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Legg–Calvé–Perthes disease (LCPD) is a hip disease caused by ischemia of the
femoral epiphysis in children, which occurs in children aged 4–8 years (mean
6.5 years), with a male-to-female ratio of about 4:1. The disease has been
reported for more than 100 years, but its etiology has not been elucidated. In
recent years, a considerable amount of research has been carried out on the
etiology of the disease, and the development of the disease is believed to
involve a variety of molecular biological alterations, such as the COL2A1
mutation, which may be one of the causes of necrotic collapses of the
epiphyseal cartilage matrix in LCPD. Tissue factor V Leiden mutation and
insulin-like growth factor (IGF-1) abnormalities have also been reported in
LCPD, but most theories need further confirmation. The in-depth study of
LCPD cell biology has facilitated the suggestion regarding structural and/or
functional abnormalities of microvascular endothelial cells in LCPD. This
conjecture is supported by epidemiological and clinical evidence.
Abnormal activation of osteoclasts, ischemic damage to epiphyseal
cartilage, and activation of the bone marrow immune system all play
important roles in the onset and progression of the disease. In this paper,
we review the previous basic studies on LCPD and give an overview from the
molecular biology and cell biology perspectives.
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1 Introduction

Legg–Calvé–Perthes disease (LCPD) was first described in 1910 by
three researchers, Legg (Legg, 2006), Calvé (Calve, 2006), and Perthes
(Perthes, 2012). LCPD is also referred to as ischemic necrosis of the
femoral head epiphysis in children. The disease commonly occurs in
children aged 4–8 years (average 6.5 years), with an incidence of 0.4/
100,000 to 29/100,000, and a male-to-female ratio of about 4:1. Its
incidence is associated with regional socioeconomic status, gender, and
race (Loder and Skopelja, 2011; Kessler and Cannamela, 2018). The
natural course of LCPD is approximately 34 months, and after healing
of femoral head necrosis, varying degrees of deformity may persist, with
patients at risk of early-onset arthritis after skeletal maturation
(Catterall, 1971; Mose, 1980; Stulberg et al., 1981). Clinically, the
etiology of LCPD is often not well understood, imposing a
significant physical and psychological burden on children, making
understanding the cause of this disease essential. Although this
disease has been reported for over a century, extensive etiological
research has been carried out by many scholars, but the exact cause
remains uncertain. Traditional perspectives attribute the disease to
factors such as low socioeconomic status, maternal or childhood
tobacco exposure (Daniel et al., 2012; Perry et al., 2017), endocrine
abnormalities like insulin-like growth factor 1 (IGF-1) dysfunction (Baş
et al., 2015), and anatomical issues such as venous congestion in the
femoral head, arterial occlusion, vascular anomalies, and congenital
factors like in-utero effects (Perry et al., 2012a). Detailed discussions of
these potential causes have been provided by scholars. For example, Gao
et al. (2020) explained the relationship between passive smoking and

LCPD from the perspective of different passive smoking types (e.g.,
paternal smoking, maternal smoking, tobacco exposure during
pregnancy). The etiology of LCPD was fully elaborated by
Rodríguez-Olivas et al. (2022), who suggested that LCPD may be
correlated with factors such as the environment, race, and
coagulation. Some scholars also found that some molecular markers
related to the pathogenesis of LCPD, including VEGF, eNOS, and IL-6,
may be involved in the disease progression of LCPD, potentially helping
the treatment and diagnosis to some extent (Spasovski et al., 2023) (as
shown in Figure 1).

In recent years, significant progress has been made in etiological
research on LCPD. Building on these reviews, we aim to summarize
the current research status from a molecular biology perspective,
focusing on aspects like gene mutations, epigenetic modifications,
and gene polymorphisms. Molecular-level changes may further
affect cell function, so we summarize the progress in
pathogenesis research from a cellular biology perspective,
particularly focusing on microvascular endothelial cell structural
and/or functional abnormalities in the hip joint, abnormal osteoclast
activation, ischemic damage to epiphyseal cartilage, and the bone
marrow immune system. This deepens the understanding of the
disease and provides a reference for further basic research.

2 Molecular biology

The molecular level is the lowest level at which we currently
understand the disease and may be the cause of the disease. Previous

FIGURE 1
Molecules and cells associated with the pathogenesis of LCPD. Created with BioRender.com.

Frontiers in Physiology frontiersin.org02

Zheng et al. 10.3389/fphys.2025.1514302

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1514302


TABLE 1 Main findings of the included case-control studies.

Molecular biology Ref. Source of specimen Subjects Results/Conclusions

COL2A1 Li et al. (2014) Leukocyte genomic DNA
(human)

A four-generation family/
45 members/LCPD or ANFH

This study identified a novel
missense mutation (c. 1888 G>A) in
the COL2A1 gene, leading to type II
collagenopathy, which manifests as
LCPD or ANFH.

Su et al. (2010) Cartildral tissue of femoral head
(human)

A five-generation family/
42 members/novel type II collagen
disease

The p.Gly1170Ser mutation in
COL2A1 leads to significant
structural changes in joint cartilage,
resulting in early-onset hip
osteoarthritis, avascular necrosis of
the femoral head, or LCPD.

Kannu et al. (2011) Peripheral blood (human) Two children with COL2A1 gene
mutation/LCPD

Two children had COL2A1 gene
mutations, with clinical
manifestations of LCPD.

Miyamoto et al. (2007) A family with autosomal
dominant hereditary hip disease/
LCPD

COL2A1 gene mutations are more
common in LCPD patients,
especially in familial cases or cases
with bilateral hip involvement.

Factor V Leiden, prothrombin II Woratanarat et al. (2014) Peripheral blood (human) 824 children with LCPD, with a
control group of 2033 children

Factor V Leiden mutation and
prothrombin II polymorphism are
significantly associated with LCPD.

Factor V Leiden, prothrombin
G20210A, factor VIII

Vosmaer et al. (2010) 169 LCPD patients and
512 controls

The risk of LCPD in men and boys is
2.4 times higher than in women and
girls. The risk of LCPD disease
increases with the number of
coagulation abnormalities in men
and boys, but not in women and
girls.

Protein C, protein S Glueck et al. (1994) 8 LCPD patients Protein C and S deficiency, thrombo,
and insufficient fibrinolysis leading
to thrombotic venous occlusion of
the femur may contribute to the
cause of LCPD.

Protein C, factor V Leiden Glueck et al. (1997) 64 children with LCPD,with a
control group of 160 children

In 31 of 64 LCPD patients, the
patients with activated protein C and
coagulation factor V Leiden were
abnormal, and the resistance to
activated protein C, prone to
thrombosis tendency, may be the
pathogenic factor of LCPD。

Protein C, protein S Eldridge et al. (2001) 57 patients with LCPD and an
equal number of controls

The reduction in protein C and S
levels can predispose to
abnormalities of the coagulation
system in a thrombosis-prone state,
which may be a risk factor for the
interruption of blood supply in
patients with LCPD.

Factor V Leiden Glueck et al. (2007) A four-generation family/
30 members

A tissue factor V mutation was
associated with venous and arterial
thrombosis in a four-generation
family; genetic mutation screening
of families of children with LCPD
could facilitate screening of relatives
with associated thromboabnormal
function.

Prothrombin time, FV, FVIII,
FIX, and Hcy

Hernández-Zamora et al.
(2023)

5 LCPD patients and 50 controls The shortened prothrombin time
and increased FV activity, and
elevated FVIII, FIX and Hcy
concentrations support the
hypothesis that microthrombosis in
small caliber vessels may lead to
disruption of blood supply and
femur osteonecrosis, which are
characteristic of LCPD.

