Writing — review &

References

1. Armstrong, MJ, and Okun, MS. Diagnosis and treatment of Parkinson disease: a
review. JAMA. (2020) 323:548-60. doi: 10.1001/jama.2019.22360

2. Dorsey, ER, Sherer, T, Okun, MS, and Bloem, BR. The emerging evidence of the
Parkinson pandemic. J Parkinsons Dis. (2018) 8:53-8. doi: 10.3233/JPD-181474

3. Bloem, BR, Okun, MS, and Klein, C. Parkinson's disease. Lancet. (2021)
397:2284-303. doi: 10.1016/S0140-6736(21)00218-X

4. Rabin, ML, Earnhardt, MC, Patel, A, Ganihong, I, and Kurlan, R. Postural, bone,
and joint disorders in Parkinson's disease. Mov Disord Clin Pract. (2016) 3:538-47. doi:
10.1002/mdc3.12386

5. GBD 2016 Parkinson's Disease Collaborators. Global, regional, and national burden
of Parkinson's disease, 1990-2016: a systematic analysis for the global burden of disease
study 2016. Lancet Neurol. (2018) 17:939-53. doi: 10.1016/S1474-4422(18)30295-3

6. Malochet-Guinamand, S, Durif, F, and Thomas, T. Parkinson's disease: a risk factor
for osteoporosis. Joint Bone Spine. (2015) 82:406-10. doi: 10.1016/j.jbspin.2015.03.009

7. Metta, V, Sanchez, TC, and Padmakumar, C. Osteoporosis: a hidden nonmotor face
of Parkinson's disease. Int Rev Neurobiol. (2017) 134:877-90. doi: 10.1016/bs.
irn.2017.05.034

8. Invernizzi, M, Carda, S, Viscontini, GS, and Cisari, C. Osteoporosis in Parkinson's
disease.  Parkinsonism Relat Disord. (2009) 15:339-46. doi: 10.1016/j.
parkreldis.2009.02.009

9.van den Bos, E Speelman, AD, Samson, M, Munneke, M, Bloem, BR, and
Verhaar, HJ. Parkinson's disease and osteoporosis. Age Ageing. (2013) 42:156-62. doi:
10.1093/ageing/afs161

Frontiers in Medicine

10.3389/fmed.2025.1737844

editing. MB: Conceptualization, Funding acquisition, Supervision,
Validation, Writing - review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was supported by a grant from
the CHU de Besangon, 25000 Besangon France (APICHU 2015).

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 Al 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.

10. Wood, B, and Walker, R. Osteoporosis in Parkinson's disease. Mov Disord. (2005)
20:1636-40. doi: 10.1002/mds.20643

11. Koller, WC, Glatt, S, Vetere-Overfield, B, and Hassanein, R. Falls and Parkinson's
disease. Clin Neuropharmacol. (1989) 12:98-105. doi:
10.1097/00002826-198904000-00003

12. Abou-Raya, S, Helmii, M, and Abou-Raya, A. Bone and mineral metabolism in
older adults with Parkinson's disease. Age Ageing. (2009) 38:675-80. doi: 10.1093/
ageing/afp137

13. Di Monaco, M, Vallero, F, Di Monaco, R, Tappero, R, and Cavanna, A. Bone
mineral density in hip-fracture patients with Parkinson's disease: a case-control study.
Arch Phys Med Rehabil. (2006) 87:1459-62. doi: 10.1016/j.apmr.2006.07.265

14. Kamanli, A, Ardicoglu, O, Ozgocmen, S, and Yoldas, TK. Bone mineral density in
patients with Parkinson's disease. Aging Clin Exp Res. (2008) 20:277-9. doi: 10.1007/
BF03324774

15. Fink, HA, Kuskowski, MA, Taylor, BC, Schousboe, JT, Orwoll, ES, and Ensrud, KE.
Osteoporotic fractures in men (MrOS) study group. Association of Parkinson's disease
with accelerated bone loss, fractures and mortality in older men: the osteoporotic
fractures in men (MrOS) study. Osteoporos Int. (2008) 19:1277-82. doi: 10.1007/
500198-008-0584-4

