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Age-related inflammatory
biomarkers in early-onset
osteoporosis in females
with Gaucher disease

Margarita M. Ilvanova*, Julia Dao, Neil Kasaci, Fang Huang,
Emily Nguyen and Ozlem Goker-Alpan

Translational Department, Lysosomal & Rare Disorders Research and Treatment Center, Fairfax,
VA,, United States

Gaucher disease (GD), the most common lysosomal disorder, is caused by a
deficiency of the enzyme glucocerebrosidase (GCase). Accumulation of the
substrate, glycosylceramide (Gb-1), and its lysosomal derivative,
glucosylsphingosine, Lyso-Gbl, are associated with immune-mediated
inflammation. Patients with GD experience progressive bone disease, including
early-onset osteoporosis (OSR). Bone marrow infiltration with Gaucher cells and
reduced bone mineral density (BMD) suggest that glycosphingolipids affect
hematopoiesis, osteoclast differentiation and activity. Unlike the general
population, where osteoporosis is a concern later in life, females with GD have
an increased risk of BMD loss starting from adolescence, which is further
impacted by pregnancy, breastfeeding, and menopause. The study’s aim was
to investigate immune and inflammatory markers, focusing on early-onset
osteoporosis in females. GD females and healthy controls were categorized by
age: pre-menopause (<45), 45-55, and post-menopause (55+), and were further
divided into three sub-cohorts: no bone complications, osteopenia (OSN), and
osteoporosis (OSR). The Luminex Cytokine-96-Plex panel analysis identified 26
elevated cytokines. CD40L, APRIL, IL-35, and MIP-3[3 were correlated with age in
healthy females but were elevated in all age categories in GD. Increased levels of
Eotaxin, MCP-1, and CCL27 (CTACK) correlated with OSR. Furthermore, the age-
related macrophage inflammatory protein (MIP-3pB) was associated with BMD
loss in female patients with GD.

Conclusion: This study highlights that the ongoing release of cytokines
associated with immune aging may contribute to early-onset osteoporosis in
GD. By identifying age- and disease-specific cytokine signatures, including
elevated levels of CD40L, APRIL, MCP-4, Eotaxin, STACK, and MIP-38, we
propose a pathophysiological link between inflammation and early-onset
osteoporosis in female patients with GD.
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1 Introduction

Gaucher disease (GD), the most common lysosomal disorder, is
caused by a deficiency of glucocerebrosidase (GCase) due to GBAI
pathogenic variants, leading to the accumulation of the substrate
Gb-1 and its derivative lyso-Gbl, primarily affecting cells and
tissues of the reticuloendothelial system. Lipid-laden
macrophages, the hallmark of GD, have diverse phenotypic effects
on disease severity and progression, including the alteration of
differentiation of the mononuclear phagocyte lineage and immune
dysregulation (1). Monocytes/macrophages play essential roles in
bone remodeling in general. Monocytes have the ability to
differentiate into osteoclasts under a suitable microenvironment
and produce several osteogenic factors, which influence the
activation of bone resorption and inhibit bone formation (2).
Therefore, because of the alteration of mononuclear phagocyte
lineage in the bone marrow due to GCase enzyme deficiency, GD
patients develop a wide range of skeletal complications, including
bone marrow infiltration, bone turnover failure, osteoporosis,
Erlenmeyer flask deformity (EFD), cystic/lytic lesions,
osteonecrosis, and osteolysis (3-6).

Early-onset low bone mineral density (BMD) with an increased
risk of fractures affects women with GD at a young age (7). While
osteoporosis is a later-in-life concern in women, females with GD
have an increased risk of decreased BMD even during their teenage
years, which further has implications for skeletal development,
stability of bone density later in life, with major implications for
bone loss due to pregnancy, breastfeeding, and menopause. GD is
linked to immune dysregulation and chronic inflammation caused
by substrate accumulation, which alters the microenvironment,
promoting bone resorption while inhibiting bone formation (3, 6,
8-10). However, the underlying mechanisms for the accelerated
bone density loss in females with GD remain poorly understood,
and there are no standardized guidelines for the clinical
management of osteopenia or osteoporosis in females across
different age groups.

Aging changes in the endocrine system in females are a
contributing factor to BMD loss, with increasing bone resorption
and inhibition of bone formation (11). Estrogen regulates bone
remodeling by targeting the nuclear factor kappa-B ligand
(RANKL) in osteoblasts, promoting the expression of
osteoprotegerin (OPG), and activating the Wnt/B-catenin
signaling pathway (12, 13). In addition to the hormones and
growth factors, cytokines such as IL-1, IL-6, and TNF-o influence
bone remodeling. Inflammation has also been implicated in
osteoporosis in postmenopausal women, coupled with a decrease
in estrogen levels, leading to activation of bone resorption. For
example, the inflammatory biomarker C-reactive protein CRP
upregulates levels of cytokines such as IL-1, IL-6, IL-2, and TNF-
o that positively correlated with hip and spinal bone loss in
postmenopausal women (14).

Our recent findings indicate that the accumulation of Lyso-Gb-
1, along with elevated levels of chitotriosidase and CCL18, are
contributing factors to osteoporosis in GD. This condition is
characterized by increased levels of bone turnover markers
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associated with bone resorption, including TRAP5b and the
RANKL/OPG axis (15-17). Moreover, sclerostin, an age-related
biomarker that inhibits the Wnt/B-catenin signaling pathway and
suppresses bone formation, is elevated in GD (16).

Therefore, the accumulation of Gb-1 and Lyso-Gb-1 in the bone
marrow triggers a cascade of downstream events, including the
activation of proinflammatory cytokines that alter the functions of
osteoclasts and osteoblasts in bone remodeling and lead to a loss of
BMD (3, 18-20). We hypothesize that the elevation of cytokines
contributes to early-onset osteoporosis in female patients with GD
and could serve as biomarkers of bone pathology. The objective of
this study is to define the inflammatory biomarker profiles
associated with bone abnormalities in female GD patients, with
the goal of identifying novel biomarkers of BMD loss and potential
targets for early intervention and management. Our findings
indicate that age-associated cytokines, including soluble CD40
ligand (sCD40L), a proliferation-inducing ligand (APRIL), and
macrophage inflammatory protein-3f (MIP-3f), are significantly
elevated in female patients with GD. Among these, MIP-3f3
demonstrates a strong correlation with osteoporosis. Furthermore,
increased levels of Eotaxin, monocyte chemoattractant protein-1
(MCP-1), and cutaneous T-cell-attracting chemokine (CTACK)
appear to contribute to bone density loss, independent of age-
related changes in bone in GD.