(Continued on following page)
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TABLE 1 (Continued) Main findings of the included case-control studies.

Molecular biology Ref. Source of specimen Subjects Results/Conclusions

LINE-1 promoter methylation Zheng et al. (2015) 82 LCPD patients and
120 controls

The significant differences in global
methylation of DNA from
peripheral blood between LCPD
patients and matched controls, and
aberrant DNA methylation patterns
may serve as an epigenetic
biomarker for early detection of
LCPD.

mRNAs, lncRNAs Wang et al. (2022) Periosteum (human) 9 LCPD patients and 6 controls In the first genome-wide analysis of
lncRNA and mRNA expression
profiles in the periosteum of LCPD
and control patients to screen for
altered genes involved in
coagulopathy and vascular structural
and functional abnormalities, they
found 13 differentially expressed
lncRNA associated with vascular
structural and functional disorders,
possibly responsible for blood
disruption in LCPD.

miRNA Huang et al. (2022) Peripheral blood (human) 3 LCPD patients and 3 controls The exosomes present in the plasma
of LCPD, possibly mediated by
miRNA, lead to impaired endothelial
cell function and promote
osteoclastogenesis.

miR-214 Zhu et al. (2019) Cartidral tissue and serum of
Femoral head (human)

20 LCPD patients and 20 controls The miR-214 may be expected to be
a biomarker or potential target for
the diagnosis or treatment of LCPD.

miR-214-3p Lan et al. (2023) The microRNA 214 expression was
decreased in chondrocytes and
serum in LCPD patients, and
overexpression of microRNA
214 promoted chondrocyte viability
and reduced apoptosis through
downregulation of the apoptosis
factor Bax.

IL-6 G-174C and G-597A
polymorphisms

Srzentić et al. (2014) Peripheral blood (human) 37 LCPD patients and 50 controls The heterozygous carriers of the IL-6
G-174C/G-597A polymorphism
locus had amuch lower risk of LCPD
than did homozygous carriers.

IL-6 Kamiya et al. (2015a) Hip synovial fluid (human) 28 LCPD patients In the synovial fluid of the active
phase, the levels of several
proinflammatory tissue factors,
especially the level of IL-6.

Endothelial cell markers Seguin et al. (2008) Peripheral blood (human) 49 patients with necrosis of the
femoral head

The study found a high correlation
between abnormal endothelial cell
structure or function and necrosis of
the femoral head.

Circulating soluble
thrombomodulin

Aksoy et al. (2008) 42 LCPD patients and 35 controls A significant increase in the median
values of GFC and TM in LCPD
patients, and high levels of soluble
TM may be associated with
sustained endothelial damage or
sustained inflammatory response
during the disease process.

Polymorphisms in the eNOS gene Zhao et al. (2016) 80 LCPD patients and
100 controls

This study comparing 27-bp VNTR
in exon 4 of nitric oxide synthase
(eNOS) and G894T in exon 7 showed
that the 27-bp VNTR had a higher
ab genotype frequency in the LCPD
group.

(Continued on following page)
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reports of changes in the molecular level of LCPD may include
COL2A1 mutation, tissue factor V Leiden mutation, and IGF-
1dysfunction, but these molecular changes as independent factors
to cause the disease remain controversial, including sample
selectivity bias, and small sample size. In recent years, significant
progress has been made in the molecular biology of this disease. We
therefore attempt to summarize the advances in molecular biological
research from the perspectives of gene mutations, epigenetic
modifications, and gene polymorphisms, to elucidate the
molecular-level pathological changes in LCPD. The main findings
of the included articles are summarized (Table 1).

2.1 COL2A1 mutations

Research on COL2A1 mutations in femoral head ischemic
necrosis began with Liu et al. (2005), who conducted a four-
generation pedigree analysis of two families with familial femoral
head necrosis. They found that familial femoral head necrosis is
dominantly inherited and identified a gene mutation in the
12q13 region (Chen et al., 2004), with further sequencing of the
COL2A1 gene exon encoding collagenase II confirming a mutation
at codon 1170 (Su et al., 2010). COL2A1 gene mutations are
therefore the cause of familial femoral head ischemic necrosis.
LCPD is idiopathic ischemic necrosis of the femoral head in
children, and other scholars have also reported the same
COL2A1 gene locus mutations in familial LCPD patients (Kannu
et al., 2011; Miyamoto et al., 2007; Woratanarat et al., 2014; Su et al.,
2008). Cartilage tissue consists of chondrocytes and cartilage matrix,
with collagen II playing a key role in maintaining its homeostasis.
COL2A1 encodes the precursor of the α-1 chain of collagenase II,
and the aforementioned mutation results in a substitution of serine
for glycine in the Gly-X-Y domain of collagenase II, leading to
defects in the synthesis and structure of collagen II (Ibrahim and
Little, 2016). This result explains the short stature observed in LCPD
patients. This mutation also alters the cartilage matrix structure,
reducing its strength. The hip joint is the main weight-bearing joint
of the lower limbs, and the combination of load-bearing and reduced
biomechanical properties of the epiphysis can lead to vascular
occlusion of the epiphysis (Pinheiro et al., 2018). Therefore, a
solid theoretical basis for COL2A1 mutations as a cause of LCPD
is identified.

Some scholars have pointed out that although typical LCPD hip
joint imaging changes are observed in these cases, it is difficult to
distinguish whether these changes are caused by ischemia or by
epiphyseal dysplasia. No sporadic cases of LCPD with COL2A1
mutations have been reported so far (Kim, 2011). COL2A1 gene

mutations may be a cause of familial LCPD, but their role as an
independent cause of the disease remains controversial. Chinese
scholars recently conducted COL2A1 mutation testing on a familial
LCPD family and identified a novel heterozygous mutation in exon
29 of COL2A1 (c.1888 G.A, p.Gly630Ser) (Li et al., 2014). This
finding suggests the presence of a novel COL2A1 gene mutation site
in LCPD patients, and whether this mutation exists in sporadic cases
requires further research with a larger sample size.

2.2 Factors associated with coagulation
abnormalities

Thrombophilia is a disease caused by abnormal coagulation-
related factors (Crowther and Kelton, 2003; Baglin et al., 2010).
Vosmaer et al. (2010) found that factor V Leiden, prothrombin
G20210A mutations, Protein-S and Protein-C deficiencies, and
elevated factor VIII are all associated with an increased risk of
LCPD. As the number of abnormal coagulation factors increases, the
risk also increases. Thrombophilia can potentially lead to venous
thrombosis, which obstructs blood flow from the femoral head
epiphysis, resulting in ischemia. Scholars have therefore
conducted extensive studies on the relationship between
thrombophilia and LCPD.

2.2.1 Protein-C, Protein-S deficiency
Protein C is a vitamin K-dependent plasma zymogen that plays a

central role in the inhibition of the blood coagulation cascade.
Human protein C is encoded by a gene on chromosome 2ql3-14
and spans approximately 10 kilobases; Protein S is essential for the
anticoagulant role of protein C in blood coagulation (Hepner and
Karlaftis, 2013; Griffin et al., 2007). Similarly, protein S is a vitamin
K-dependent plasma glycoprotein with a molecular weight of
approximately 75 kDa, consisting of 635 amino acid residues.
Protein S is a potent cofactor in the regulation of the intrinsic
pathway by activated protein C (APC) (Dahlbäck, 1991). The strong
association between genetic or acquired protein C and protein S
deficiencies and increased risk of venous thrombosis suggests that
protein C and protein S play important and central roles in
controlling the initiation and propagation stages of the
coagulation cascade.