16. Schneider, JL, Fink, HA, Ewing, SK, Ensrud, KE, and Cummings, SRStudy of
Osteoporotic Fractures (SOF) Research Group. The association of Parkinson's disease
with bone mineral density and fracture in older women. Osteoporos Int. (2008)
19:1093-7. doi: 10.1007/s00198-008-0583-5

frontiersin.org


https://doi.org/10.3389/fmed.2025.1737844
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1001/jama.2019.22360
https://doi.org/10.3233/JPD-181474
https://doi.org/10.1016/S0140-6736(21)00218-X
https://doi.org/10.1002/mdc3.12386
https://doi.org/10.1016/S1474-4422(18)30295-3
https://doi.org/10.1016/j.jbspin.2015.03.009
https://doi.org/10.1016/bs.irn.2017.05.034
https://doi.org/10.1016/bs.irn.2017.05.034
https://doi.org/10.1016/j.parkreldis.2009.02.009
https://doi.org/10.1016/j.parkreldis.2009.02.009
https://doi.org/10.1093/ageing/afs161
https://doi.org/10.1002/mds.20643
https://doi.org/10.1097/00002826-198904000-00003
https://doi.org/10.1093/ageing/afp137
https://doi.org/10.1093/ageing/afp137
https://doi.org/10.1016/j.apmr.2006.07.265
https://doi.org/10.1007/BF03324774
https://doi.org/10.1007/BF03324774
https://doi.org/10.1007/s00198-008-0584-4
https://doi.org/10.1007/s00198-008-0584-4
https://doi.org/10.1007/s00198-008-0583-5

Toussirot et al.

17. Lorefilt, B, Toss, G, and Granérus, AK. Bone mass in elderly patients with
Parkinson's  disease. ~ Acta  Neurol Scand. (2007) 116:248-54. doi:
10.1111/j.1600-0404.2007.00875.x

18. Kao, CH, Chen, CC, Wang, S], Chia, LG, and Yeh, SH. Bone mineral density in
patients with Parkinson's disease measured by dual photon absorptiometry. Nucl Med
Commun. (1994) 15:173-7. doi: 10.1097/00006231-199403000-00010

19. Sato, Y, Kaji, M, Tsuru, T, and Oizumi, K. Risk factors for hip fracture among
elderly patients with Parkinson's disease. ] Neurol Sci. (2001) 182:89-93. doi: 10.1016/
$0022-510X(00)00458-5

20. Zhao, Y, Shen, L, and Ji, HE. Osteoporosis risk and bone mineral density levels in
patients with Parkinson's disease: a meta-analysis. Bone. (2013) 52:498-505. doi:
10.1016/j.bone.2012.09.013

21. Torsney, KM, Noyce, AJ, Doherty, KM, Bestwick, JP, Dobson, R, and Lees, AJ. Bone
health in Parkinson's disease: a systematic review and meta-analysis. ] Neurol Neurosurg
Psychiatry. (2014) 85:1159-66. doi: 10.1136/jnnp-2013-307307

22. Liu, B, Chen, G, Yu, Z, Ji, C, Liang, T, He, ], et al. Bone mineral density and related
scores in Parkinson's disease: a systematic review and Meta-analysis. World Neurosurg.
(2021) 146:€1202-18. doi: 10.1016/j.wneu.2020.11.132

23. Povoroznyuk, V, Bystrytska, M, Grygorieva, N, Karaban, I, and Karasevich, N.
Bone mineral density, TBS, and body composition indexes in Ukrainian men with
Parkinson's disease. Parkinsons Dis. (2019) 2019:1-7. doi: 10.1155/2019/9394514

24. Liguori, S, Moretti, A, Paoletta, M, Gargiulo, F, Barra, G, Gimigliano, F, et al. Bone
involvement in the early stages of Parkinson's disease: a case-control study. J Int Med
Res. (2024) 52:3000605241237880. doi: 10.1177/03000605241237880