2 Materials and methods

2.1 Subjects

All patients signed a written informed consent form before
collecting and analyzing their data. Under an IRB-approved clinical
protocol (Western Institutional Review Board, WIRB # 20131424),
and NCT04055831, female patients with GD aged 18 to 68 years
(n=30) and female healthy controls (n=22) were recruited and
categorized based on age: pre-menopause (<45 years), 45-55
years, and post-menopause (55 and older) (Table 1). Additionally,
GD females were categorized further into three groups based on
BMD scores: normal BMD (N; T-score 0.03 + 0.2; Z-scores -0.2),
the osteopenia cohort (OSN; Z-score -1.07 + 0.2, T-score -1.6), and
osteoporosis cohort (OSR; Z-score -2.96 + 0.8; T-scores-2.73 £ 0.4).
Detailed medical history with an emphasis on bone disease
characteristics, including prior bone surgery, bone fractures, bone
pain, bone marrow infiltration, EM-flask deformity, and avascular
necrosis (osteonecrosis, AVN) (Supplementary Table 1), was
published in previous studies (16).

2.2 Multiplex cytokine measurement

To assess the inflammatory profile, plasma samples were
analyzed using the Luminex® Human Cytokine/Chemokine 96-
Plex Discovery Assay (Cat. #HD96; Eve Technologies Corporation,
Calgary, Canada). The array features two assays (#HD48A and
#HDA48B) that have been conducted simultaneously from 100 pL
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TABLE 1 Demographic characteristics of healthy female controls and
female patients with GD.

Healthy Control GD

Age <45 45-55 >55 <45 45-55 >55
Number of patients 18 10 11 12 9 9
Minimum (Age) 19 45 56 22 45 58
Maximum (Age) 42 55 69 44 55 77
Range 23 10 13 22 10 19

Mean 32.92 48.60 61.60 33.58 50.01 64.67

Std. Deviation 7.948 3.438 4.248 7.025 3.745 6.124

Std. Error of Mean 2.294 1.087 1.343 | 2.028 1.248 | 2.041

plasma obtained from female patients with GD (n=22) and age-
matched female healthy controls (n=9). These assays include
premix beads for 96 cytokines from two Millipore base Kkits,
HCYTA-60K and HCYTB-60K. Standard curves for each
cytokine were prepared by serial dilution and processed in EVE
Technology Corporation in parallel with samples. The kit HCYTB-
60K has been used for IL-35 cytokine, labeled as mouse monoclonal

10.3389/fendo.2025.1606218

anti-IL-12A, to detect the p35 subunit only, not the full
heterodimeric IL-35 cytokine.

2.3 Enzyme-linked immunosorbent assay

Assays were performed in plasma samples as previously
described, using commercial kits:sCD40L ELISA kit, (R&D
System, Minneapolis, MN, USA), MCP-1ELISA(OriGene,
Rockville, MD, USA), MCP-4 ELISA (MyBioSource, San Diego,
CA, USA), and TNFo (Abcam, Cambridge, UK) per
manufacturer’s protocols.

2.4 Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(GraphPad, San Diego, CA, USA). The study included age-
matched controls for patients with GD across three groups:
younger individuals (healthy controls: 32 + 7.9 years vs. GD: 33 +
7.0 years), middle-aged individuals (aged 45-55 years; controls: 48
+ 3.0 years vs. GD: 49 # 3.7 years), and postmenopausal individuals
(controls: 61 + 4.2 years vs. GD: 64 + 6.1 years) (Table 2).

TABLE 2 Correlation between age and cytokine levels in female healthy controls and patients with GD.

Healthy controls

R squared P (two-tailed) P value Number Pars
RANTES 0.95878 0.91925 0.0006 7
IP-10 -0.70496 0.49697 0.0339 * 9
sCD40L -0.68668 0.47153 0.041 * 9
APRIL -0.76749 0.58905 0.0158 * 9
BCA-1 -0.74319 0.55233 0.0218 * 9
I-TAC -0.69779 0.48691 0.0366 * 9
IL-33 -0.88031 0.77495 0.0017 e 9
MIP-3f -0.7018 0.49253 0.0351 * 9
THPO -0.72101 0.51986 0.0284 * 9

Female patients with GD

MCP-1 0.483 02333 0.0196 * 23
MIG/CXCLY 05018 02518 0.0147 * 23
VEGE-A 0.455 0.207 0.0292 * 23
SCF 0.4156 0.1728 0.0486 * 23
MCP-4 0.4947 0.2447 0.0164 * 23
HMGBI -0.4295 0.1844 0.0408 * 23
IL-16 -0.5324 0.2834 0.0089 o 23
IL-21 -0.4521 0.2044 0.0303 * 23
MIP-13 -0.567 03215 0.0091 ot 20

The analysis used Pearson’s two-tailed correlation with a 95% confidence interval.
* P<0.05; **P<0.01; ***P<0.001.
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Student’s t-test was used to compare biomarker levels between
GD patients and controls corresponding to each age group. Two-
tailed Pearson correlation coefficients were computed for cytokines
at a 95% confidence interval. For group analysis, one-way analysis
of variance (ANOVA) was used, followed by Kruskal-Wallis tests.
A p-value of less than 0.05 indicated a statistically significant result.

3 Results

3.1 26 cytokines were significantly elevated
in female patients with GD

Gaucher disease is characterized by chronic activation of
inflammatory pathways. To investigate this, circulating cytokine
profiles were compared between female patients with GD and healthy
female controls, regardless of age or bone pathology. In female patients
with GD, 26 out of 96 cytokines were significantly elevated (Figure 1A,
Supplementary Table 2). The CD40L (ligand of CD40/TNFRSF5
receptor), which is predominantly expressed in T cells, and APRIL
(also known as TNFSF13), predominantly produced by myeloid cells
and T cells, were the highest circulating cytokines in female patients with
GD. In addition, Interleukin-35 (IL-35/p35), interferon-y (IFN-y), and
thrombopoietin (THPO) were the most highly elevated cytokines in GD
patients compared with healthy control. The increased levels of THPO
may reflect compensatory hematopoietic responses to
thrombocytopenia, a common hematologic manifestation in GD that
results from Gaucher cell infiltration of the bone marrow (21, 22).