As early as 1994, a clinical controlled trial led by Glueck et al.
(1994) first reported that among 8 LCPD patients, 3 had Protein-C
deficiency and 1 had Protein-S deficiency. After expanding the
sample size to 44 cases, they confirmed the presence of
anticoagulant factor deficiencies in LCPD, with 19 cases of
Protein-C deficiency and 4 cases of Protein-S deficiency. Another

TABLE 1 (Continued) Main findings of the included case-control studies.

Molecular biology Ref. Source of specimen Subjects Results/Conclusions

HMGB1, TNF-α, IL-1β, IL-6 Kamiya and Kim (2021) Hip synovial fluid (human) Patients with LCPD (an unknown
number)

The proinflammatory cytokines
(HMGB 1), tumor necrosis factor- α
(TNF- α), and IL-1β were all
increased in the synovial fluid of
LCPD patients.
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study by Glueck found that the factor V Leiden mutation increases
resistance to Protein-C, suggesting that this result might explain the
deficiency of anticoagulant factors (Glueck et al., 1997). These
findings indicate a deficiency of anticoagulant factors in LCPD
patients, leading Glueck to propose that thrombophilia is the
cause of the disease. Other scholars reached similar conclusions.
Eldridge et al. (2001) found that Protein-C and Protein-S levels in
the disease group were significantly lower than in the control
group. This finding suggests that the deficiency of Protein-C and
Protein-S may contribute to the susceptibility to LCPD.

2.2.2 Factor V Leiden mutation
The factor V Leiden mutation is another cause of thrombophilia,

and Glueck et al. (1997) initially reported that 8 out of 64 LCPD
patients had the factor V Leiden mutation. Another study involving
61 LCPD patients found that the factor V Leiden mutation rate
(4.9%) was significantly higher than in the control group (0.7%).
Recently, a large-scale Dutch case-control study found that the
incidence of LCPD was higher with the factor V Leiden mutation
(16/166 vs. 16/509) (Vosmaer et al., 2010). These researchers believe
that thrombophilia is a high-risk factor for LCPD. However,
scholars from different regions have drawn different conclusions.
For instance, Israeli researchers studied 119 LCPD patients and
276 normal children, finding no difference in the factor V Leiden
mutation rate between the LCPD group (7/119) and the normal
group (13/276) (Kenet et al., 2008).

Given the inconsistent findings, Thaveeratitharm et al.
(Miyamoto et al., 2007) conducted a meta-analysis of the current
literature to determine whether thrombophilia is related to LCPD.
They found that the factor V Leiden mutation increased the risk of
LCPD by three times compared with the control group. This study
concluded that the factor V Leiden mutation is a risk factor for
LCPD. The form of the factor V Leiden mutation involves a
substitution of CGA with CAA at position 1691 of the gene
(Glueck et al., 1997), and this mutation can be vertically
transmitted. A study involving genetic screening of LCPD
patients found the factor V Leiden mutation in first- and second-
degree relatives, which was associated with thrombotic events within
the family (Glueck et al., 2007). Additionally, researchers analyzed
blood and plasma samples from 25 LCPD patients and 50 healthy
controls, discovering reduced prothrombin time and elevated levels
of factor V Leiden, factor VIII, factor IX, and Hcy in LCPD patients
(Hernández-Zamora et al., 2023), potentially explaining the
coagulation abnormalities in these patients.

In summary, coagulation factor-related abnormalities in blood
coagulation may be a cause of LCPD. However, the likelihood of
thrombosis in childhood is low, and no reports of coagulation
abnormalities in children with LCPD have been documented. A
possible explanation is that LCPD may be a hematological disorder,
where the mutation potentially affects the coagulation state of the
blood system, although the specific mechanism remains unclear.

2.3 Epigenetic modifications

Epigenetics suggests that acquired phenotypes can be inherited,
and non-genetic changes influence the genotype. Epigenetic
regulation includes selective transcriptional and post-

transcriptional control, with DNA methylation being one of the
modes of selective transcriptional regulation. In normal physiology,
DNAmethylation regulates the temporal expression of genes during
embryogenesis. If methylation and demethylation are imbalanced,
this can cause abnormal timing in gene expression. Considering that
LCPD commonly occurs in children aged 4–8 and is self-limiting
and self-healing (Herring et al., 2004), domestic scholars conducted
research on DNA methylation levels in LCPD patients. LINE-1 is a
class of non-long terminal repeat retrotransposons, accounting for
approximately 18% of the human genome. Given their high
frequency presence in the genome, LINE-1 methylation levels can
be used as a marker for full DNA methylation levels (Zheng et al.,
2015). The study analyzed LINE-1 promoter levels in 82 patients,
finding a significant reduction compared with controls. Further
subgroup analysis revealed that this difference existed only in
male patients (Zheng et al., 2015). This finding correlates with
the clinical tendency of LCPD to occur more frequently in men
and boys. Furthermore, socioeconomic environment, maternal
smoking, and childhood tobacco exposure are risk factors for
LCPD (Perry et al., 2017), and these factors are thought to act
through epigenetic mechanisms, with DNA methylation being one
key regulatory pathway (Ladd-Acosta et al., 2016). Hence, DNA
methylation levels could be a critical factor in LCPD pathogenesis.

Non-coding RNA regulation is an important part of epigenetic
modifications and is considered a biomarker for clinical diagnosis,
with its abnormal expression often involved in the pathogenesis of
certain diseases. In LCPD patients, reduced expression of non-
coding RNAs (such as lncRNA n335645) may downregulate the
expression of related gene mRNAs (ILK, VCL, RRAS, or other
genes), leading to vascular structural or functional damage and
interruption of blood supply to the femoral head in LCPD patients
(Wang et al., 2022). Exosomal miRNA extracted from the plasma of
LCPD patients could promote endothelial cell dysfunction and
osteoclastogenesis (Huang et al., 2022). In vitro experiments
found that the expression of microRNA-214 in chondrocytes and
serum of LCPD patients was reduced, while overexpression of
microRNA-214 promoted chondrocyte viability and reduced
apoptosis by downregulating the apoptotic factor Bax. This has
potential as a biomarker or therapeutic target for the diagnosis or
treatment of LCPD (Zhu et al., 2019; Lan et al., 2023).

In summary, analyzing global DNAmethylation levels and non-
coding RNA expression in patients provides the first epigenetic
explanation for LCPD etiology. This study offers a reference for
future etiological research on LCPD. Its limitation lies in only
presenting a phenomenon. Whether the reduced DNA
methylation and non-coding RNA expression share the same
driving factors or originate from the same locus changes, and
how these changes affect disease development, remain areas for
further research.