25. Caplliure-Llopis, J, Escriva, D, Navarro-Illana, E, Benlloch, M, de la Rubia, Orti, JE,
et al. Bone quality in patients with Parkinson's disease determined by quantitative
ultrasound (QUS) of the calcaneus: influence of sex differences. Int ] Environ Res Public
Health. (2022) 19:2804. doi: 10.3390/ijerph19052804

26. Hiorth, YH, Larsen, JP, Lode, K, and Pedersen, KF. Natural history of falls in a
population-based cohort of patients with Parkinson's disease: an 8-year prospective
study. Parkinsonism  Relat Disord. (2014) 20:1059-64. doi: 10.1016/j.
parkreldis.2014.06.023

27. Wielinski, CL, Erickson-Davis, C, Wichmann, R, Walde-Douglas, M, and
Parashos, SA. Falls and injuries resulting from falls among patients with Parkinson's
disease and other parkinsonian syndromes. Mov Disord. (2005) 20:410-5. doi: 10.1002/
mds.20347

28. Pickering, RM, Grimbergen, YA, Rigney, U, Ashburn, A, Mazibrada, G, Wood, B,
et al. A meta-analysis of six prospective studies of falling in Parkinson's disease. Mov
Disord. (2007) 22:1892-900. doi: 10.1002/mds.21598

29. Pelicioni, PHS, Menant, JC, Latt, MD, and Lord, SR. Falls in Parkinson's disease
subtypes: risk factors, locations and circumstances. Int ] Environ Res Public Health.
(2019) 16:2216. doi: 10.3390/ijerph16122216

30. Johnell, O, Melton, L], Atkinson, EJ, O'Fallon, WM, and Kurland, LT. Fracture risk
in patients with parkinsonism: a population-based study in Olmsted County, Minnesota.
Age Ageing. (1992) 21:32-8.

31. Genever, RW, Downes, TW, and Medcalf, P. Fracture rates in Parkinson's disease
compared with age- and gender-matched controls: a retrospective cohort study. Age
Ageing. (2005) 34:21-4. doi: 10.1093/ageing/afh203

32. Dennison, EM, Compston, JE, Flahive, ], Siris, ES, Gehlbach, SH, Adachi, JD, et al.
Effect of co-morbidities on fracture risk: findings from the global longitudinal study of
osteoporosis in women (GLOW). Bome. (2012) 50:1288-93. doi: 10.1016/j.
bone.2012.02.639

33. Tan, L, Wang, Y, Zhou, L, Shi, Y, Zhang, F, Liu, L, et al. Parkinson's disease and risk
of fracture: a meta-analysis of prospective cohort studies. PLoS One. (2014) 9:¢94379.
doi: 10.1371/journal.pone.0094379

34. Hosseinzadeh, A, Khalili, M, Sedighi, B, Iranpour, S, and Haghdoost, AA.
Parkinson's disease and risk of hip fracture: systematic review and meta-analysis. Acta
Neurol Belg. (2018) 118:201-10. doi: 10.1007/s13760-018-0932-x

35. Schini, M, Vilaca, T, Poku, E, Harnan, S, Sutton, A, Allen, IE, et al. The risk of hip
and non-vertebral fractures in patients with Parkinson's disease and parkinsonism: a
systematic review and meta-analysis. Bone. (2020) 132:115173. doi: 10.1016/j.
bone.2019.115173

36. Camacho-Soto, A, Gross, A, Searles Nielsen, S, Miller, AN, Warden, MN, Salter, A,
et al. Fractures in the prodromal period of Parkinson disease. Neurology. (2020)
94:€2448-56. doi: 10.1212/WNL.0000000000009452

37. Broe, KE, Chen, TC, Weinberg, J, Bischoff-Ferrari, HA, Holick, MF, and Kiel, DP.
A higher dose of vitamin d reduces the risk of falls in nursing home residents: a
randomized, multiple-dose study. J Am Geriatr Soc. (2007) 55:234-9. doi:
10.1111/j.1532-5415.2007.01048.x

38.Lv, Z, Qi, H, Wang, L, Fan, X, Han, F, Wang, H, et al. Vitamin D status and
Parkinson's disease: a systematic review and meta-analysis. Neurol Sci. (2014)
35:1723-30. doi: 10.1007/s10072-014-1821-6