STRING analysis of upregulated cytokines in patients with GD
revealed one large cluster with primary function in T cell activity and
cytokine production, including CD40L, granzyme A (GZMA), IL-9,

A

10.3389/fendo.2025.1606218

CCL19 (MIP-3B), CCL27 (CTACK), and CCL28 (Figure 1B). MCP-3
(CCL7) and MCP-4 (CCL13) are chemotactic factors that attract
monocytes and eosinophils but not neutrophils (Figure 1B). CCL13
also attracts lymphocytes and basophils. Since only cytokines were
screened using the 96-Plex Discovery Array, the biological processes and
molecular functions related to cytokines were identified, including the
top functions: cytokine activity, receptor binding, and ligand activity.

Interestingly, IL-35 and PDGF-AA were not represented in the
STRING database, and both APRIL and IL-27 appeared as isolated
cytokines without known binding interactions with cytokines that
were elevated in our cohort. IL-35 is primarily involved in the
activation and function of regulatory T cells. APRIL, a member of
the TNF superfamily that promotes B-cell proliferation, survival,
and plasma cell differentiation for antibody production, was not
clustered in binding interactions with other cytokines in the GD
dataset. IL-27 is known for its broad immunomodulatory functions
in inflammation, autoimmunity, and cancer immunity; however, it
was not clustered in binding interactions with elevated cytokines in
the GD cohort (23), and its role in GD remains unclear.

3.2 Age-related cytokines

The phenomenon of changes in circulating cytokines as people
age has been called “immune aging” (24-26). The natural aging
process, environmental factors, and underlying diseases could affect
immune aging. To evaluate how cytokine secretion levels changed
with aging, a two-tailed Pearson correlation analysis was conducted
on 96 cytokines, using a significance threshold of p<0.05.

Nine cytokines show a linear correlation with age in healthy
female controls, including C-C motif chemokine ligand 5 (CCLS5, or

sCD40L

7.93]

APRIL
IL-35
IFNy
THPO
EGF
CCL28
MIP-3p
Granzyme A
FGF-2
IL-4
PDGF-AA
IL-21
IL-13
CTACK
MCP-3
MPIF-1
MCP-4
IL-24
IL-27
TRAIL
IL-9
IFNB
TSLP
IL-28A
IL-22

2 3 4 5 6
Fold change (healthy control vs GD)

FIGURE 1

protein homology

known interaction

experi ined co-expression

p gene co-occurrence

textmining

(A) The list of 26 significantly elevated cytokines in female patients with GD. Statistical significance was determined with a P-value of less than 0.05
using Unpaired two-tailed T-tests. (B) STRING interaction networks represent protein-protein associations between cytokines that are elevated in
GD. Abbreviations differences: MIP-33 (CCL19), granzyme A (GZMA), CTACK (CCL27), MCP-3 (CCL7), MPIF-1 (CCL23), MCP-4 (CCL13), TRAIL

(TNSF10), IL-22 (IFNL2), and IFNy (IFN).
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RANTES), which exhibits a positive linear correlation, and sCD40L,
APRIL, 1P-10, I-TAC, IL-33, MIP-3f3, and THPO, which exhibit
negative linear correlations (Table 2). In GD, a positive linear
correlation between age and cytokines was verified for MCP-1,
MIG/CXCLY, VEGF-A, MCP-4, and SCF, while a negative linear
correlation was detected for HMGB-1, IL-16, IL-21, and MIP-

18 (Table 2).

3.3 sCD40L, APRIL, and MIP-38 plasma
levels correlated with age in healthy
controls but remain elevated in GD

patients

sCD40L plays a significant role in immune aging, as its

expression on T cells decreases with age, leading to impaired B

cell activation and reduced interactions between T and B cells (27).

10.3389/fendo.2025.1606218

As a result, a decline in sCD40L expression is associated with a
weakened immune response. In our study, sCD40L levels decreased
in the healthy female control group aged 45-55 years and those 55
years and older (Figure 2A). In patients with GD, the level of
sCD40L tends to be significantly elevated, and this occurs regardless
of age (Figure 2A). Pearson correlation analysis of the Multiplex 96-
plex discovery array demonstrates that healthy controls show a
significant negative linear correlation between age and circulating
sCD40L. Furthermore, screening 30 healthy controls using sCD40L
ELISA confirmed a decrease in plasma sCD40L levels with
age (Figure 2A).

APRIL, which is expressed by monocytes, macrophages,
neutrophils, dendritic cells, T-cells, and osteoclasts, is released
into the circulation in a soluble, active form after cleavage (28).
Asaligand, APRIL interacts with heparan sulfate proteoglycans, the
transmembrane activator and calcium modulator cyclophilin ligand
interactor (TACI), and B cell maturation antigen (BCMA) (29).
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The plasma levels of sCD40L (A), APRIL (B), and MIP-38 (C) in female patients with GD compared to healthy controls. Statistical significance was
determined using Unpaired two-tailed t-tests with a significance level of P < 0.05. Additionally, the cytokine levels of sCD40L, APRIL, and MIP-3p
were analyzed in relation to age. * P value <0.05.
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APRIL has been associated with various autoimmune diseases,
including systemic lupus erythematosus, rheumatoid arthritis,
diabetes, and activation of bone resorption in multiple myeloma
(30). Moreover, circulated levels of APRIL are inversely correlated
with age in healthy subjects (31). Our data, consistent with previous
publications, show that the secretion level of APRIL is much higher
in young subjects and decreases with age in females (Figure 2B).
However, in female patients with GD, the level of APRIL is higher
regardless of age (Figure 2B).