2.4 Genetic polymorphisms

Changes in DNA bases result in gene mutations, while natural
variations in single nucleotides cause DNA sequence
polymorphisms. DNA sequence polymorphism refers to the
presence of two or more distinct genotypes or alleles, also known
as genetic polymorphism. Genetic polymorphisms provide
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individual susceptibility, and environmental stimuli combined with
this susceptibility lead to disease, which we refer to as the phenotype.
Srzentić et al. (2014) analyzed IL-6 and TLR4 gene polymorphisms
in 37 children with early-stage LCPD. They found that IL-6G-174C/
G-597A polymorphisms were in complete linkage disequilibrium,
and the proportion of heterozygous carriers of the IL-6 G-174C/G-
597A polymorphism was significantly lower in the disease group
than in the control group. The risk of developing LCPD was
therefore much lower in heterozygous carriers than in
homozygous carriers. Theoretically, homozygous carriers have a
genetic susceptibility to elevated IL-6. Clinically, Kim et al. (Kamiya
et al., 2015a) found elevated levels of various pro-inflammatory
factors in the synovial fluid of active LCPD patients, with IL-6
showing the most significant increase. They also found no
TLR4 gene polymorphisms in either group of children, consistent
with the theory that LCPD is a form of aseptic inflammation
(Srzentić et al., 2014).

Recent studies suggest that endothelial cell structural or
functional abnormalities exist in LCPD patients (Seguin et al.,
2008; Aksoy et al., 2008; Perry et al., 2012b). Endothelial nitric
oxide synthase (eNOS) regulates endothelial cell function by
synthesizing nitric oxide. Zhao et al. (2016) compared 80 LCPD
patients and 100 healthy children, examining the 27-bp VNTR in
exon 4 and G894T in exon 7 of the eNOS gene. Results showed a
higher frequency of the ab genotype for the 27-bp VNTR in the
LCPD group. In exon 7, the heterozygous GT genotype for G894T
was more frequent in the LCPD group than in the healthy control
group. The results suggest that eNOS gene polymorphisms may be a
risk factor for LCPD. The influence of IL-6 and eNOS gene
polymorphisms on LCPD development can be explained by the
theory of genetic susceptibility interacting with environmental
stimuli (Glueck et al., 2007), though the specific mechanisms
require further research.

2.5 Other molecules that may affect LCPD

Numerous researchers have investigated biomarkers associated
with LCPD patients and discovered elevated expression of relevant
molecules in the serum and synovial fluid of these patients. Pro-
inflammatory cytokines (HMGB1), tumor necrosis factor-α (TNF-
α), and IL-1 have been detected at elevated levels in the synovial fluid
of LCPD patients (Kamiya and Kim, 2021). The elevation of these
cytokines further upregulates IL-6 expression, exacerbating the
inflammatory response in LCPD patients and leading to
synovitis. Compared with healthy controls, LCPD patients have
significantly elevated levels of osteocalcin (Wei et al., 2017) and free
leptin (Lee et al., 2013) in their serum, which are associated with the
staging and severity of LCPD. Undeniably, these molecules are
involved in the development of LCPD to some extent, but
whether they can serve as independent molecular markers of
LCPD requires further research.

3 Cell biology

The balance of the femoral head epiphyseal bone depends on the
equilibrium between osteoblastic differentiation, osteoclastic

differentiation, and bone angiogenesis. Disruption of this balance
can lead to disease. In recent years, scholars have studied whether
these molecular changes affect cell function and subsequently cause
disease. Current research suggests that the development of LCPD
may be related to dysfunctions of microvascular endothelial cells
and osteoclasts, ischemic damage to chondrocytes, and the
recruitment of bone marrow immune cells. The main findings of
the included articles are summarized (Table 2).

3.1 Abnormal micro endothelial cell function

The physiological vascular changes in the femoral head of
children have particular characteristics. In children aged
1–3 years, the femoral head epiphysis is supplied by the lateral
circumflex femoral artery and the medial circumflex femoral artery.
Between ages 4–7, the lateral circumflex artery to the epiphysis
closes, and after age 7, the ligamentum teres artery grows in, the
lateral circumflex artery reopens, and blood supply to the femoral
head epiphysis is restored (Berthaume et al., 2016). LCPD
commonly occurs in children aged 4–8 years (Herring et al.,
2004), aligning with this physiological timeline. Theoretically, if
the structure of the medial circumflex artery is abnormal or if
angiogenesis is inhibited, leading to delayed reopening, disease
may occur. Endothelial cells play an important role in
angiogenesis, leading scholars to suggest that children with LCPD
may have structural or functional abnormalities in their vascular
endothelium (Seguin et al., 2008; Aksoy et al., 2008; Perry et al.,
2012b; Hailer et al., 2010). This hypothesis is supported by
epidemiological and clinical examinations.

3.2 Risk factors for microvascular
endothelial cell dysfunction

The mainstream view holds that maternal passive smoking and/
or postnatal infant tobacco exposure are closely related to the onset
of LCPD. In 2000, Garcia Mata et al. (2000) reported that all
90 LCPD patients in the disease group had a history of
secondhand smoke exposure, whereas only 79 of 183 control
group children had tobacco exposure. Although no correlation
was found between tobacco exposure and Catterall staging or
Stulberg classification, the risk of LCPD in children exposed to
passive smoking was more than five times higher than in normal
children. In a retrospective analysis by Swedish scholars of
852 LCPD patients, maternal tobacco exposure during pregnancy
was found to significantly increase the risk of LCPD in offspring
(Bahmanyar et al., 2008). Subsequent studies by other scholars
supported this view, with Daniel et al. (2012) finding that
environmental tobacco exposure and smoke from indoor wood
burning also increased the risk of the disease. Recently, Perry
et al. (2017) suggested that environmental tobacco exposure and
maternal tobacco exposure during pregnancy are risk factors for
LCPD, potentially explaining the association between
socioeconomic status and LCPD. Tobacco exposure is a risk
factor for LCPD, and how it influences the occurrence of LCPD
has attracted the interest of scholars. Glueck et al. (1998) reported
that out of 39 LCPD patients, 24 children had a history of tobacco
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TABLE 2 Main findings of included cohort studies.

Cell Biology Related
molecules

Ref. Source of specimen Subjects Results/Conclusions

Risk factors for abnormal
endothelial cell function

Passive smoking/tobacco
exposure

Garcia Mata et al.
(2000)

— 90 LCPD patients and 183 controls All 90 patients with LCPD had a history of secondhand smoke exposure, while
only 79 of the 183 children in the control group had tobacco exposure. This
finding suggests that passive smoking may be a potential or direct risk factor for
the development of LCPD.

Bahmanyar et al.
(2008)

852 LCPD patients and 4,432 controls This retrospective analysis of the tobacco exposure history of 852 LCPD mothers
found that maternal exposure to tobacco during pregnancy directly led to a
significantly increased risk of LCPD in their offspring.

Glueck et al. (1998) 39 non-smoking patients with LCPD 24 children out of 39 patients with LCPD had a history of tobacco exposure.
Exposure to secondhand smoke in utero and in childhood appears to reduce the
activity of plasminogen activator in stimulated tissue, leading to hypofibrinolysis,
further leading to the occurrence of thrombotic venous obstruction of the femoral
head, leading to LPCD.

Gunes et al. (2007) 28 maternal smoking newborns and
28 control newborns

The study found significant increase in intimal media thickness in newborns
whose mothers smoked, indicating that maternal tobacco exposure during
pregnancy increased the risk of cardiovascular disease later in infancy.

Kallio et al. (2007) Peripheral blood (human) 402 children aged 8–11 years The environmental tobacco smoke exposure, in a concentration-dependent
manner, impaired vascular endothelial cell function in 11-year-old children.

IL-6 Li et al. (2021) Peripheral blood (human) LCPD patients and controls (The number
of unknown)

Compared with healthy controls, IL-6 levels are increased in the blood of LCPD
patients, and IL-6 produces endothelial microparticles (EMPs) by stimulating
endothelial cells, thus leading to endothelial dysfunction, which may be a cause of
LCPD.