39. Evatt, ML, Delong, MR, Khazai, N, Rosen, A, Triche, S, and Tangpricha, V.
Prevalence of vitamin d insufficiency in patients with Parkinson disease and Alzheimer
disease. Arch Neurol. (2008) 65:1348-52. doi: 10.1001/archneur.65.10.1348

Frontiers in Medicine

10.3389/fmed.2025.1737844

40. van den Bos, F, Speelman, AD, van Nimwegen, M, van der Schouw, YT, Backx, FJ,
Bloem, BR, et al. Bone mineral density and vitamin D status in Parkinson's disease
patients. J Neurol. (2013) 260:754-60. doi: 10.1007/s00415-012-6697-x

41.Lee, YH, Kim, JH, and Song, GG. Vitamin D receptor polymorphisms and
susceptibility to Parkinson's disease and Alzheimer's disease: a meta-analysis. Neurol Sci.
(2014) 35:1947-53. doi: 10.1007/s10072-014-1868-4

42. Newmark, HL, and Newmark, J. Vitamin D and Parkinson's disease--a hypothesis.
Mov Disord. (2007) 22:461-8. doi: 10.1002/mds.21317

43. Figueroa, CA, and Rosen, CJ. Parkinson's disease and osteoporosis: basic and
clinical implications. Expert Rev Endocrinol Metab. (2020) 15:185-93. doi:
10.1080/17446651.2020.1756772

44.Burne, TH, McGrath, JJ, Eyles, DW, and Mackay-Sim, A. Behavioural
characterization of vitamin D receptor knockout mice. Behav Brain Res. (2005)
157:299-308. doi: 10.1016/j.bbr.2004.07.008

45. Knekt, P, Kilkkinen, A, Rissanen, H, Marniemi, J, Sadksjarvi, K, and Heli6vaara, M.
Serum vitamin D and the risk of Parkinson disease. Arch Neurol. (2010) 67:808-11. doi:
10.1001/archneurol.2010.120

46.Sato, Y, Iwamoto, J, and Honda, Y. Amelioration of osteoporosis and
hypovitaminosis D by sunlight exposure in Parkinson's disease. Parkinsonism Relat
Disord. (2011) 17:22-6. doi: 10.1016/j.parkreldis.2010.10.008

47. Iwamoto, ], Takeda, T, and Matsumoto, H. Sunlight exposure is important for
preventing hip fractures in patients with Alzheimer's disease, Parkinson's disease, or
stroke. Acta Neurol Scand. (2012) 125:279-84. doi: 10.1111/j.1600-0404.2011.01555.x

48. Sato, Y, Kaji, M, Tsuru, T, Satoh, K, and Kondo, I. Vitamin K deficiency and
osteopenia in vitamin D-deficient elderly women with Parkinson's disease. Arch Phys
Med Rehabil. (2002) 83:86-91. doi: 10.1053/apmr.2002.27376

49. van der Marck, MA, Dicke, HC, Uc, EY, Kentin, ZH, Borm, GE Bloem, BR, et al.
Body mass index in Parkinson's disease: a meta-analysis. Parkinsonism Relat Disord.
(2012) 18:263-7. doi: 10.1016/j.parkreldis.2011.10.016

50.Li, Y, Liu, Y, Du, C, and Wang, J. Body mass index in patients with Parkinson's
disease: a systematic review. | Neurophysiol. (2024) 131:311-20. doi: 10.1152/
jn.00363.2023

51. Henderson, EJ, Nodehi, A, Graham, F, Smith, M, Lithander, FE, Ben-Shlomo, Y,
etal. Trajectory of change in body mass index in Parkinson's disease. Parkinsonism Relat
Disord. (2025) 130:107174. doi: 10.1016/j.parkreldis.2024.107174

52. Sheard, JM, Ash, S, Mellick, GD, Silburn, PA, and Kerr, GK. Markers of disease
severity are associated with malnutrition in Parkinson's disease. PLoS One. (2013)
8:¢57986. doi: 10.1371/journal.pone.0057986

