:' frontiers | Frontiers in Medicine

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Wen-Jun Tu,

Chinese Academy of Medical Sciences
and Peking Union Medical College, China

REVIEWED BY

Shanji Nan,

Jilin University, China
Shengiang Yan,

Zhejiang University, China

*CORRESPONDENCE
JianMin Sun
sjimwxy@163.com

RECEIVED 11 July 2023
ACCEPTED 19 September 2023
PUBLISHED 19 October 2023

CITATION

Li J, Shi L and Sun J (2023) The pathogenesis
of post-stroke osteoporosis and the role
oxidative stress plays in its development.
Front. Med. 10:1256978.

doi: 10.3389/fmed.2023.1256978

COPYRIGHT

© 2023 Li, Shi and Sun. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Medicine

TYPE Review
PUBLISHED 19 October 2023
pol 10.3389/fmed.2023.1256978

The pathogenesis of post-stroke
osteoporosis and the role
oxidative stress plays in its
development
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Cardiovascular disease and osteoporotic fractures (OF) are the main diseases
affecting the health of middle-aged and elderly people. With the gradual increase
of population aging in China and even the world, the incidence of the two and the
prevalence of high-risk groups are also showing a continuous upward trend. The
relationship between the two, especially the impact of cardiovascular disease on
the risk and prognosis of OF, has attracted more and more attention. Therefore, it
is of great significance to fully understand the pathogenesis of cardiovascular and
cerebrovascular diseases and the resulting osteoporosis and to provide targeted
interventions to prevent the occurrence of diseases and fractures. This article
reviews the relationship between one of the Cardiovascular disease—stroke and
related therapeutic drugs and the risk of OF, and the role of oxidative stress in
its pathophysiological mechanism by reviewing relevant domestic and foreign
literature in recent years, in order to gain a more comprehensive understanding
of the association between stroke and OF, and then provide a basis and reference
for screening high-risk groups of fractures and reducing the burden on the health
system caused by the disease.
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Highlights

- The following criteria are used to determine the appropriate study to study the
relationship between stroke and osteoporosis;

- A comparative study including stroke patients and healthy people;

- To provide the information of bone mineral density (BMD) level in case group and
control group at the onset of osteoporosis after stroke;

- Study on the relationship between oxidative stress and stroke and osteoporosis;

- Research on the present situation and prospect of osteoporosis treatment after stroke;

- Study on evaluating the correlation between stroke and osteoporosis;

- Case-control study in Chinese and English;

- Chinese and English documents on case reports, meeting minutes, abstracts,
communications and news developments;

- Research on maxillofacial osteoporosis;

- The data of the conclusion is incomplete;

- documents that are too old (if necessary).
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1. Introduction

Stroke is the second leading cause of death in the world (1), and
it is a major health problem that seriously harms human health.
With the growth of patients’ age, the death rate of stroke will
increase rapidly. As shown in Table 1, Zhang (2) gave the incidence
of osteoporosis in patients with and without stroke. The risk of
fracture, disability and death is higher in elderly stroke patients.
The study found that the fracture risk of stroke population is four
times higher than that of the non-stroke population. According to
statistics, 3-6% of stroke patients have fractures within 1 year after
stroke (2). In addition, the risk of fractures after stroke also exists
in other ethnic groups. Lisabeth (3) et al., found that, among non-
Hispanic white people and Mexican Americans, a 3% increased risk
of fracture at 1 year and a 10% increased risk at 5 years after stroke
were found. Benzinger et al. (4), found in a German cohort study
that the risk of OF after stroke was higher, the fracture incidence
density of non-stroke patients was 21.4/1000 person-years, and the
fracture incidence density of stroke patients was 33.6/1000 person-
years. It can be seen that cerebrovascular disease (stroke) is closely
related to OF, and the risk of OF may be further increased after
stroke.

Most patients have mild hemiplegia after stroke, and the
reason for the increased risk of OF in stroke patients is related to
osteoporosis, decreased bone mineral density and increased risk of
falls on the hemiplegic side (4). In addition to increasing the risk
of falling due to the loss of mobility of hemiplegic limbs, it can also
lead to the reduction of stress stimulation received by bones and
the increase in the functional activity of osteoclasts, which in turn
leads to bone loss. Studies have confirmed that within 1 year after a
stroke, the bone mineral density of the hemiplegic side will drop by
12-17% (5). In addition, stroke in some vascular areas of the brain
stem (6) may lead to visual, motor, sensory or cognitive function,
balance damage, and may also lead to falls, thus increasing the risk
of fracture. Malnutrition, decreased sun exposure and subsequent
vitamin D deficiency will all aggravate the bone loss in stroke
patients; Common treatment methods for ischemic stroke, such
as oral anticoagulants, may also increase the risk of fracture. In a
word, as one of the common complications of stroke, fracture can
further hinder functional recovery, prolong disability and increase
the risk of death. Therefore, it is imperative to formulate prevention
strategies for osteoporosis and fractures for stroke survivors (7).

Numerous scholars have conducted research on this disease
before, covering the etiology, pathogenesis and treatment of
post-stroke osteoporosis, and all of them have achieved good
results. This paper systematically summarizes the etiology,
pathogenesis and treatment methods of post-stroke osteoporosis
by summarizing previous studies, and innovatively introduces the
role of oxidative stress in the whole process of the disease, which
provides new ideas for the related research and treatment of the
disease in the future.