Abnormalities in peripheral blood
biomarkers

N/L Kaymaz et al. (2016) Peripheral blood (human) 40 LCPD patients and 25 controls The mean neutrophil to lymphocyte (N/L) ratio was significantly higher in LCPD
patients compared with the control group. The N/L ratio may be an important
parameter in assessing the natural course of LCPD and can also serve as an
independent factor in predicting the prognosis of LCPD patients.

PLR Wang et al. (2023) 74 LCPD patients and 60 controls PLR was a diagnostic value in necrosis and fragmentation stages.

Serum prolidase activity Altay et al. (2011) 39 LCPD patients and 40 controls A comparison of 39 LCPD patients and 40 normal children showed that prolinase
activity in serum of LCPD patients was significantly enhanced, and TOS (total
oxidative stress) and OSI (oxidative stress index) levels were also significantly
increased, while TAC (total antioxidant capacity) showed a downward trend. The
results indicate serum prolinase activity as a risk factor for morbidity in LCPD
patients.

E-selectin and P-selectin
levels

Vusal Ismayilov
(2014)

55 LCPD patients and 30 controls An upregulation of E-selectin and P-selectin levels in serum samples from
55 LCPD patients. The increased levels of E-selectin and P-selectin, may reflect
endothelial activation and/or injury, which in turn leads to the formation of
microvascular thrombosis and the development of LCPD.

Serum osteocalcin Wei et al. (2017) 20 LCPD patients and 20 controls Significantly higher serum levels in LCPD patients compared with healthy
controls.

Serum leptin Lee et al. (2013) 41 LCPD patients and 41controls The significantly higher free leptin levels in the serum of LCPD patients compared
with healthy controls.

(Continued on following page)
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TABLE 2 (Continued) Main findings of included cohort studies.

Cell Biology Related
molecules

Ref. Source of specimen Subjects Results/Conclusions

Osteoclastic — Kim and Su (2002) Femoral head (piglets) 25 ischemic necrosis in immature pig In the piglet model of ischemic necrosis, the number of perifibrovascular
osteoblasts was small during the repair period, but a large number of
osteoclasts were visible, that is, the main repair reaction was osteoclast bone
resorption.

Aruwajoye et al.
(2015)

Model of ischemic necrosis of
immature pig

The increase in phosphate content in necrotic bone is increased, and the change in
apatite composition caused by carbonate substitution, probably due to the
increased solubility, plays a key role in the absorption of necrotic bone, increasing
the activity of osteoclasts.

miRNAs Huang et al. (2022) Peripheral blood (human) 3 LCPD patients and 3 controls The miR-3133, miR-4693-3p, miR-4693-5p of plasma-exosomes, miR-141-3p
and miR-30a from LCPD patients could activate osteoclasts and promote
osteoclastogenesis in vitro, which may account for promoting
excessive bone resorption and accelerating femoral head collapse in LCPD
patients.

Diphosphonate Jamil et al. (2017) — 100 LCPD patients The study designed the first randomized controlled trial of bisphosphonates for
LCPD to compare standard of care plus bisphosphonates to standard of care
between the two treatment groups. Demonstrated that the antiresorptive
properties of bisphosphonates are by reducing osteocast activation of LCPD,
thereby preventing excessive bone resorption of the femoral head leading to
collapse.

Aya-ay et al. (2007) Femoral head (piglets) 27 ischemic necrosis in immature pig Intraosseous administration (bisphosphonate) inhibited the overactivation of
osteoclasts, thus effectively preserving the head structure of the femoral head and
preventing its deformation.

Kim et al. (2005) 24 ischemic necrosis in immature pig Ibandronate preserves the trabecular structure of the epiphysis and prevents
femoral head deformity during the early stages of ischemic necrosis repair in
theischemic necrosis in the immature pig model.

BMP-2+diphosphonate Kim et al. (2014) 17 ischemic necrosis in immature pig BMP-2 in combination with bisphosphonates significantly reduced bone
resorption and increased new bone formation in ischemic necrosis in the
immature pig, in which bisphosphonates were achieved by inhibition of osteocast
activation.

RANKL inhibitor Kim et al. (2006) 18 ischemic necrosis in immature pig This study is the first to demonstrate that the use of RANKL inhibitors effectively
reduces bone resorption and permanent femoral head deformity (FHD) after
ischemic osteonecrosis in ischemic necrosis in the immature pig.

Macrophages TLR4 Adapala et al. (2016) Bone marrow (piglets) Ischemic necrosis in immature pig Necrotic epiphysis then stimulate the M1 pro-inflammatory
response of macrophages, which partly aggravates the progression of LCPD.

miR-214-3p Lan et al. (2023) Bone chondrogenic tissue and peripheral
blood of LCPD patients

Patients with LCPD (an unknown
number)

In vitro, chondrocell exosomes overexpressing miR-214-3p significantly
promoted M2 type macrophage polarization and angiogenesis and accelerated the
repair of ischemic necrosis of the femoral epiphysis, thus
alleviating LCPD.

(Continued on following page)

Fro
n
tie

rs
in

P
h
ysio

lo
g
y

fro
n
tie

rsin
.o
rg

0
9

Z
h
e
n
g
e
t
al.

10
.3
3
8
9
/fp

h
ys.2

0
2
5
.15

14
3
0
2

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1514302


TABLE 2 (Continued) Main findings of included cohort studies.

Cell Biology Related
molecules

Ref. Source of specimen Subjects Results/Conclusions

Epiphyseal cartilage,
chondrocytes

Lipid droplet Kitoh et al. (2008) Cartilage tissue of iliac crest (human) 11 children with LCPD underwent iliac
osteochondral osteotomy and 10 children
underwent Salter osteotomy

Higher lipid droplets and in cytoplasmic contents rich in fibrils in chondrocytes.
These changes may play key roles in the degenerated matrix and contribute to the
vulnerability of the cartilage tissue. Abnormalities in the metabolic function of
chondrocytes may be associated to the pathogenesis of some LCPD patients.

VEGF Kim et al. (2004a) Femoral head (piglets) Ischemic necrosis in immature pig Most of the epiphyseal chondrocytes of piglets developed necrosis after ischemia,
leading to the cessation of ossification in the epiphyseal cartilage and necrotic
collapse of the femoral head. VEGF protein and mRNA expression were increased
in the epiphyseal cartilage after infarction. This may play a key role in promoting
vascular invasion and granulation tissue formation in areas of epiphyseal cartilage
necrosis, and this process may be an important step in promoting necrotic
cartilage resorption and restoring endochondral ossification, thus leading to
further growth and development of the femoral head.

HIF-1 and IL-6 Yamaguchi et al.
(2016)

The induction of ischemic osteonecrosis in immature pigs produces IL-6 in
articular cartilage through a hif-1-dependent pathway, and IL-6 produced by
hypoxic articular chondrocytes further stimulates the inflammatory cytokine
response in synoviocytes, leading to the development of hip synovitis after
osteonecrosis.

HIF-1α and Sox9 Zhang et al. (2011) HIF-1 α and Sox 9 were upregulated in deep chondrocytes stimulated by ischemic
hypoxia, so the HIF-1 α of Sox 9 activity may have a cartilage protective effect after
femoral head ischemia, which then promoted epiphyseal revascularization and
recovery of endochondral ossification.

— Rush et al. (1988) — 20 LCPD patients MRI imaging provides a means to assess the condition of the acetabular and
epiphyseal cartilage in patients with LCPD, better assessing the containment of the
femoral head, acetabular and femoral articular surfaces, and soft tissue
abnormalities in the articular capsule.