Similar patterns have been observed for macrophage
inflammatory protein-33 (MIP-3B or CCL19). The circulating
level of MIP-33 correlates with age in healthy females but is
elevated in patients with GD regardless of age (Figure 2C).
Plasma MIP-1f, like MIP-1at and MIP-4 (CCL18) were elevated
in patients with GD (32, 33). To our knowledge, this is the first
evidence showing an increase in the levels of MIP-3f3 in patients
with GD.

3.4 The levels of MCP-1, MCP-4, IL-21, and
IL-16 correlate with age

MCP-1 (CCL2) and MCP-4 (CCL13) are chemokines that play
a role in inflammation, primarily attracting monocytes and T cells.
MCP-4 also attracts eosinophils and basophils to manage
inflammatory responses to allergens. MCP-1 is elevated in GD
and contributes to inflammation in GD due to macrophage
activation (1). However, the role of MCP-4 in GD is unknown.
Multiplex cytokine panel analysis indicated no differences in MCP-
1 levels between healthy females and patients with GD (mean levels
in GD, 241+/-21 and healthy controls, 202+/-27) (Figure 3A). Due
to overlapping standard errors, the means have not reached
significance. Therefore, we compared MCP-1 levels in 22 healthy
controls and 30 female patients with GD using the MCP-1 ELISA to
validate the above data. The inclusion of a larger cohort of subjects
and healthy controls confirmed the elevation of the circulating
levels of MCP-1 among females with GD compared to their healthy
counterparts (Supplementary Figure 1) Slight differences between
the multiplex assay and ELISA observed were likely due to a limited
number of healthy controls included in the multiplex analysis.
MCP-1 levels increased in perimenopausal and postmenopausal
females (Figure 3B, C). Multiple studies confirm that MCP-1 levels
increase with age in patients with osteoporosis, osteoarthritis, and
rheumatoid arthritis, contributing to inflammaging (14, 34). The
majority of females with GD showed elevated levels of MCP-4, a
finding not previously reported (Figure 3A). Moreover, the
elevation of the MCP-4 level was increased with age in GD
female patients (Figures 3B, C). The lack of age-specific data for
MCP-4 in healthy controls suggests it’s not as commonly studied as
MCP-1 in this context. Measurement of MCP-4 in 34 healthy
female controls showed no correlation between age and MCP-4
levels (Supplementary Figure 1), therefore, aging MCP-4 levels are
associated with GD.

IL-21, produced by CD4+ T cells, plays a crucial role in
modulating dendritic cells and macrophages (35). Furthermore, a
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recent study also showed a high level of IL-21 in GD (36). All female
patients with GD aged 45 years and younger showed increased IL-
21 levels (Figure 3D). In patients with GD who are 45 years old and
older, the levels of IL-21 are lower compared to younger patients
(Figure 3C). Further investigation is needed to interpret results
related to age and secretion of IL-21 levels in GD.

Elevated IL-16 is associated with obesity-related inflammatory
responses (37, 38). In our cohort, increased IL-16 levels were
observed in healthy female controls who are 45 and older. In
contrast, female patients with GD exhibited an age-associated
decline in IL-16 plasma levels. Interestingly, among GD patients,
three of the four individuals with the highest IL-16 were classified as
overweight, with body mass index (BMI) values ranging from 28 to
33. These findings suggest a potential influence of adiposity on IL-
16 expression in the context of GD; however, the sample size is
small to draw a conclusion.

3.5 Age-dependent MIP-3[ elevations in
GD female patients correlate with
osteoporosis

Analysis of age-dependent cytokines in healthy controls,
CD40L, APRIL, and MIP-3f3, that were elevated in GD, was
assessed for potential association with osteopenia and
osteoporosis. The results showed that MIP-3[3 levels were elevated
in female patients with osteoporosis compared to healthy controls
and GD patients with normal BMD (NB) (Figure 4A). When
cohorts were stratified by age group, results verified that GD
females aged 45 and older had elevated levels of MIP-3[. This
difference is more pronounced in females with osteopenia and
osteoporosis. Although MIP-3f is not identified as a mediator of
osteoporosis, it may contribute indirectly by amplifying
inflammatory environments that affect bone remodeling,
highlighting the potential role as a biomarker in bone pathology.
However, a more detailed investigation is necessary to establish the
role of MIP-3f in GD.

In contrast to MIP-33, CD40L and APRIL showed no
association with decreased BMD, as their levels did not show
significant differences between patients with osteoporosis and
healthy controls. This indicates that CD40L and APRIL are
unlikely to play a significant role in BMD reduction.

3.6 Non-age-dependent cytokines
correlate with osteoporosis in female
patients with GD

Next, we focused on cytokines that do not vary with age but
may be involved in the loss of BMD independently of the natural
aging changes in the bones. Three biomarkers, Eotaxin, MCP-1, and
CCL27 (CTACK), were associated with reduced BMD in female
patients. Eotaxin (CCL11) is a chemokine involved in inflammatory
responses. Recent publications indicate that Eotaxin may contribute
to bone loss by increasing bone resorption by binding to the CCR3
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FIGURE 3

The plasma levels of MCP-1 (A), MCP-4 (B), IL-21 (C), and IL-16 (D) in female patients with GD compared to healthy controls. Statistical significance
was determined using Unpaired two-tailed t-tests with a significance level of P < 0.05. Additionally, the cytokine levels of MCP-1, MCP-4, IL-21, and
IL-16 were analyzed in relation to age. Pearson linear correlation analysis showed significant differences with a p-value <0.05. * P value <0.05.

receptor, which is present in osteoclasts (39, 40). In our study,
Eotaxin levels were higher in patients with osteopenia and
osteoporosis, with no significant differences between the two
conditions, suggesting that Eotaxin might be involved in the
initial phases of reduction in bone density and could be a
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promising option for the early detection of BMD loss
(Figure 5A). MCP-1 (CCL2) is an inflammatory chemokine that
attracts monocytes and macrophages. Elevated MCP-1 boosts the
differentiation and migration of precursor cells into mature
osteoclasts, leading to enhanced bone resorption (41-43).
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Therefore, numerous studies demonstrate that individuals with
osteoporosis show higher MCP-1 levels. In GD, the accumulation
of Gb-1 and lyso-Gb-1 in macrophages triggers the secretion of
MCP-1 (1). The chronic inflammatory environment due to elevated
MCP-1 levels contributes to splenomegaly, hepatomegaly, and bone
pathology. High levels of MCP-1 are associated with GD, but
treatments such as ERT effectively lower these levels by reducing
glucocerebroside through the delivery of the deficient enzyme (44).
Therefore, as we mentioned before, we did not observe considerably
elevated levels in GD patients (Figure 3A, Supplementary Figure 1);