2. The etiology and mechanism of
osteoporosis after stroke

Osteoporosis is a known consequence of stroke. The pattern
of bone loss observed in patients with stroke is different from
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TABLE 1 Incidence and HRs of osteoporosis by demographic characteristics among patients with or without stroke.
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that usually encountered with postmenopausal osteoporosis, which
is limited to the paralyzed side and more obvious in the upper
limbs. There are many reasons for osteoporosis in stroke patients,
including limited exercise and reduced load due to paralysis,
insufficient nutrition intake due to eating disorders, intake of
various drugs and reduction of vitamin D due to insufficient
sunshine (8), as shown in Figure 1. The pathogenesis of post-stroke
osteoporosis is not clear. Mild paralysis, decreased mobility and
decreased bone load seem to play a major role, and other factors
such as nutrition and iatrogenic factors may also play an important
role (9).

2.1. Osteoporosis after stroke and bone
density

People at high risk of stroke are already at risk for osteoporosis
and fracture (10). However, research on changes in BMD in patients
with osteopenia after stroke is limited, and the research on the
appropriate treatment and management of osteopenia is also rare.
In addition, there are few studies to compare the changes in
BMD in stroke patients with osteoporosis and stroke patients with
osteoporosis. According to the World Health Organization, the
BMD T of —2.5 or less is a defining characteristic of osteoporosis.
Several studies have investigated the relationship between low
BMD and stroke, suggesting that low BMD is a potential risk
factor for stroke and affects the long-term prognosis of stroke
(10-13). Osteoporosis is a metabolic bone disease characterized by
an imbalance between bone resorption and bone accumulation,
resulting in micro-architectural disruption, decreased BMD and
increased bone fragility (14). Accelerated loss of in bone mineral
density after stroke (15, 16) can lead to fractures in stroke survivors,
and post-stroke weight-bearing limitation of the affected limb
inevitably leads to bone loss. After a stroke, most fractures occur
on the hemiplegic side of the body because the BMD of that
side is 4.6-14% lower than that of the uninjured side (8). In
addition, social deprivation, malnutrition, reduced sun exposure
and subsequent vitamin D deficiency accelerate bone loss in stroke

10.3389/fmed.2023.1256978

survivors (4). Bone loss starts immediately after the stroke, lasts
for 3—-4 months after the stroke, and continues at a slower rate for
up to a year after the stroke (17). In addition, stroke patients may
have various neurological deficits that can lead to reduced physical
activity and reduced use of a paralyzed limb, which can lead to
bone loss. Although researchers have not yet definitively established
whether osteoporosis is a hallmark of stroke, a potentially complex
causal relationship between stroke and osteoporosis has been
reported (18).

2.2. Osteoporosis after stroke and limb
immobilization

There are many potential mechanisms that lead to bone loss
after stroke, and restricted movement is one of the important
factors involved in this process. BMD studies of the upper
and lower extremities consistently show more bone loss on the
restricted side than on the unrestricted side. The exact mechanism
of the reduction in BMD on the hemiplegic side after stroke is not
fully understood, but the link between reduced mobility and bone
loss has long been known. In a pivotal study published by Schneider
and McDonald in 1984, serum and urinary calcium rose rapidly
in 90 healthy young men on bed rest for 5-36 weeks, plateaued
for several weeks at week 6, and then declined to a plateau above
the dynamic baseline. This happened even when volunteers were
given vitamin D supplements throughout the study (19). Reduction
of mechanical stress on bone inhibits osteoblast-mediated bone
formation and accelerates osteoblast-mediated bone resorption,
leading to disuse osteoporosis, mechanical stress on bone is a
determinant of bone morphology, BMD and bone strength One
of the factors is therefore that disuse accelerates bone resorption
and inhibits bone formation, making bones atrophic and brittle
(20). This explains why disability after stroke is related to abnormal
motor function. It has been shown that bone mineral loss is more
pronounced in the upper extremities than in the lower extremities,
and in long-term hemiparesis after stroke, the difference between
the two sides is more pronounced. It is worth noting that the BMD
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FIGURE 1
Multiple pathogenic mechanisms of osteoporosis after stroke.
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of the non-hemiplegic side is between that of the hemiplegic side
and the normal side. Due to the stroke, his activities of daily living
require assistance and the mobility of the whole limb is reduced,
resulting in a wide range of mild osteoporosis, severe osteoporosis
The degree is consistent with the degree of limitation of the patient’s
overall activity (21). However, in some stroke patients, the use of
the paralyzed arm in the upper limb is greatly reduced, consistent
with a large decrease in bone mass, which is compensated for by
increased use of the non-paralyzed arm, which may result in no loss
of bone mass and may even increase (22). The degree of bone loss
depends on age, severity of hemiplegia, duration of total or partial
immobilization, and the degree of reduction in bone loading on the
affected side and reduction in muscle stretch. Not only may these
factors act differently in the upper and lower extremities, but they
may also act differently in trabecular and cortical bone for the same
bone, as shown by Liu et al. (23). Some studies have also shown that
men who have had a stroke have a higher prevalence of osteopenia
and osteoporosis and less moderate or vigorous physical activity
than men without a stroke. In women, BMD is not associated with
stroke (24).