Mastantuono et al.
(1997)

9 LCPD patients MRI accurately defined the anatomical profile of the normal hip. MRI can locate
abnormal areas early; it can show changes throughout the cartilage of the femoral
head and the epiphyseal nucleus.

Pienkowski et al.
(2009)

10 LCPD patients The significant advantages of MRI technique in objectively assessing cartilage
morphology in LCPD patients and was helpful in future diagnostic work. It
enables three-dimensional reconstruction of the femur and acetabulum and
quantitative analysis of therapeutic effects.

Johnson et al. (2018) Ischemic necrosis in the immature pig T1 ρ and T2 mapping showed high sensitivity for MRI imaging to detect
secondary ossification center (SOC) and femoral seal cartilage damage caused by
48-hour ischemia in piglets.Johnson et al. (2022)

Armstrong et al.
(2022)

Jones et al. (2022) 12 cured LCPD patients and 15 healthy
controls

Cartilage damage in LCPD began to manifest during adolescence. The T1 ρ
imaging technique is able to detect the early changes in cartilage associated with
LCPD.
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exposure, with 48% having low tissue plasminogen activator activity,
significantly higher than the normal group. Thus, Glueck suggested
that tobacco exposure leads to hypofibrinolysis, potentially further
causing thrombotic venous occlusion in the femoral head, resulting
in LCPD. Our research group previously found that serum
endothelial microparticles (Li et al., 2021) and miRNA in plasma
exosomes (Huang et al., 2022) from LCPD patients can promote
endothelial dysfunction and inhibit angiogenesis in LCPD patients.
Previous studies have confirmed that maternal tobacco exposure
during pregnancy increases the risk of cardiovascular disease in
infants, and tobacco exposure elevates oxidative stress levels in the
body, damaging endothelial cell function in a dose-dependent
manner (Gunes et al., 2007; Kallio et al., 2007). Some researchers
therefore speculate that LCPD may not be caused by coagulation
system abnormalities, but by vascular structural or functional issues,
particularly endothelial dysfunction.

Some scholars have suggested that hip joint synovitis in LCPD is
a chronic process and may be involved in the onset and progression
of the disease. During the repair phase of femoral head ischemic
necrosis, excessive resorption of necrotic bone, delayed new bone
formation, and replacement of necrotic bone with fibrous vascular
tissue occur. These processes persist over time. Using gadolinium-
enhanced MRI, Kim et al. (Neal et al., 2015) detected increased
synovitis signals in the affected hip, and these signals correlated with
Waldenström staging. These findings suggest that synovitis is a
chronic condition. To further explore the nature of hip synovitis,
they performed cytokine quantification on joint fluid from active
LCPD patients and found significant elevations in pro-inflammatory
cytokines, with IL-6 being the most notably increased (Kamiya et al.,
2015a). IL-6, as a pro-inflammatory cytokine, can directly damage
endothelial cells and induce oxidative stress, leading to endothelial
dysfunction, aligning with the findings of our research group (Li
et al., 2021; Liu et al., 2024). Furthermore, Kim et al. (Kuroyanagi
et al., 2018; Kamiya et al., 2019) demonstrated that IL-6 knockout
mice showed restored angiogenesis following epiphyseal ischemic
necrosis. The rise in pro-inflammatory cytokines in hip synovitis
therefore acts as a risk factor for microvascular endothelial cell
damage, potentially resulting in suppressed angiogenesis.

3.3 Abnormal peripheral blood biomarkers

Vascular endothelial cells are important endocrine organs that
regulate vascular tone, platelet aggregation, coagulation, and
fibrinolysis. Biomarkers in the blood can reflect endothelial cell
function, and in recent years, scholars have focused on how these
biomarker levels present in LCPD patients. Researchers analyzing
blood biomarkers in LCPD patients found that the neutrophil-to-
lymphocyte ratio (N/L) (Kaymaz et al., 2016) and platelet-to-
lymphocyte ratio (PLR) (Wang et al., 2023) were significantly
higher in the LCPD group than in the control group, with the
increase in N/L being most pronounced in the good prognosis
Herring A/B group. These blood markers can reflect the body’s
inflammation levels and are important for the diagnosis and
treatment of LCPD. Reactive oxygen species (ROS) are present in
the normal body, but excessive ROS can lead to endothelial cell
damage. Altay et al. (2011) compared 39 LCPD patients with
40 normal children in terms of serum proline enzyme activity,

total oxidant status (TOS), total antioxidant capacity (TAC), and
oxidative stress index (OSI). They found that serum proline enzyme
activity, TOS, and OSI were significantly elevated, while TAC was
reduced in LCPD patients. These results suggest that elevated serum
proline enzyme activity is a risk factor for LCPD. E-selectin and
P-selectin shed from endothelial cells during activation or apoptosis,
entering the bloodstream, and can reflect the functional status of
microvascular endothelial cells. Vusal Ismayilov (2014) measured
serum levels of E-selectin and P-selectin in 85 LCPD patients and
found both to be upregulated in LCPD patients. Elevated E-selectin
and P-selectin levels stimulate platelet and endothelial cell
activation, leading to microvascular thrombosis and the
development of LCPD. Additionally, endothelial nitric oxide
synthase, the primary enzyme for nitric oxide production,
exhibits increased gene polymorphisms in LCPD patients,
elevating LCPD risk and potentially affecting endothelial cell
relaxation function (Zhao et al., 2016). Despite the limited
number of cases, these abnormal serum biomarkers reflect
endothelial dysfunction in LCPD patients.

3.4 Microvascular endothelial cell
function tests

The interruption of blood supply to the femoral head epiphysis
is an established mechanism of LCPD, but research has largely
focused on extravascular factors, with little emphasis on the
functional state of the vessels themselves. Swedish scholars
conducted a retrospective analysis of 3,141 LCPD patients and
performed regression analysis on the relationship with
cardiovascular disease. They found that compared with non-
LCPD patients, the risk ratio for cardiovascular disease was 1.70,
and the risk of hypertension was statistically significantly higher
(Hailer et al., 2010; Mörlin and Hailer, 2021). This result suggests
that vascular dysfunction may be prevalent among LCPD patients.
To further investigate the structural and functional state of
microvascular endothelial cells in LCPD, the research team
applied flow-mediated dilation (FMD) to directly assess
endothelial function and recorded changes in arterial blood flow
under ischemic stimuli. They found that the microvascular diameter
supplying LCPD patients was smaller and blood flow velocity slower
compared with the normal group, while the large vessels remained in
a normal state (Perry et al., 2012b). The significance of this study lies
in its direct revelation of structural or functional abnormalities in the
microvascular endothelial cells of LCPD patients, providing direct
evidence of endothelial dysfunction in LCPD.

3.5 Abnormal activation of osteoclasts

The balance of bone remodeling depends on the balance
between the number and function of osteoclasts, bone
angiogenesis, and osteoblasts. Once this balance is disrupted, it
can lead to disease. Clinical studies on the role of bone cells in the
pathophysiology of LCPD are scarce, with most insights derived
from basic research in animal models. The femoral head epiphysis of
piglets has a similar anatomical structure to humans, and other
scholars have conducted extensive studies using the piglet LCPD
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model (Kim and Su, 2002; Kim et al., 2001; Pringle et al., 2004; Koob
et al., 2007; Kim et al., 2009).