A

however, elevated levels of MCP-1 were correlated with OSN and
OSR in female patients (Figure 5, Supplementary Figure 1).
Cutaneous T-cell-attracting chemokine (CCL27 or CTACK) is
involved in immune cell trafficking, skin homeostasis, and
inflammatory responses. However, its potential role in
osteoporosis or GD remains unclear and has not been
investigated as comprehensively as Eotaxin or MCP-1. Here, we
did not observe elevated levels of CCL27 in all patients with GD
when compared to healthy controls. However, elevated levels of
CCL27 were correlated with OSN and OSR in female patients
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FIGURE 5

Age-independent Eotaxin, MCP-1, and CTACK correlate with osteoporosis in female patients with GD. (A) The levels of Eotaxin in healthy control subjects
(Control) and in patients with GD who have no bone complications (N), osteopenia (OSN), and osteoporosis (OSR). (B) The levels of MCP-1 in healthy
controls and GD patients without bone complications (N), osteopenia (OSN), and osteoporosis (OSR). (C) The levels of CTACK in healthy controls and GD
patients without bone complications (N), osteopenia (OSN), and osteoporosis (OSR). Statistical significance was determined with *P < 0.05, two-tailed T-tests.
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compared to healthy controls (Figure 5B). In summary, a more
comprehensive analysis of CCL27 is necessary, with an increased
sample size for further validation. Linear correlation analysis of the
Z-scores and T-scores of BMD and Fotaxin, MCP-1, and CTACK
showed no significant differences in cytokine levels and BMD
(Supplementary Tables 3, 4), likely due to the limited statistical
power caused by a small sample size after division into BMD scores.

Therefore, Eotaxin, MCP-1, and CTACK may contribute to
bone density loss and impact it beyond age-related changes in bone.
To further investigate the potential associations of biomarkers with
Z or T-scores, increasing the number of cohorts in future studies is
necessary to improve the data.

4 Discussion

Chronic inflammation is a well-established contributor to the
pathophysiology of GD, including in relation to bone
complications. However, a critical gap remains in our
understanding of early-onset osteoporosis in females with GD
and its association with age-related cytokines. This manuscript
presents findings from a noninterventional, observational study
examining the relationship between circulating inflammatory
cytokines, age- and sex-specific bone turnover markers, and
structural bone changes. The study focuses on BMD loss across
distinct female age groups: premenopausal (<45 years),
perimenopausal (45-55 years), and postmenopausal (>55
years) women.

The structural bone changes are amplified due to hormonal
factors, particularly after menopause, as estrogen levels decline.
Estrogen typically has a protective effect on bone density by
inhibiting osteoclast activity, so its reduction may intensify
inflammation-driven bone loss in GD. The risk of developing
osteoporosis is approximately 14% in women between 50-59
years old in general; the projected risk of osteoporosis in women
with GD is up to 30% at premenopausal ages (45-47). For
postmenopausal women, the risk is higher due to the effect of
estrogen decline. However, exact figures for postmenopausal
females with GD alone are not consistently presented in the
publications related to registries (46). Low BMD could be
observed during childhood in GD and is most pronounced
during the peak bone mineralization that occurs in the second
and third decades of life (47). Therefore, Early-onset osteoporosis is
common in women with GD due to loss of BMD at a young age.

The accumulation of Gb-1 and its deacylated form, Lyso-Gb-1,
affected bone metabolism in GD in two ways: directly affecting bone
cells and inflammation-driven bone loss (3, 15, 18-20, 48, 49)
Research, including studies in mouse models, has shown that these
sphingolipids accumulate in osteoblasts, which are bone-forming
cells, inhibiting pathways like protein kinase C, which are essential
for bone formation (19). Osteoblasts derived from GD iPSCs
showed lower expression of differentiation markers, and the
deposition of bone matrix proteins and minerals was impaired,
alongside reduced canonical Wnt/B-catenin signaling (50). Our
recent findings have shown that the elevation of inhibitors of the
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Wnt/B-catenin pathway correlates with bone pain, Erlenmeyer flask
deformity, and bone marrow infiltration in patients with GD (16).

Inflammation-driven BMD loss significantly contributes to
osteopenia and osteoporosis (51, 52). Under normal conditions,
bone remodeling maintains healthy bone density, but inflammation
disrupts the delicate balance between bone resorption and
formation, leading to the most common bone pathology in aging
females — osteoporosis (52, 53). Concurrently, the role of genetic
factors on early-age osteoporosis highlights a more significant
genetic impact on BMD pathology. GD is a rare genetic disease
where mutations of the GBAI gene link to enzyme deficiency and
substrates accumulation of Gb-1 and lyso-Gb-1 in various tissues,
including the bone marrow. This accumulation triggers chronic
inflammation, which also disrupts normal bone remodeling
processes. Therefore, mutation of the GBAI gene may be one of
the genetic factors in the early onset of osteoporosis. Our recent
findings have shown that GD patients with osteopenia and
osteoporosis have elevated levels of bone biomarkers related to
the activation of bone resorption and dysregulation of the RANKL-
OPG-RANK and Wnt/B-catenin pathway (15-17). One of these
biomarkers, sclerostin, is age-related in healthy females and
associated with bone pathology in GD (16). However, in females
with GD, the elevation of sclerostin started early and further
increased with age. These observations showed that structural
bone changes that occur during the course of GD accelerate the
aging bone loss in women.

Pro-resorptive and anti-resorptive cytokines influence bone
homeostasis (53, 54). Inflammatory cytokines (e.g., IL-1, IL-6,
TNF-a, IFN-y) ramp up osteoclast activity (55), which breaks
down bone while simultaneously hindering osteoblasts, the bone-
builders. MCP-1 recruits osteoclast precursors in inflammatory
bone diseases such as rheumatoid arthritis (56), and the elevation
of MCP-1 may be a novel predictive marker for the detection of
early bone loss in animal models (57, 58). Eotaxin promotes the
migration of pre-osteoclasts, which then differentiate into mature
osteoclasts, enhancing bone resorption and potentially serving as a
candidate biomarker for postmenopausal osteoporosis (39).