53.Tan, AH, Hew, YC, Lim, SY, Ramli, NM, Kamaruzzaman, SB, Tan, MP, et al.
Altered body composition, sarcopenia, frailty, and their clinico-biological correlates, in
Parkinson's disease. Parkinsonism Relat Disord. (2018) 56:58-64. doi: 10.1016/j.
parkreldis.2018.06.020

54. Verschueren, S, Gielen, E, O'Neill, TW, Pye, SR, Adams, JE, Ward, KA, et al.
Sarcopenia and its relationship with bone mineral density in middle-aged and elderly
European men. Osteoporos Int. (2013) 24:87-98. doi: 10.1007/s00198-012-2057-z

55. Peball, M, Mahlknecht, P, Werkmann, M, Marini, K, Murr, E Herzmann, H, et al.
Prevalence and associated factors of sarcopenia and frailty in Parkinson's disease: a
cross- sectional study. Gerontology. (2019) 65:216-28. doi: 10.1159/000492572

56. Pang, MY, and Mak, MK. Muscle strength is significantly associated with hip bone
mineral density in women with Parkinson's disease: a cross-sectional study. ] Rehabil
Med. (2009) 41:223-30. doi: 10.2340/16501977-0311

57. Durmus, B, Baysal, O, Altinayar, S, Altay, Z, Ersoy, Y, and Ozcan, C. Lower
extremity isokinetic muscle strength in patients with Parkinson's disease. ] Clin Neurosci.
(2010) 17:893-6. doi: 10.1016/j.jocn.2009.11.014

58. Lee, SH, Kim, MJ, Kim, B, Kim, SR, Chun, S, Kim, HK, et al. Hyperhomocysteinemia
due to levodopa treatment as a risk factor for osteoporosis in patients with Parkinson's
disease. Calcif Tissue Int. (2010) 86:132-41. doi: 10.1007/500223-009-9327-6

59. Arbouw, ME, Movig, KL, van Staa, TP, Egberts, AC, Souverein, PC, and de Vries, F.
Dopaminergic drugs and the risk of hip or femur fracture: a population-based case-
control study. Osteoporos Int. (2011) 22:2197-204. doi: 10.1007/s00198-010-1455-3

60. Vestergaard, P, Rejnmark, L, and Mosekilde, L. Fracture risk associated with
parkinsonism and anti-Parkinson drugs. Calcif Tissue Int. (2007) 81:153-61. doi:
10.1007/500223-007-9065-6

61. Hu, XW, Qin, SM, Li, D, Hu, LE, and Liu, CE. Elevated homocysteine levels in
levodopa- treated idiopathic Parkinson's disease: a meta-analysis. Acta Neurol Scand.
(2013) 128:73-82. doi: 10.1111/ane.12106

62. Nieves, JW. Skeletal effects of nutrients and nutraceuticals, beyond calcium and
vitamin D. Osteoporos Int. (2013) 24:771-86. doi: 10.1007/s00198-012-2214-4

63. Kim, DJ, Koh, M, Lee, O, Kim, NJ, Lee, YS, Kim, YS, et al. Homocysteine enhances
apoptosis in human bone marrow stromal cells. Bone. (2006) 39:582-90. doi: 10.1016/j.
bone.2006.03.004

64. Herrmann, M, Tami, A, Wildemann, B, Wolny, M, Wagner, A, Schorr, H, et al.
Hyperhomocysteinemia induces a tissue specific accumulation of homocysteine in bone
by collagen binding and adversely affects bone. Bone. (2009) 44:467-75. doi: 10.1016/j.
bone.2008.10.051