2.3. Post-stroke osteoporosis and serum
vitamin D

Vitamin D is one of the fat-soluble vitamins thought to have
anti-rickets activity. Vitamin D is not only abundant in nature,
but is also synthesized in the skin with the help of the sun’s
UV-B rays (25). Vitamin D deficiency and concomitant arterial
disease may contribute to increased severity and depth of bone
loss. Vitamin D deficiency is also common after a stroke and can
be caused by insufficient sunlight, but also by dietary deficiencies
(26). After stroke, an inflammatory response may also be triggered,
affecting intestinal absorption of vitamin D and metabolism of
vitamin D in the liver, thereby reducing serum vitamin D levels.
In a study of 152 people by Wang, Q et al.,, serum vitamin D
levels in acute stroke patients were correlated with inflammatory
markers, including hsCRP, white blood cell count, neutrophil-y/-
y lymphocyte ratio, IL-y6 and TNF-a: They found that vitamin
D levels were negatively correlated with serum IL-6 levels and
hsCRP, whereas serum vitamin D levels were not correlated with
other inflammatory markers such as white blood cell count,
neutrophil-y/-y lymphocytes and TNF-a. In another observational
study of 957 older adults, there was no association between vitamin
D and TNF-a levels (27). Some medicines can affect the metabolism
of vitamin D, including anti-epileptic medicines, glucocorticoids,
etc. These drugs can cause vitamin D deficiency and reduce serum
vitamin D levels. Therefore, physical status and treatment regimen
after stroke may affect serum vitamin D levels.

2.4. The relationship between lipid
metabolism and bone metabolism after
stroke

Osteoporosis is closely linked to hyperlipidemia and its
incidence increases with age. This may be due to an imbalance
between bone cells and fat cells in the bone marrow. Research
shows that among stroke patients admitted to rehabilitation, the
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proportion of patients with abnormal bone density is higher
than that of those with normal bone density. The levels of
total cholesterol, high-density lipoprotein (HDL), low-density
lipoprotein (LDL), apolipoprotein A and B in the abnormal group
were higher than those in the normal group, while the bone mineral
density of L1 ~ L4, femoral neck and proximal femur were lower
than those in the normal group, suggesting that the level of lipid
metabolism in stroke patients may be the influencing factor of
their bone (28), Other studies have found that total cholesterol and
triacylglycerol are risk factors for decreased bone mineral density
in stroke patients, and that disruption of lipid metabolism increases
osteoclast activity. A high-fat diet may promote the differentiation
of precursor osteoclasts into osteoclasts, increasing the volume
and activity of osteoclasts, thereby promoting bone resorption and
increasing the risk of osteoporosis (29). Second, the disruption
of lipid metabolism leads to microcirculatory disturbances in
the bone marrow cavity. In the hyperlipidemic rat model, the
proportion of adipose tissue in the bone marrow cavity increased
significantly, while the proportion of blood sinus tissue decreased.
Fat accumulation also increases the pressure of the bone space
and compresses the blood vessels in the cavity, eventually leading
to inadequate blood supply to bone tissue, reduced bone marrow
microcirculation, reduced osteogenesis and ultimately reduced
bone density (30).

2.5. Osteoporosis after stroke caused by
medication

Proton pump inhibitors (PPIs) are powerful acid-suppressing
drugs that are currently widely used to treat drug-related upper
gastrointestinal disorders. Current research suggests a link between
the use of PPIs and the risk of osteoporosis and bone fractures (31-
33). However, not all studies support this link (34, 35). In stroke
survivors, antiplatelet drugs are commonly used for secondary
prevention of stroke. However, antiplatelets have adverse effects
on the upper gastrointestinal tract, ranging from heartburn and
gastroesophageal reflux disease (GERD) to severe stomach ulcers
(36). These adverse effects may lead to poor compliance or even
discontinuation of antiplatelet therapy, which may ultimately lead
to recurrence of ischemic stroke. Therefore, it is recommended
that stroke patients who require continuous antiplatelet therapy
use a PPI for gastric protection at the same time. In addition,
hypertension is an important modifiable risk factor for preventing
stroke recurrence, but previous studies have shown that patients
treated for hypertension have an increased risk of GERD (37).
In addition, reduced lower esophageal sphincter pressure is
common in stroke patients, which may further contribute to
GERD. Therefore, in clinical practice, a significant proportion
of stroke patients receive PPI therapy (38). In the study by Lin
et al. (39), The incidence of osteoporosis, hip fracture and cone
bone fracture were higher in patients using PPIs than in those
not using PPIs, and the incidence of osteoporosis, hip fracture
and cone bone fracture increased with increasing PPI dose. The
exact biological mechanism for the association between PPIs and
the risk of osteoporosis and fractures is unclear. One possibility
is that PPIs may reduce calcium absorption. Since the acidic
environment of the stomach promotes the dissociation of insoluble
calcium salts into calcium ions, PPIs act as potent inhibitors of
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gastric acid secretion, which may affect calcium absorption. In
addition, PPIs may also affect the function of osteoblasts and
osteoclasts, interfering with osteoblast function by inhibiting tissue
non-specific phosphatase in osteoclasts, and with osteoblast and
osteoclast function by inducing MEK and JNK pathways. In
addition, PPIs have been linked to malabsorption of vitamin B12,
which can lead to hyperhomocysteinemia, which affects collagen
cross-linking, resulting in reduced bone strength (39).

Post-stroke depression is very common, with a reported
prevalence of approximately 31% (40). Which is higher than the
prevalence of depression before stroke (11.6%). Depression can be
effectively treated with antidepressants, most commonly selective
serotonin reuptake inhibitors (SSRIs) (41). In the study by Jones, JS
et al. (42) found that the risk of fractures doubled within 6 months
after a stroke, but there was no significant effect on the risk of
falls, seizures or stroke recurrence. However, the above trials only
confirmed that fluoxetine and citalopram may increase the risk
of fracture in stroke patients and cannot be extended to other
SSRIs. In addition, the mechanism by which SSRIs increase the
risk of fracture is unclear, and it is uncertain whether the duration
of treatment is a predictor of fracture. However, in the study by
Richter et al., the proportion of falls due to injury did not increase
with SSRI treatment, and the decrease in bone mineral density
with SSRI treatment may explain this finding (43). It should be
noted that the above only discusses the relationship between the
use of antidepressants and osteoporosis after stroke from one point
of view. As this relationship may be influenced by many factors,
it is necessary to investigate the relevant mechanism from many
aspects, such as the sex, age, type of drug and dosage of the patient.