In the early stages after ischemia, diffuse cell necrosis, apoptosis,
and disruption of bone marrow stroma are observed in the femoral
head epiphysis, followed by the formation of characteristic necrotic
cavities, with osteoblast loss in the trabeculae (Kim et al., 2001). In
adults, the repair phase of femoral head ischemic necrosis occurs
through “creeping substitution,” where bone marrow mesenchymal
stem cells differentiate into osteoblasts to repair necrotic bone. The
repair process in LCPD differs from this process. During the repair
phase, arteries from the femoral neck regenerate and extend into the
secondary ossification center from the lateral side of the epiphyseal
cartilage, restoring blood supply to the femoral head epiphysis (Kim
et al., 2016). Osteoblasts around the fibrous vasculature are fewer,
but a large number of osteoclasts are observed (Kim and Su, 2002).
In early LCPD, hip joint synovitis is an aseptic inflammation, so why
are osteoclasts activated? The current view is that the increase in
necrotic bone and the chronic inflammatory state of the hip joint are
two causes of this activation. Kim et al. (Aruwajoye et al., 2015)
found that phosphate levels in necrotic bone were elevated, and
phosphate replaced hydroxyapatite, increasing osteoclast activity.
Elevated pro-inflammatory cytokines in the hip joint synovial fluid
of patients can also activate osteoclasts. Our research group
previously found that plasma exosomal miR-3133, miR-4693-3p,
miR-4693-5p, miR-141-3p, and miR-30a from LCPD patients could
activate osteoclasts and promote osteoclastogenesis in vitro. These
effects may contribute to excessive bone resorption and accelerated
femoral head collapse in LCPD patients (Huang et al., 2022).

TLRs are important immune response receptors in the human
body and can recognize ligands through two pathways: pathogen-
associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs). Necrotic tissue or damaged cells
release cytokines that are recognized by TLRs, activating
downstream pathways, which is the mechanism of DAMPs.
TLR4 belongs to the TLR family and is primarily expressed on
the surface of monocytes and macrophages. Monocytes and
macrophages can either promote or suppress inflammation
depending on the environment, and pro-inflammatory monocytes
can differentiate into osteoclasts, playing a role in bone resorption.
Scholars found that in necrotic bone from the femoral head
epiphysis in LCPD, phosphate replaces hydroxyapatite, leading to
elevated phosphate levels (Aruwajoye et al., 2015). They concluded
that necrotic bone is the source of high phosphate levels, which
induces monocyte differentiation into osteoclasts through the
DAMPs pathway, leading to enhanced bone resorption in the
femoral head epiphysis of LCPD patients.

The repair process in LCPD is also accompanied by chronic
inflammation. Kim et al. (Adapala et al., 2016) found that necrotic
bone could activate the expression of pro-inflammatory cytokines.
Through the DAMPs pathway, TLR4 activates monocytes, which
then exhibit the pro-inflammatory M1 phenotype. Furthermore,
cytokine quantification of joint fluid from active LCPD patients
revealed elevated pro-inflammatory cytokines compared with
normal controls, with the most significant difference seen in IL-6
levels (Kamiya et al., 2015a). IL-6 is part of the tumor necrosis factor
(TNF) superfamily. Previous studies have shown that this family can
induce osteoclast differentiation, with TNF-α and RANKL being key
cytokines involved in osteoclast differentiation (Boyle et al., 2003).

To determine whether IL-6 has a similar function in LCPD, Kim
et al. constructed IL-6 knockout mice and found that osteoclast
differentiation was inhibited in IL-6 knockout mice, femoral head
epiphyseal ischemic necrosis deformities were alleviated, and
femoral head bone mass increased (Kuroyanagi et al., 2018;
Kamiya et al., 2019; Kim et al., 2018).

Osteoclasts are the only known cells responsible for bone
resorption in the human body, and this discussion shows that
their abnormal activation plays a role in the development of
LCPD and contributes to deformity during healing. Studying
osteoclasts can provide guidance for clinical treatment (Jamil
et al., 2017). For example, the use of bisphosphonates (Aya-ay
et al., 2007; Kim et al., 2005) combined with BMP2 (Kim et al.,
2014) or RANKL (Kim et al., 2006) to treat ischemic bone necrosis
improved femoral head deformities, proving the important role of
osteoclast bone resorption in the development of femoral head
deformities. Thus, from an etiological perspective and for guiding
clinical treatment, the role of osteoclasts in LCPD is worthy
of attention.

3.6 H-vascular endothelial cells and
immune cells

Unlike adult femoral head necrosis, LCPD is a self-limiting
disease, and children with LCPD can heal without treatment, which
may be related to the higher abundance of H-type vessels in young
populations. H-type vessels are a new subtype of capillaries
discovered by Kusumbe et al. (2014) in 2014 in the skeletal
system of mice. These vessels couple angiogenesis and
osteogenesis and play an important role in promoting bone
repair. In human bone sections, the abundance of H-type vessels
decreases with age, consistent with findings in mouse skeletal
systems (Wang et al., 2017). Compared with other types of
capillaries, H-type vessels express high levels of CD31 and
endomucin. Endothelial cells in H-type vessels interact with bone
cells (such as osteoblasts, osteoclasts, and chondrocytes) through
cytokines or signaling pathways to maintain bone growth and
homeostasis, playing a crucial role in bone diseases such as
osteoporosis, osteoarthritis, and osteonecrosis (Liu et al., 2023;
Qin et al., 2023; Xu et al., 2024; Ma et al., 2021).

With the introduction of the concept of osteoimmunology, the
immune-inflammatory mechanisms between bone and the immune
system have become a major focus in the study of bone metabolism-
related diseases. In LCPD, necrotic epiphyses activate M1 pro-
inflammatory responses in macrophages through Toll-like
receptor 4, exacerbating the progression of LCPD to some extent
(Adapala et al., 2016). However, in vitro, exosomes from
chondrocytes overexpressing miR-214-3p can significantly
promote M2 macrophage polarization and angiogenesis, thereby
alleviating LCPD (Lan et al., 2023; Yu et al., 2023). In the early stages
of LCPD bone necrosis, scholars have found that neutrophils and
macrophages are recruited to the ischemic necrotic bone area, and
their levels remain high throughout the bone repair phase (Phipps
et al., 2016). This evidence is the most direct of immune cell
involvement in bone necrosis, but how these immune cells
contribute to the inflammatory response of bone necrosis and
later promote bone repair is still unknown. Other immune cells
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in the bone marrowmicroenvironment (such as plasma cells, T cells,
and B cells) have been shown to play important roles in bone
metabolism-related diseases (Miron et al., 2024; Schlundt et al.,
2023; Ma et al., 2022), but no studies on their role in LCPD have
been reported. Therefore, exploring the etiology of LCPD from the
perspective of osteoimmunity and H-type vessels, and even
unraveling the mechanism of self-repair in this disease, may offer
more possibilities for future clinical drug development.