frontiersin.org


https://doi.org/10.3389/fmed.2025.1737844
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1111/j.1600-0404.2007.00875.x
https://doi.org/10.1097/00006231-199403000-00010
https://doi.org/10.1016/S0022-510X(00)00458-5
https://doi.org/10.1016/S0022-510X(00)00458-5
https://doi.org/10.1016/j.bone.2012.09.013
https://doi.org/10.1136/jnnp-2013-307307
https://doi.org/10.1016/j.wneu.2020.11.132
https://doi.org/10.1155/2019/9394514
https://doi.org/10.1177/03000605241237880
https://doi.org/10.3390/ijerph19052804
https://doi.org/10.1016/j.parkreldis.2014.06.023
https://doi.org/10.1016/j.parkreldis.2014.06.023
https://doi.org/10.1002/mds.20347
https://doi.org/10.1002/mds.20347
https://doi.org/10.1002/mds.21598
https://doi.org/10.3390/ijerph16122216
https://doi.org/10.1093/ageing/afh203
https://doi.org/10.1016/j.bone.2012.02.639
https://doi.org/10.1016/j.bone.2012.02.639
https://doi.org/10.1371/journal.pone.0094379
https://doi.org/10.1007/s13760-018-0932-x
https://doi.org/10.1016/j.bone.2019.115173
https://doi.org/10.1016/j.bone.2019.115173
https://doi.org/10.1212/WNL.0000000000009452
https://doi.org/10.1111/j.1532-5415.2007.01048.x
https://doi.org/10.1007/s10072-014-1821-6
https://doi.org/10.1001/archneur.65.10.1348
https://doi.org/10.1007/s00415-012-6697-x
https://doi.org/10.1007/s10072-014-1868-4
https://doi.org/10.1002/mds.21317
https://doi.org/10.1080/17446651.2020.1756772
https://doi.org/10.1016/j.bbr.2004.07.008
https://doi.org/10.1001/archneurol.2010.120
https://doi.org/10.1016/j.parkreldis.2010.10.008
https://doi.org/10.1111/j.1600-0404.2011.01555.x
https://doi.org/10.1053/apmr.2002.27376
https://doi.org/10.1016/j.parkreldis.2011.10.016
https://doi.org/10.1152/jn.00363.2023
https://doi.org/10.1152/jn.00363.2023
https://doi.org/10.1016/j.parkreldis.2024.107174
https://doi.org/10.1371/journal.pone.0057986
https://doi.org/10.1016/j.parkreldis.2018.06.020
https://doi.org/10.1016/j.parkreldis.2018.06.020
https://doi.org/10.1007/s00198-012-2057-z
https://doi.org/10.1159/000492572
https://doi.org/10.2340/16501977-0311
https://doi.org/10.1016/j.jocn.2009.11.014
https://doi.org/10.1007/s00223-009-9327-6
https://doi.org/10.1007/s00198-010-1455-3
https://doi.org/10.1007/s00223-007-9065-6
https://doi.org/10.1111/ane.12106
https://doi.org/10.1007/s00198-012-2214-4
https://doi.org/10.1016/j.bone.2006.03.004
https://doi.org/10.1016/j.bone.2006.03.004
https://doi.org/10.1016/j.bone.2008.10.051
https://doi.org/10.1016/j.bone.2008.10.051

Toussirot et al.

65. Kondo, A, and Togari, A. In vivo stimulation of sympathetic nervous system
modulates osteoblastic activity in mouse calvaria. Am J Physiol Endocrinol Metab. (2003)
285:E661-7. doi: 10.1152/ajpendo.00026.2003

66. Handa, K, Kiyohara, S, Yamakawa, T, Ishikawa, K, Hosonuma, M, Sakai, N, et al.
Bone loss caused by dopaminergic degeneration and levodopa treatment in Parkinson's
disease model mice. Sci Rep. (2019) 9:13768. doi: 10.1038/s41598-019-50336-4

67. Tan, EK, Chao, YX, West, A, Chan, LL, Poewe, W, and Jankovic, J. Parkinson
disease and the immune system - associations, mechanisms and therapeutics. Nat Rev
Neurol. (2020) 16:303-18. doi: 10.1038/s41582-020-0344-4

68. Rugbjerg, K, Friis, S, Ritz, B, Schernhammer, ES, Korbo, L, and Olsen, JH.
Autoimmune disease and risk for Parkinson disease: a population-based case-control
study. Neurology. (2009) 73:1462-8. doi: 10.1212/WNL.0b013e3181c06635

69. Harms, AS, Delic, V, Thome, AD, Bryant, N, Liu, Z, Chandra, S, et al. A-Synuclein
fibrils recruit peripheral immune cells in the rat brain prior to neurodegeneration. Acta
Neuropathol Commun. (2017) 5:85. doi: 10.1186/s40478-017-0494-9