3. Oxidative stress and stroke

Cardiovascular and cerebrovascular diseases are among the
leading causes of death, accounting for about 40% of deaths in
China (44). Atherosclerosis is a chronic inflammatory disease
characterized by the accumulation of lipids and inflammatory cells
in the walls of large and medium-sized arteries. The pathogenesis
of atherosclerosis involves the activation of pro-inflammatory
signaling pathways, the expression of cytokines/chemokines and
an increase in oxidative stress, an imbalance that is conducive to
an increase in reactive oxygen species (ROS) production and/or
a decrease in the innate antioxidant defense system in vivo (45).
This process is long and involves many pathological processes,
and the causes and molecular biological mechanisms are not fully
understood. In recent years, however, much evidence has emerged
that oxidative stress plays an important role in the development and
progression of atherosclerosis.

3.1. Homocysteine (Hcy) and stroke

Studies have shown that serum homocysteine (Hcy) is an
independent risk factor for acute cerebral infarction, and that
changes in serum Hcy levels are closely related to changes in
cerebral vascular endothelial function and the occurrence of
cerebral infarction (46). Hcy is a normal metabolite in the
human body. When its level rises, it damages the vascular
endothelium, affects the proliferation of smooth muscle cells
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and reduces the levels of NO and endothelial nitric oxide
(eNOS) (47), disrupt the endothelial function of cells (48).
This leads to atherosclerosis and/or plaque formation in the
head and neck in turn, and ultimately to stroke. Nitric oxide
synthase (NOS) plays an antioxidant and pro-oxidant role in
atherosclerosis. eNOS is structurally expressed in endothelial
cells. NO produced by activation of eNOS can inhibit low-
density lipoprotein (LDL) oxidation, white blood cell adhesion and
migration, vascular smooth muscle cell (VSMC) proliferation and
platelet aggregation. (49).

In addition to the oxidative stress mechanism, Hcy may
also play a neurotoxic role through microglia-mediated
neuroinflammatory injury: treatment with Hcy can activate
microglia, significantly increase the volume of cerebral infarction
and induce cell injury. One possible mechanism by which Hcy
enhances the inflammatory response of microglia is that JAK
2/STAT 3, a key immune signaling pathway, is normally expressed
in the brain. It also plays an important role in regulating microglial
activation and inflammatory response. The study by Chen §
et al. tested whether the JAK 2 inhibitor AG 490 could affect the
expression of pSTAT3, the microglia-specific markers Iba-1 and
OX-42, and the pro-inflammatory mediators TNF-a and IL-6
induced by Hcy. The results showed that activation of STAT 3
and secretion of IL-6 in microglia were significantly upregulated
in Hcy-treated ischemic brain tissue and this effect was reversed
by AG 490. The experimental results indicate that the increased
expression of STAT 3 after homocysteine treatment may be
involved in microglial activation and neuroinflammatory injury in
rats with middle cerebral artery ischemia-reperfusion.

For bone, there is limited evidence that homocysteine has
a direct effect on bone, including bone density. The potential
mechanism of the association between high homocysteine levels
and fracture risk may involve the interference of homocysteine with
collagen cross-linking and the specific interference of homocysteine
with collagen cross-linking and fibril formation in solution. As
collagen cross-linking is very important for the stability and
strength of the collagen network, interference with its formation
may alter the bone matrix, which may increase bone fragility (50).

3.2. Ferroptosis and
ischemia-reperfusion injury after stroke

When blood flow is restored after cerebral ischemia, brain tissue
can be damaged and deteriorate. Many mechanisms are involved
in this process, such as inflammatory activation, oxidative stress,
ferroptosis, etc. Among these, dysregulation of iron metabolism
is closely linked to the occurrence of ischemia-reperfusion injury
(50): after reperfusion, excessive reactive oxygen species (ROS)
and iron accumulation mediate ischemia-reperfusion injury after
stroke. (1) The Fenton reaction occurs between the cytoplasm,
mitochondria and excess free iron to generate hydroxyl radicals,
With  calcium
mitochondrial respiratory chain is blocked and neurons die. (2)

which have toxic effects. ion overload, the
Lipids induce excessive ROS production through the Fenton
reaction. ROS mainly include oxygen molecules, hydroxyl radicals,
superoxide anions and hydrogen peroxide radicals, and excessive
ROS will destroy cell homeostasis. ROS are involved in oxidative
stress, promoting lipid peroxidation, depleting the antioxidant
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capacity of cells and causing superoxide damage to the inner wall
of cerebral arteries. At the same time, Fe?T and Fe*T mediate lipid
peroxidation through hydroperoxide to form lipid free radicals,
leading to DNA denaturation and further aggravating cell damage.
(3) The accumulation of ROS can cause a large increase in
macrophages, damage to the blood-brain barrier, hemorrhagic
transformation and cerebral edema after stroke.

3.3. Oxidative stress/nitration stress and
cerebral atherosclerosis

Oxidative and nitrosative stress are characterized by an
imbalance between oxidative and antioxidant systems, leading to
an increase in reactive oxygen species (ROS) and reactive nitrogen
species (RNS). The vascular wall is also equipped with oxidative
systems such as xanthine oxidase. (51), mitochondrial respiratory
chain enzyme (52), Lipoxygenase (53), uncoupled eNOS (54),
Nicotinamide adenine dinucleotide phosphate hydrogen oxidase
(NADPH oxidase) (55), and antioxidant systems, including
Superoxide dismutase (SOD), Catalase Glutathione peroxidase,
Paraoxonase (PON), thioredoxin system, and peroxiredoxin (56).