TNE-o. upregulates RANKL expression on synovial fibroblasts
and stromal cells, activating osteoclast differentiation and
contributing to bone resorption, as observed in inflammatory
conditions, for example, rheumatoid arthritis (59-61). In GD,
Gaucher cell infiltration in bone marrow further amplifies local
inflammation, elevating TNF-ou and other cytokines (e.g., IL-1, IL-
6), which disrupt the bone microenvironment, impair hematopoiesis,
and bone remodeling. Elevated levels of TNF-o. in GD vary widely,
from normal to 2.5 times the highest, with higher levels in severe
neuronopathic forms (17, 62, 63). A pilot study of 17 type 1 GD
patients found a correlation between TNF-o. levels and the -308
G—A promoter polymorphism, with homozygous patients (A/A)
exhibiting lower TNF-o levels and milder disease phenotypes
compared to heterozygotes (G/A), suggesting genetic variability
influences disease severity (64). In this study, TNF-o. levels were
found to be higher in female patients compared to healthy
controls; however, this difference was not statistically significant
when measured using the MultiPlex assay. In contrast, the
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ELISA assay revealed a significant increase in TNF-o levels
(Supplementary Figure 2). Furthermore, the elevated TNF-o levels
in female patients did not correlate with a decrease in BMD
(Supplementary Figure 2).

TEN-v can stimulate osteoclast formation and bone loss in vivo,
particularly in models of postmenopausal osteoporosis. Our study
shows chronic inflammation in female patients, with significant
elevations in cytokines that play major roles in T cell activity and
cytokine production, including sCD40L, APRIL, IL-35, IFN-v, and
THPO. CD40L binds to CD40, is involved in bone metabolism, and
leads to an increased risk of osteoporosis in women (65). According
to the literature, no studies demonstrate that sSCD40L is significantly
elevated in patients with GD. But, connections may exist over the
macrophage’s activation and inflammation, but these are
speculative. Further investigation would be needed to clarify any
potential link. APRIL promotes B cell survival and antibody
production; however, its overexpression can lead to excessive B
cell activity, which contributes to autoimmune diseases. IL-35’s
primary role is in regulating T-cell responses. To our knowledge,
APRIL or IL-35 cytokines are novel biomarkers in GD research.

Aging is associated with a dynamic shift in circulating cytokine
profiles. These changes reflect an imbalance between pro-
inflammatory and anti-inflammatory signals, which usually leads
to the upregulation of pro-inflammatory cytokines and a
concomitant decline in anti-inflammatory signals (24-26). This
can be accelerated in females due to hormonal shifts (menopause
age), where declining estrogen levels remove an inhibitory control
on osteoclast activity, amplifying the inflammatory damage. This
effect is further intensified in the context of GD, where chronic
inflammation is perpetuated by the accumulation of Gb-1 and its
bioactive metabolite Lyso-Gb-1. Inflammation promotes bone loss,
contributing to skeletal fragility and compounding disease-
associated morbidity. Age-stratified analysis revealed that the level
of 9 cytokines changes due to hormonal shifts in healthy females,
including RANTES, IP-10, sCD40L, APRIL, BCA-1, I-TAC, IL-33,
MIP-3B, and THPO. Some of these data are consistent with
previous studies that aging is associated with an increased level of
RANTES (66), and a decline in IL-33 with advancing age (67, 68).

A correlation analysis between age and cytokine levels revealed
that elevated levels of plasma MCP-1, MIG/CXCL9, SCF, and MCP-4
are positively associated with age in GD patients but not in healthy
controls. Moreover, MCP-4 levels were significantly elevated in GD
compared to healthy controls and continue to increase with advancing
age. MCP-1, MIG/CXCL9, and SCF are key regulators of macrophage
behavior in GD, which is central to GD pathogenesis (1, 69, 70). If
MCP-1 recruits monocytes that differentiate into lipid-laden Gaucher
cells, SCF supports macrophage development and survival. MIG/
CXCL9 modulates the inflammatory environment via T-cell
recruitment and directly affects macrophage activation. Together,
these cytokines contribute to macrophage accumulation, activation,
and dysfunction, which are hallmarks of GD pathology (1, 70).

Although these biomarkers are typically elevated in treatment-
naive GD patients, the majority of individuals in our cohort were on
ERT or SRT. Therefore, an elevation in MCP-1 levels was not
anticipated. While multiplex data suggested that MCP-1 levels were

Frontiers in Endocrinology

10

10.3389/fendo.2025.1606218

not significantly increased in GD, an ELISA assay with a larger
sample size confirmed that approximately 45% of patients have
elevated MCP-1 levels. Moreover, females with elevated MCP-1
levels are 45 years or older and have BMD loss. Unlike MCP-1,
MCP-4 (CCL13) has not been studied in the context of
inflammation and macrophage regulation in GD. This chemokine
represents inflammation and immune responses and holds
potential as a biomarker for rheumatic diseases, skin conditions,
or cancer (71). Our findings demonstrated a significant elevation of
plasma MCP-4 in women with GD compared to healthy controls.
Furthermore, MCP-4 levels appear to increase progressively with
age, suggesting its potential efficacy as a biomarker of
inflammation-associated bone pathology in aging females with GD.

Chemokine MIP-3f (CCL19) is involved in immune responses,
particularly in attracting immune cells to areas of inflammation.
Fibroblastic reticular cells (FRCs) generate the three-dimensional
structure of lymph nodes and coordinate estrogen-dependent
immune responses by expressing the chemokine MIP-3[3, which
attracts immune cells (72). Moreover, estrogen signaling in MIP-
3B-expressing bone marrow stromal cells is essential for
maintaining bone health. Decreasing estrogen signaling in these
cells leads to trabecular bone loss due to increased bone resorption
observed in a mouse study (73). Our data indicates that lower
estrogen levels in healthy females may correlate with decreased
secretion of MIP-3, findings that is also supported by publications
(74). Moreover, MIP-3f3 may be a potential biomarker for BMD loss
associated with aging in GD.