70. Mogi, M, Harada, M, Narabayashi, H, Inagaki, H, Minami, M, and Nagatsu, T.
Interleukin (IL)-1 beta, IL-2, IL-4, IL-6 and transforming growth factor-alpha levels are

elevated in ventricular cerebrospinal fluid in juvenile parkinsonism and Parkinson's
disease. Neurosci Lett. (1996) 211:13-6. doi: 10.1016/0304-3940(96)12706-3

Frontiers in Medicine

08

10.3389/fmed.2025.1737844

71.Reale, M, Iarlori, C, Thomas, A, Gambi, D, Perfetti, B, Di Nicola, M, et al.
Peripheral cytokines profile in Parkinson's disease. Brain Behav Immun. (2009)
23:55-63. doi: 10.1016/j.bbi.2008.07.003

72. Kustrimovic, N, Comi, C, Magistrelli, L, Rasini, E, Legnaro, M, Bombelli, R, et al.
Parkinson's disease patients have a complex phenotypic and functional Th1 bias: cross-
sectional studies of CD4+ Th1/Th2/T17 and Treg in drug-naive and drug-treated
patients. ] Neuroinflammation. (2018) 15:205. doi: 10.1186/512974-018-1248-8

73. Qiu, X, Xiao, Y, Wu, ], Gan, L, Huang, Y, and Wang, J. C-reactive protein and risk
of Parkinson's disease: a systematic review and Meta-analysis. Front Neurol. (2019)
10:384. doi: 10.3389/fneur.2019.00384

74. Sanjari Moghaddam, H, Valitabar, Z, Ashraf-Ganjouei, A, Mojtahed Zadeh, M,
Ghazi Sherbaf, F, and Aarabi, MH. Cerebrospinal fluid C-reactive protein in Parkinson's
disease: associations with motor and non-motor symptoms. NeuroMolecular Med.
(2018) 20:376-85. doi: 10.1007/s12017-018-8499-5

75. Khoury, MI. Osteoporosis and inflammation: cause to effect or comorbidity? Int J
Rheum Dis. (2024) 27:€15357. doi: 10.1111/1756-185X.15357

76. Zhang, W, Gao, R, Rong, X, Zhu, S, Cui, Y, Liu, H, et al. Inmunoporosis: role of
immune system in the pathophysiology of different types of osteoporosis. Front
Endocrinol. (2022) 13:965258. doi: 10.3389/fend0.2022.965258

frontiersin.org


https://doi.org/10.3389/fmed.2025.1737844
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1152/ajpendo.00026.2003
https://doi.org/10.1038/s41598-019-50336-4
https://doi.org/10.1038/s41582-020-0344-4
https://doi.org/10.1212/WNL.0b013e3181c06635
https://doi.org/10.1186/s40478-017-0494-9
https://doi.org/10.1016/0304-3940(96)12706-3
https://doi.org/10.1016/j.bbi.2008.07.003
https://doi.org/10.1186/s12974-018-1248-8
https://doi.org/10.3389/fneur.2019.00384
https://doi.org/10.1007/s12017-018-8499-5
https://doi.org/10.1111/1756-185X.15357
https://doi.org/10.3389/fendo.2022.965258

	Bone health in Parkinson’s disease: a comprehensive review of bone involvement and its pathophysiological mechanisms
	1 Introduction
	2 Search strategy
	3 Bone mineral density in patients with Parkinson’s disease
	4 Bone quality in patients with Parkinson’s disease
	5 Risk of falls in Parkinson’s disease
	6 Risk of fracture in Parkinson’s disease
	7 Pathophysiological mechanisms of osteoporosis in PD
	7.1 Vitamin D and dietary deficiencies
	7.2 Body composition and sarcopenia in Parkinson’s disease
	7.3 Impact of Parkinson’s disease treatments
	7.4 Effects of dopamine on bone metabolism
	7.5 A role for inflammation in Parkinson’s disease bone loss?

	8 Conclusion

	References