Among these, NOx (NADPH oxidase) is considered to
be an important source of RONS in the vascular wall, and
there are many types of NOx, of which NOx 4 is the most
abundant at the vascular level, but it is controversial whether it
has the functions of promoting atherosclerosis and preventing
atherosclerosis at the same time: NOx 4 releases more hydrogen
peroxide than O~ (57), so amount of peroxynitrite (ONOO-
) formed is therefore low and the bioavailability of NO is
maintained; other studies have shown that the increase in NOx
4 activity destroys vascular function in some diseases, such as
diabetic cardiomyopathy (58). The Increased NOx activity leads
to eNOS uncoupling, decreased NO bioavailability and endothelial
dysfunction. Uncoupled eNOS exhibits Nox activity and produces
0%, exacerbating oxidative stress in the vascular wall. Neuronal
NO synthase (nNOS) is expressed in central and peripheral nerve
cells and blood vessel walls, which contributes to vasodilation and is
considered anti-atherosclerotic. In contrast, inducible NOS (iNOS),
which is induced by inflammation, oxidative stress and sepsis,
is atherosclerotic, possibly due to the formation of peroxynitrite
(ONOO7™), thereby increasing nitrite stress (59).

4. Oxidative stress and osteoporosis
after stroke

After a stroke, dyskinesia reduces the activity of the limbs
and bone tissue loses the stimulus of mechanical stress. When the
mechanical stress received by the bone is reduced, the activity of
osteoclasts is increased, which leads to the easy absorption of bone
tissue and the obvious reduction of bone mineral density in the
body, which eventually leads to different degrees of osteoporosis.
Increasing daily activity can reduce the incidence of osteoporosis,
while immobilization after bed rest can cause hypercalcemia
and hypercalciuria in patients with moderate and severe stroke,
especially in the elderly, and accelerate bone absorption to
cause osteoporosis.

Frontiers in Medicine

10.3389/fmed.2023.1256978

4.1. Oxidative stress and osteoporosis

Mitochondria, the powerhouses of cells, maximize the use
of intracellular oxygen while generating energy and ROS. Low
levels of ROS can maintain bone homeostasis and balance between
osteoclasts and osteoblasts (60). Abnormal ROS levels have been
shown to lead to the death of osteoblasts and osteoclasts and the
reduction of bone structure (61). Oxidative stress has been shown to
shorten the lifespan of osteoblasts in mouse models of osteoporosis
and to reduce trabecular bone density. Oxidative stress can promote
the differentiation and proliferation of bone marrow mesenchymal
stem cells (BMSCs) into osteoclasts. Bone marrow mesenchymal
stem cells are bone marrow-derived progenitor cells that can
differentiate into osteoblasts, chondrocytes, adipocytes, myoblasts
and other cells. The dynamic balance of osteogenic differentiation,
apoptosis and metabolism of bone marrow mesenchymal stem
cells plays a key role in maintaining bone tissue structure and
bone mass homeostasis. The lack of differentiation capacity of
bone marrow mesenchymal stem cells is one of the mechanisms
leading to osteoporosis. Oxidative stress can inhibit osteogenic
differentiation and damage bone marrow mesenchymal stem cells.
During oxidative stress, excessive accumulation of active oxygen
in the body will have a negative effect on the differentiation
of bone marrow mesenchymal stem cells into osteoblasts. This
peroxidation not only damages molecular structures such as
proteins, lipids, deoxyribonucleic acid (DNA) and cell structures
such as mitochondria and endoplasmic reticulum, but also inhibits
the ability of the bone marrow mesenchymal stem cells themselves
to proliferate (62). The increase in ROS and the decrease in
antioxidant levels lead to an increase in osteoclast activity and
a decrease in the osteogenic potential of osteoblasts, resulting in
bone degradation.

4.2. The negative effects of oxidative
stress on osteoblasts

The maintenance of bone mass depends not only on the
resorptive function of osteoclasts and the function of osteoblasts,
but also on the difference in the production and apoptosis rates
of osteoblasts and osteoclasts. Among them, osteoblasts play
an important role in maintaining bone homeostasis, regulating
cytoplasmic matrix mineralization, controlling bone remodeling
and osteoclast differentiation (63). Osteoblast apoptosis promotes
the development of osteoporosis, so inhibiting osteoblast apoptosis
provides a new direction for the prevention and treatment of
osteoporosis. Studies have shown that oxidative stress plays an
important role in the pathological process of osteoporosis (64).
During the pathogenesis of osteoporosis, osteoblast oxidative
stress levels increase significantly, suggesting that osteoblast
oxidative stress plays a critical role in pathological bone loss.
Oxidative stress not only inhibits osteogenic differentiation but
also promotes osteoblast apoptosis (65). Therefore, it is of
great importance to explore the mechanism of oxidative stress-
induced osteoblast apoptosis to understand the pathogenesis of
osteoporosis. Osteoclast is a type of multinucleated cell derived
from the monocyte/macrophage lineage and is the only cell
with bone resorption capacity. Oxidative stress can activate
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the differentiation of osteoclast precursors and increase bone
resorption, as shown by the increase in tartrate-resistant acid
phosphatase (TRAP) activity in osteoclasts and the increase
in bone resorption area on the bone surface (66). Autophagy
is a catabolic process, which removes damaged organelles
and some cell molecules including protein aggregates through
lysosomal digestion (67). More and more evidence show that
autophagy dysfunction leads to changes in osteoclast function
and increased bone loss. Under oxidative stress, autophagy is
activated, accompanied by an abnormal increase in osteoclast
differentiation and bone resorption. Therefore, the interaction
between oxidative stress and autophagy plays an important role
in intracellular homeostasis and osteoclast survival. Therefore,
inhibition of autophagy may delay osteoclast activation caused by
excessive ROS. (68).