3.7 Chondrocytes and epiphyseal cartilage

The necrotic collapse of the femoral head in LCPD patients is
related to epiphyseal cartilage degeneration. Ischemic injury to the
epiphyseal cartilage leads to abnormal chondrocyte metabolism,
resulting in disordered matrix calcification. Metabolic damage to
ischemic chondrocytes in the epiphysis leads to fragility of the
femoral epiphysis, which may be related to the development of
LCPD in some patients (Kitoh et al., 2008). In a study on ischemia in
immature piglets, Kim et al. (2004a) found that most epiphyseal
chondrocytes underwent necrosis after ischemia, resulting in the
cessation of endochondral ossification and necrotic collapse of the
femoral head. Subsequently, deeper chondrocytes, under the
stimulus of ischemia and hypoxia, secrete relevant cytokines that
promote the reconstruction of epiphyseal blood flow and the
restoration of endochondral ossification (Zhang et al., 2011). In
the early stages of LCPD, metabolic dysfunction of superficial
chondrocytes in the joint leads to necrotic collapse of the
epiphyseal cartilage, after which the surviving deep chondrocytes
initiate re-ossification and revascularization of the epiphysis. The
KIM team also found that IL-6 levels are increased in the hip
synovial fluid of LCPD patients, and articular chondrocytes are
the main source of increased IL-6 levels, potentially contributing to
the occurrence of hip synovitis in LCPD patients (Yamaguchi et al.,
2016). Depression of IL-6 production in articular chondrocytes by
using the IL-6 receptor inhibitor (tocilizumab) (Kamiya et al., 2019)
or knockout of the IL-6 gene (Kuroyanagi et al., 2018) significantly
promotes cartilage synthesis, bone formation, and revascularization
after ischemic osteonecrosis. To more accurately identify the
pathological changes in the femoral epiphysis in LCPD, imaging
techniques can help diagnose the early pathological changes of the
disease. As early as 1988, Rush et al. (1988) discovered through MRI
imaging that it is possible to better assess the ischemic damage to the
acetabulum and epiphyseal cartilage in LCPD patients. T1-weighted
MRI images can clearly distinguish between the stages of vascular
necrosis and fragmentation, and cartilage deformities on MRI are
useful for differentiating these stages (Kumasaka et al., 1991).
Imaging scans of the hip joints of nine children with LCPD at
different stages revealed that MRI could identify abnormal areas
earlier than conventional X-rays; it also showed changes in the
evolution of the entire femoral head cartilage and epiphyseal
nucleus, potentially distinguishing the evolution and occult
patterns of osteochondropathy (Mastantuono et al., 1997;
Pienkowski et al., 2009; Johnson et al., 2018). This is essential for
studying the biomechanics of hip osteochondropathy and
developing treatment plans. In adulthood, LCPD patients
continue to experience cartilage degeneration of the femoral
head, leaving varying degrees of femoral head deformities and

even leading to early-onset hip osteoarthritis. However, with new
MRI techniques, T1ρ and T2 mapping can sensitively detect
ischemic damage to the femoral head SOC and epiphyseal
cartilage within 48 h of ischemia induction (Johnson et al., 2022;
Armstrong et al., 2022). T1ρ sequence scanning of the hip joint
during the healing phase of LCPD can accurately detect early
pathological changes in cartilage degeneration in LCPD patients,
allowing for early prevention and therapeutic intervention (Jones
et al., 2022). These techniques can be used clinically to assess the
damage and repair of epiphyseal cartilage, providing better analysis
of the ischemic pathological changes in LCPD.

In 22 LCPD patients, scholars obtained cylindrical biopsy
specimens from the femoral metaphysis, and histopathological
examination showed fat necrosis, vascular proliferation, and focal
fibrosis, indicating previous ischemic episodes (Eckerwall et al.,
1997). However, bone specimens from LCPD patients are
difficult to obtain clinically, so using animal models is an
important tool for studying the pathogenesis of Perthes disease
and conducting in vivo experiments to more accurately observe the
pathological changes of LCPD at the histological level. Current
research uses animal models to simulate the pathological changes
of LCPD. The main animals used include piglets, rabbits, rats, mice,
and dogs, each with its own advantages and disadvantages. The
advantage of the piglet LCPD model is that it better demonstrates
the pathological changes of the femoral head in LCPD patients at the
tissue level. Whether through imaging or histological staining, the
model accurately presents the necrosis and repair process of LCPD,
as well as the pathological changes in the acetabulum (Johnson et al.,
2018; Kim et al., 2004b; Miashiro et al., 2023). However, piglets are
large, have strict feeding requirements, high experimental costs, and
are difficult to model, which are challenges many scholars face.
Canine animal models share similar characteristics. Medium-sized
animal models like rats (Boss et al., 2003; Little et al., 2005) and
rabbits (Kamegaya et al., 1990) are easier to model, less expensive,
and simpler to observe. Mouse models (Kamiya et al., 2015b) are
better suited for subsequent genetic studies, aiding in the exploration
of molecular or gene mutations in LCPD patients, as mentioned
earlier in the article. In summary, clinical samples of LCPD are
difficult to obtain, and animal model research helps us observe the
histopathological changes of LCPD, offering the potential for
cellular biotherapy and molecular genetic manipulation,
providing more reliable theoretical support for elucidating the
etiology and improving the diagnosis and treatment of LCPD.

4 Conclusion and outlook

Molecular-level changes create a predisposition to disruption
of blood supply to the femoral head. For example, COL2A1
mutations weaken the strength of the epiphyseal cartilage
matrix, mutations in Factor V Leiden, and deficiencies in
Protein-C and Protein-S contribute to thrombophilia, while
nitric oxide synthase and IL-6 gene polymorphisms potentially
affect endothelial cell function. Pro-inflammatory factors in joint
fluid, serum-free osteocalcin, and leptin levels all influence the
progression of LCPD to some extent. These susceptibilities, when
triggered by environmental factors, lead to the development of
LCPD. This finding aligns with Kim’s (Glueck et al., 2007) view
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that the mechanism of LCPD involves genetic susceptibility
combined with environmental factors. Molecular-level changes
further impact cellular functions. Increasing reports suggest that
structural or functional abnormalities of microvascular
endothelial cells are common in LCPD patients, but whether
endothelial dysfunction is the cause of LCPD or an intermediate
consequence of other risk factors remains to be further
investigated. Osteoclasts, the only cells responsible for bone
resorption, are activated under LCPD pathological conditions,
leading to increased bone resorption. This finding explains
clinical manifestations like femoral head deformity and
decreased bone density, but the molecular mechanisms require
further exploration.

As research on LCPD progresses, the immune response
mechanism between bones and immune cells is found to play an
important role in LCPD. M1 polarization of bone macrophages
promotes the inflammatory response in LCPD, while
M2 polarization supports vascular regeneration in LCPD. Other
immune cells in the bone marrow have also been shown to play
important roles in bone metabolism and repair, but the exact
molecular mechanisms in LCPD remain to be elucidated.

Currently, extensive research has been conducted on the
development of LCPD animal models. Large animals (such as
piglets and puppies) and medium-sized animals (such as rats and
rabbits) are more suitable for observing pathological changes in
the femoral head, joint cartilage, and epiphyseal cartilage, as well
as vascular and connective tissue regeneration at the
histopathological level. Mouse models are better suited for
molecular-level studies. In juvenile mouse models of femoral
epiphyseal ischemic necrosis, repair of epiphyseal necrosis is
accompanied by vascular reconstruction and bone repair
(Miashiro et al., 2023). This repair may occur through
signaling pathways that stimulate endothelial cells to secrete
angiogenic and osteogenic factors, consistent with findings by
Kim et al. (Boyle et al., 2003; Kim et al., 2018) in piglet models.
The self-repair mechanism of LCPD may be related to the
osteogenesis-angiogenesis coupling function of H-type vessels.
H-type vessels, which are bone-specific vessels that couple
osteogenesis and angiogenesis, promote bone repair and
vascular regeneration in bone-related diseases, and may
become a potential target for treating LCPD. Overall, while
the cause of LCPD remains unclear, advancements in
molecular and cellular biology offer new perspectives for basic
research into the disease.
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