Two other cytokines, Eotaxin and CCL27 (CTACK), were
associated with an age-independent decrease in BMD in female
patients with GD. Eotaxin may be a novel biomarker for
osteoporosis, given its significant role in osteoclast migration and
its ability to enhance osteoclastic bone resorption under
inflammatory conditions (39, 75). Conversely, the potential role
of CTACK in bone pathology in GD remains unclear except in the
context of myeloma, which may play a role in the bone marrow
microenvironment (76). From our data, CTACK emerges as an
osteoporosis biomarker.

Enzyme replacement therapy (ERT) and substrate reduction
therapy (SRT), the standard treatments in GD, can reduce
inflammation and improve bone health to some extent, albeit
more slowly over time, but they don’t fully reverse skeletal
damage (16, 46, 77). Numerous clinical studies have
demonstrated that SRT (eliglustat) and ERT exhibit comparable
efficacy in reducing biomarkers, including inflammatory biomarker
CCL18, and enhancing visceral outcomes (77, 78). Bone marrow
infiltration, avascular osteonecrosis improved with eliglustat, along
with a reduction in osteoclastogenic biomarkers such as RANKL
and osteopontin; however, BMD showed minimal improvement,
suggesting a slower skeletal response (78-81). This suggests that
targeting inflammation directly, alongside with ERT or SRT
therapies, could be key to managing osteoporosis in these patients.

The chronic inflammation in GD alters the normal age-related
patterns of CD40L, APRIL, and MIP-3f, resulting in their sustained
elevation with age. This disruption may interfere with bone turnover
and accelerate BMD loss, contributing to the development of
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osteoporosis. Among these cytokines, MIP-3f3 stands out for its robust
association with BMD loss in female GD patients. MIP-3f3
significantly higher levels in GD patients with osteoporosis suggest a
direct role in bone resorption and support its utility as a potential
biomarker for tracking disease-related bone density loss. Unlike
classical postmenopausal osteoporosis, which arises from estrogen
deficiency and manifests later in life, GD-associated osteoporosis
frequently emerges in premenopausal females. This early onset
reflects the unique impact of chronic inflammation, Gb-1/Lyso-Gb-
1 accumulation, and macrophage activation on bone homeostasis.
Moreover, the chronic inflammation and immune dysregulation in
GD accelerate the breakdown of trabecular and cortical bone
architecture, heightening the risk of fractures and functional
impairment at a young age.

In summary, this study highlights the critical role of
inflammation in the development of early-onset osteoporosis in
females with GD. By identifying age- and disease-specific cytokine
signatures, including the elevation of CD40L, APRIL, MCP-4,
Eotaxin, STACK, and MIP-3[3, we established a pathophysiological
axis linking inflammation to early-age osteoporosis in GD. These
findings not only expand our understanding of mechanisms of bone
remodeling in GD but also point toward novel biomarkers and
therapeutic targets that may improve the management of bone
health in females with GD.
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SUPPLEMENTARY FIGURE 1

Circulated levels of MCP-1, MCP4 and TNF-a.. (A) The levels of MCP-1 in
healthy control subjects (Control) and patients with GD. (B) The levels of
MCP-1 in Control and in patients with GD categorized by bone status: no
bone complications (N), osteopenia (*OSN), and osteoporosis (OSR). Statistical
significance was determined with "P < 0.05, two-tailed T-tests. (C) The
correlation between age and the circulating MCP-4 level in healthy
controls. The MCP-4 level was measured using ELISA. (D) The levels of
TNF-o in healthy control subjects and patients with GD. The TNF-o level
was measured using ELISA. Statistical significance was determined with *P <
0.05, two-tailed T-tests. (E) TNF-o levels in female patients with GD
categorized by bone status: no bone complications (N), osteopenia (OSN),
and osteoporosis (OSR).

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2025.1606218/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1606218/full#supplementary-material
https://doi.org/10.3389/fendo.2025.1606218
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Ivanova et al.

References

1. Pandey MK, Grabowski GA. Immunological cells and functions in Gaucher
disease. Crit Rev Oncog. (2013) 18:197-220. doi: 10.1615/critrevoncog.2013004503

2. Sinder BP, Pettit AR, McCauley LK. Macrophages: their emerging roles in bone. J
Bone Miner Res. (2015) 30:2140-9. doi: 10.1002/jbmr.2735

3. Mucci JM, Rozenfeld P. Pathogenesis of bone alterations in gaucher disease: the
role of immune system. J Immunol Res. (2015) 2015:192761. doi: 10.1155/2015/192761

4. Ivanova M, Limgala RP, Changsila E, Kamath R, Ioanou C, Goker-Alpan O.
Gaucheromas: When macrophages promote tumor formation and dissemination.
Blood Cells Mol Dis. (2016) 68:100-5. doi: 10.1016/j.bcmd.2016.10.018

5. Giuffrida G, Cingari MR, Parrinello N, Romano A, Triolo A, Franceschino M,
et al. Bone turnover markers in patients with type 1 Gaucher disease. Hematol Rep.
(2012) 4:e21. doi: 10.4081/hr.2012.e21

6. Hughes D, Mikosch P, Belmatoug N, Carubbi F, Cox T, Goker-Alpan O, et al.
Gaucher disease in bone: from pathophysiology to practice. ] Bone Miner Res. (2019)
34:996-1013. doi: 10.1002/jbmr.3734

7. Meijon-Ortigueira MDM, Solares I, Mufioz-Delgado C, Stanescu S, Morado M,
Pascual-Izquierdo C, et al. Women gaucher disease. Biomedicines. (2024) 12.
doi: 10.3390/biomedicines12030579

8. Sonder SU, Limgala RP, Ivanova MM, Ioanou C, Plassmeyer M, Marti GE,
et al. Persistent immune alterations and comorbidities in splenectomized patients
with Gaucher disease. Blood Cells Mol Dis. (2016) 59:8-15. doi: 10.1016/
j.bemd.2016.02.003