5. Treatment of osteoporosis after
stroke

The management of osteoporosis post-stroke warrants
meticulous attention. Osteoporosis significantly heightens fracture
risk, and post-stroke patients typically require prolonged bed rest
or wheelchair use, which may expedite bone loss. Hence, timely and
effective treatment measures for stroke patients with osteoporosis
become crucial. At present, the management of osteoporosis
post-stroke encompasses drug therapy, calcium and vitamin D
supplementation, exercise, and rehabilitation. The medication
regimen typically involves estrogen drugs, bisphosphonates, and
biodegradable, osteocalcin-related peptides which have shown
efficacy in reducing bone loss rate and fracture incidence. Calcium
and vitamin D supplementation can improve bone mineral density,
while exercise and rehabilitation can lower the risk of fracture
by enhancing muscle strength and balance. Additionally, the
writing must adhere to grammatical correctness, avoid biased
language, and maintain clear, concise, and objective language
throughout the text. However, it must be noted that subjective
evaluations need to be excluded unless clearly marked as such. The
treatment plan needs to be tailored to the individual conditions
of each patient, and therefore, an individualized treatment plan
should be created accordingly. Abbreviations of technical terms
must always be explained when they are first used. In brief,
the comprehensive consideration of several factors is crucial in
addressing osteoporosis treatment after stroke. An individualized
treatment plan is useful in mitigating fracture risk and enhancing
patients’ quality of life. However, a study of stroke patients
revealed inadequate assessment and treatment of osteoporosis
and fracture risk factors. However, a study of stroke patients
revealed inadequate assessment and treatment of osteoporosis
and fracture risk factors. However, a study of stroke patients
revealed inadequate assessment and treatment of osteoporosis and
fracture risk factors. The percentage of stroke patients receiving
osteoporosis medication or supplements is relatively low. It is
essential to enhance comprehension, prevention, and management
of bone loss in this vulnerable population (69).

Non-pharmacological treatment remains the cornerstone for
maintaining bone health prior to the onset of osteoporosis or
fragility fractures. Physical exercise is particularly advantageous in
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averting falls and fractures among the wider population (70-72).
Gait defects and long-term immobilization are the primary risk
factors for osteoporosis development after a stroke. Therefore, it is
crucial to implement strategies to improve these issues. Utilizing
techniques to enhance walking ability and interaction between
lower limbs and the ground will limit bone loss. It is imperative
to avoid biased and ornamental language while complying with
standard grammatical rules and technical vocabulary. Treatment
must aim to enhance motor function and strength, rectify
walking-limiting deformities, and suppress spasms. Consistency
in formatting and citation style is vital as well. Aerobic recovery
and weight-bearing exercise may enhance bone mass in individuals
suffering from chronic stroke.

Another non-pharmacological approach involves increasing
the duration of exposure to sunlight. Stroke patients frequently
face social isolation, which may restrict their exposure to sunlight.
That is one of the reasons behind the vitamin D deficiency in
stroke patients. The scientific comprehension of the significance
of vitamin D extends beyond its role in the absorption of calcium
and phosphorus and the maintenance of healthy teeth and bones.
Especially amongst the elderly, vitamin D assumes a crucial
physiological function in numerous non-skeletal processes, such as
regulating the normal thyroid function, blood clotting, providing
muscle strength and flexibility, enhancing the production of
endogenous antibiotics, preventing the onset of autoimmune and
allergic diseases, combating infectious diseases, and discouraging
the growth of tumors (73-81). According to the National Institutes
of Health (NIH) recommendations, adults under the age of 70
should consume 15 pg (600 IU) of vitamin D daily, whereas
those above 70 should consume 20 g (800 IU). The body can
produce vitamin D3 (cholecalciferol) by exposing the skin to
UVB light and obtain provitamin D2 (ergocalciferol) through
consumption. D3 is the more dominant form. Exposing uncovered
skin to sunlight for 20-30 min daily can fulfill your vitamin
D requirements. Nevertheless, the skin’s capacity to generate
vitamin D3 declines with age (82). This is one reason why
stroke survivors may have insufficient levels of vitamin D. Making
certain that these individuals receive adequate sun exposure
daily is crucial in the prevention and treatment of osteoporosis
after a stroke. In a study conducted by Hsieh, CY et al, it
was suggested that postmenopausal women take supplements of
both calcium and vitamin D to decrease the risk of fractures
in those individuals who have osteoporosis and stroke (83). As
vitamin D deficiency is a frequent occurrence following a stroke,
administering vitamin D supplements (at a dosage of 800 to
1000 U/day) may prove advantageous in preventing fractures
among patients with stroke and osteoporosis (84). In addition,
vitamin D deficiency in stroke patients may cause various issues.
For instance, it can lead to impaired absorption of calcium in
the gastrointestinal tract, compromised bone mineralization and
muscle strength, and is associated with decreased muscle mass,
consequently increasing the risk of falls (85). Vitamin D also
possesses neuroprotective, neuromuscular, and skeletal protective
effects, potentially mitigating the cognitive and functional damage
experienced by patients who have suffered a stroke (86). A lack
of Vitamin D can cause mild secondary hyperparathyroidism.
Mild deficiency of Vitamin D can result in “type II” osteoporosis,
which can cause hip fractures in individuals aged approximately
70, both male and female. Inpatients and outpatients after a stroke
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commonly have reduced vitamin D intake through their diet and
reduced exposure to sunlight. In cases where elderly hospitalized
stroke patients are at risk of deficiency, most should be given
vitamin D3 (800-2000 U/day) and calcium supplements. This is
particularly important for long-term stroke patients. Vitamin D3
and calcium supplementation can reduce hip fracture by up to
43% in elderly hospitalized women (average age 84 years old),
who are not selected for stroke. Nevertheless, compared with
placebo, there is no significant decrease in hip fracture incidence for
elderly hospitalized stroke patients with vitamin D3 and calcium
supplements. However, the absence of active vitamin D [1 1,
25 (OH) 2D] may also contribute to bone loss resulting from
stroke. Nevertheless, there is insufficient evidence to make any
definitive statements. More research is required to substantiate the
consequences of calcium and vitamin D supplements on the skeletal
and extra-skeletal components of stroke sufferers (87). A study
conducted by Uluduz, D et al. suggests that vitamin D insufficiency
could be another reason for the considerable prevalence of
osteoporosis in stroke survivors. Inadequate quantities of vitamin
D can decrease bone mineral density, cause neuromuscular
impairment and heighten the likelihood of falls and fractures (88,
89). In a long-term study of stroke survivors, a correlation has been
found between low levels of vitamin D, low bone mineral density,
and hip fractures post-stroke (90). They discovered that stroke
survivors had a greater incidence of osteoporosis compared to non-
stroke participants and a higher incidence of vitamin D deficiency.
However, there was no direct link established between vitamin
D deficiency and osteoporosis. Bone loss occurs in the initial
stages post-stroke and escalates over time due to restricted physical
activity. Existing data imply that other factors, like inactivity or
osteoporosis itself, instead of vitamin D deficiency, may serve as
explanations. The elevated prevalence of vitamin D deficiency in
stroke survivors may be associated with malnutrition or decreased
exposure to sunlight and skin production. Further research is
required to assess the clinical importance of vitamin D deficiency
in stroke survivors (91). A meta-analysis has indicated that daily
intake of vitamin D and calcium cannot be strongly recommended
to prevent fractures due to methodological concerns. Furthermore,
the efficacy and safety of high-dose vitamin D in high-risk groups
is uncertain (92). The previous research solely discusses the role of
physical therapy in averting bone loss following a stroke. Further
areas, including nutrition and vitamin supplements, have not
been examined in enhancing bone health (93). Only one study,
conducted by Han et al. (94) ensured that all participants received
sufficient protein, vitamin D and calcium in their diet. However, the
study did not mention monitoring intake through methods such
as pill counting or food diaries. None of the studies included in
the review monitored serum 25 (OH)D levels to detect vitamin
D deficiency. In a Rotterdam-based study, vitamin D deficiency
was discovered to be a result of stroke, which quickened the loss
of proximal femur bone in post-stroke patients. The risk factors
for osteoporosis following a stroke include physical inactivity,
malnutrition, illness, and ageing, which all increase the likelihood
of falls and fractures. The deterioration of muscle strength and mass
after an acute stroke necessitates early intervention to maintain
the bone density/strength index. Therefore, this must be addressed
promptly as a functional unit. Acute stroke induces muscle hyper
catabolism, which results in greater protein degradation than
synthesis. Studies have demonstrated the ability of amino acid
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supplementation to reverse the effects of stroke. However, the
impact that amino acid supplementation has on bone properties
was not measured. Therefore, in order to create the best prevention
and treatment strategy for bone loss and osteoporosis after stroke,
it is advisable to adopt an array of interventions, including
individualized physical and drug therapy, ample intake of protein,
calcium and vitamin D, rather than relying on a single approach or
treatment (95).

Regarding the effect of statins on osteoporosis after stroke,
Lin, SM and colleagues (7) conducted a population-based trend-
matching cohort study and concluded that statin use was
associated with a decreased risk of osteoporosis, hip fracture,
and vertebral fracture in stroke patients. Furthermore, a dose-
response relationship between statin ¢cDDD and reduced risk
of osteoporosis and fractures was observed. A recent meta-
analysis, encompassing clinical trials and observational studies,
demonstrated a significant correlation between statin consumption
and augmented bone mineral density alongside mitigated hip
fracture hazard. Users of statin exhibited a lower odds ratio of
0.75 than non-users, with a consequent risk reduction of vertebral
fracture (OR = 0.81), albeit the tendency was deemed statistically
insignificant (96). Another meta-analysis also found a noteworthy
correlation between the use of statins and the reduction of overall
fracture risk, with an odds ratio of 0.80 (97). On the other
hand, a recent meta-analysis specifically examining clinical trials
found that although statin use was associated with an increase
in BMD, there was no statistically significant correlation with
fracture risk (98). The link between statins and osteoporosis
and fracture risk remains unclear. However, some pathways
through which statins may affect bone metabolism have been
identified in prior research. Specifically, statins can upregulate
bone morphogenetic protein-2 via the ras/phosphoinositide 3-
kinase/protein kinase B/mitogen-activated protein kinase signal
pathway. This, in turn, stimulates the expression of runt-related
transcription factor 2, inducing osteoblast differentiation. The
proliferation and differentiation of osteoblasts can be promoted by
statins through inhibiting the synthesis of farnesyl pyrophosphate
and geranyl pyrophosphate. Technical term abbreviations such as
SMAD will be explained when first used. Furthermore, statins
regulate the transforming growth factor-b/SMAD 3 signaling
pathway to prevent apoptosis in osteoblasts. In addition, statins
could potentially activate the expression of estrogen receptor-
o via the osteoprotegerin/nuclear factor kB receptor activator
ligand/nuclear factor kB receptor activator signaling pathway while
simultaneously impeding the generation of osteoclasts, resulting
in augmented bone formation (7). In summary, the utilization of
statins is correlated with a decrease in the risk of osteoporosis, hip
fracture, and vertebral fracture among stroke patients, with a noted
dose-effect relationship. However, additional prospective clinical
trials are necessary to reaffirm these findings, which can aid in the
development and application of pharmaceuticals.

Bisphosphonates are frequently used as therapeutic drugs for
osteoporosis following stroke, and previous studies have reported
their beneficial effects on stroke patients (99), Bisphosphonate
therapy proves effective in diminishing the occurrence of spinal
fracture subsequent to stroke by enhancing lumbar spine bone
mineral density (LS BMD). A study indicates that bisphosphonates
reduce the risk of spinal fractures by 35-50% and improve LS BMD
by 1-6%. Given the literature indicating a correlation between
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decreased physical activity due to osteoporotic spinal fractures
and increased risk of stroke, treating osteoporosis can serve as
a preventative measure for stroke recurrence. Furthermore, this
study indicates that bisphosphonate use in the osteoporosis group
significantly prevents a decrease in femoral neck (FN BMD)
compared to the osteopenia group. One such bisphosphonate
is zoledronic acid salt. In Poole’s study and others, an iliac
bone biopsy was obtained within 3 months after an acute stroke
and compared to a healthy control group. The study found a
decrease in bone formation at the tissue level regardless of whether
the patient was treated with Zoledronic acid salt or placebo.
The number of osteoclasts in patients treated with zoledronate
was lower than in the control group treated with a placebo
(100). In the Poole, KE et al. study, the use of zoledronic acid
was found to prevent bone mineral density (BMD) loss in the
hemiplegic hip joint. Administered intravenously within 5 weeks
of admission, the treatment effectively prevented bone loss in
patients with hemiplegia who were unable to walk independently
for at least a week after a stroke. This study was the first
to confirm the effectiveness of intravenous bisphosphonates in
preventing significant bone loss in the hemiplegic hip joint during
the first year. They discovered that stroke patients treated with
zoledronic acid had stable average femoral neck BMD within
12 months, with a minute 0.1% change (95% CI, 2.5, 2.7). Thus,
zoledronate is an effective countermeasure to prevent hemiplegic
hip joint bone loss in acute stroke treatment. Other research
demonstrated a significant increase in osteoclast absorption
within 1 week of acute stroke according to biomarkers (101),
Zoledronic acid salt remains a strong and enduring suppressor
of osteoclast resorption even after a year. Supporting this, the
histomorphometry analysis of biopsy samples taken from the iliac
bone of hemiplegic patients in the Zoledronic acid salt group
confirmed a marked decrease in the number of osteoclasts and
their progenitor cells. It should be noted that the utilization of
zoledronate can result in adverse gastrointestinal reactions and
renal function impairment. Therefore, caution should be exercised
while administering this medication.

6. Discussion

Fracture is now recognized as a risk factor in stroke,
and preventing the development of hemiplegic osteoporosis
should be a priority in managing stroke patients. Post-stroke
osteoporosis has not been fully recognized and treated compared
to postmenopausal osteoporosis. Oxidative stress theory is a
crucial theory in the process of stroke and osteoporosis. It
is important to investigate the mechanism of oxidative stress
in the cardiovascular, cerebrovascular, and bone metabolism
systems to elucidate the causes of stroke and osteoporosis. As
its research deepens, our comprehension of the physiological
and pathological mechanisms and treatment measures increases.
Controlling the serum homocysteine level, avoiding or relieving
ischemia-reperfusion of cerebrovascular or limb blood vessels, and
managing atherosclerosis caused by nitration stress (rather than
oxidative stress) through medication are all important for the
treatment of stroke and the subsequent osteoporosis. In the future,
treatment can focus on two areas: (1) Blocking signal pathways
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associated with oxidative stress during cerebral atherosclerosis
or mitigating ischemia-reperfusion injury; and (2) Addressing
the impact of lipid metabolism disorder or oxidative stress on
osteoclast activity post-stroke. It is expected that advancements
in molecular biology, basic medicine, and clinical medicine
technology will enhance the comprehension of the pathogenesis
of stroke-induced osteoporosis, and facilitate the development
of more effective drugs and technologies to treat and prevent
it. Osteoporosis after stroke is a prevalent and incapacitating
aftermath that impairs the quality of life of stroke victims. The
precise mechanism underlying the occurrence of stroke and
osteoporosis is yet to be fully understood, hampering progress
in developing effective intervention strategies. Nonetheless, recent
research suggests that the incidence of fracture can be effectively
reduced by mitigating the risk of falls through activities such
as drug therapy, physical exercise and targeted fall-prevention
measures. Further research is required to establish the most efficient
intervention methods for osteoporosis in stroke survivors and to
determine the means of resolving complications simultaneously.
This study provides an overview of the pathogenesis and
treatment options for stroke and post-stroke osteoporosis. It also
explores the role of oxidative stress theory in the disease, presenting
information on its etiology, symptoms, treatment methods, and
suggestions for preventive measures. The study examines treatment
outcomes and side effects, and offers guidance to doctors in
formulating more appropriate treatment plans. Furthermore, it
presents novel ideas for developing new drugs or treatment
methods in the future, with potentially significant impacts on the
prevention and treatment of post-stroke osteoporosis patients.
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