9. van Dussen L, Lips P, Everts VE, Bravenboer N, Jansen IDC, Groener JEM, et al.
Markers of bone turnover in gaucher disease: modeling the evolution of bone disease. J
Clin Endocrinol Metab. (2011) 96:2194-205. doi: 10.1210/jc.2011-0162

10. Mucci JM, Cuello MF, Kisinovsky I, Larroude M, Delpino MV, Rozenfeld PA.
Proinflammatory and proosteoclastogenic potential of peripheral blood mononuclear
cells from Gaucher patients: Implication for bone pathology. Blood Cells Mol Dis.
(2015) 55:134-43. doi: 10.1016/j.bcmd.2015.05.009

11. Corrado A, Cici D, Rotondo C, Maruotti N, Cantatore FP. Molecular basis of
bone aging. Int ] Mol Sci. (2020) 21. doi: 10.3390/ijms21103679

12. Streicher C, Heyny A, Andrukhova O, Haigl B, Slavic S, Schuler C, et al. Estrogen
regulates bone turnover by targeting RANKL expression in bone lining cells. Sci Rep.
(2017) 7:6460. doi: 10.1038/s41598-017-06614-0

13. Cheng CH, Chen LR, Chen KH. Osteoporosis due to hormone imbalance: an
overview of the effects of estrogen deficiency and glucocorticoid overuse on bone
turnover. Int J Mol Sci. (2022) 23. doi: 10.3390/ijms23031376

14. Tlesanmi-Oyelere BL, Schollum L, Kuhn-Sherlock B, McConnell M, Mros S,
Coad J, et al. Inflammatory markers and bone health in postmenopausal women: a
cross-sectional overview. Immun Ageing. (2019) 16:15. doi: 10.1186/s12979-019-0155-x

15. Ivanova M, Dao J, Noll L, Fikry J, Goker-Alpan O. TRAP5b and RANKL/OPG
predict bone pathology in patients with gaucher disease. J Clin Med. (2021) 10.
doi: 10.3390/jcm10102217

16. Ivanova MM, Dao J, Kasaci N, Friedman A, Noll L, Goker-Alpan O. Wnt
signaling pathway inhibitors, sclerostin and DKK-1, correlate with pain and bone
pathology in patients with Gaucher disease. Front Endocrinol (Lausanne). (2022)
13:1029130. doi: 10.3389/fendo.2022.1029130

17. Ivanova MM, Dao J, Loynab N, Noor S, Kasaci N, Friedman A, et al. The
expression and secretion profile of TRAPS5 isoforms in gaucher disease. Cells. (2024) 13.
doi: 10.3390/cells13080716

18. Ersek A, Karadimitris A, Horwood NJ. Effect of glycosphingolipids on
osteoclastogenesis and osteolytic bone diseases. Front Endocrinol (Lausanne). (2012)
3:106. doi: 10.3389/fendo.2012.00106

19. Mistry PK, Liu J, Yang M, Nottoli T, McGrath J, Jain D, et al. Glucocerebrosidase
gene-deficient mouse recapitulates Gaucher disease displaying cellular and molecular
dysregulation beyond the macrophage. Proc Natl Acad Sci U S A. (2010) 107:19473-8.
doi: 10.1073/pnas.1003308107

20. Reed MC, Bauernfreund Y, Cunningham N, Beaton B, Mehta AB, Hughes DA.
Generation of osteoclasts from type 1 Gaucher patients and correlation with clinical
and genetic features of disease. Gene. (2018) 678:196-206. doi: 10.1016/
j.gene.2018.08.045

21. Rosenbaum H. Hemorrhagic aspects of Gaucher disease. Rambam Maimonides
Med J. (2014) 5:¢0039. doi: 10.5041/rmm;j.10173

22. Hughes D, Cappellini MD, Berger M, Van Droogenbroeck J, de Fost M, Janic D,
et al. Recommendations for the management of the haematological and onco-
haematological aspects of Gaucher disease. Br J Haematol. (2007) 138:676-86.
doi: 10.1111/j.1365-2141.2007.06701.x

23. Hunter Christopher A, Kastelein R. Interleukin-27: balancing Protective and
pathological immunity. Immunity. (2012) 37:960-9. doi: 10.1016/j.immuni.2012.11.003

24. Fulop T, Larbi A, Pawelec G, Khalil A, Cohen AA, Hirokawa K, et al.
Immunology of aging: the birth of inflammaging. Clin Rev Allergy Immunol. (2023)
64:109-22. doi: 10.1007/s12016-021-08899-6

Frontiers in Endocrinology

12

10.3389/fendo.2025.1606218

25. Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. Age
and age-related diseases: role of inflammation triggers and cytokines. Front Immunol.
(2018) 9:586. doi: 10.3389/fimmu.2018.00586

26. Nikolich-Zugich J. The twilight of immunity: emerging concepts in aging of the
immune system. Nat Immunol. (2018) 19:10-9. doi: 10.1038/s41590-017-0006-x

27. Reitsema RD, Hid Cadena R, Nijhof SH, Abdulahad WH, Huitema MG, Paap D,
et al. Effect of age and sex on immune checkpoint expression and kinetics in human T
cells. Immun Ageing. (2020) 17:32. doi: 10.1186/s12979-020-00203-y

28. Vincent FB, Saulep-Easton D, Figgett WA, Fairfax KA, Mackay F. The BAFF/
APRIL system: emerging functions beyond B cell biology and autoimmunity. Cytokine
Growth Factor Rev. (2013) 24:203-15. doi: 10.1016/j.cytogfr.2013.04.003

29. Hemingway F, Taylor R, Knowles HJ, Athanasou NA. RANKL-independent
human osteoclast formation with APRIL, BAFF, NGF, IGF I and IGF II. Bone. (2011)
48:938-44. doi: 10.1016/j.bone.2010.12.023

30. Abe M, Kido S, Hiasa M, Nakano A, Oda A, Amou H, et al. BAFF and APRIL as
osteoclast-derived survival factors for myeloma cells: a rationale for TACI-Fc treatment
in patients with multiple myeloma. Leukemia. (2006) 20:1313-5. doi: 10.1038/
sj.leu.2404228

31. Jin R, Kaneko H, Suzuki H, Arai T, Teramoto T, Fukao T, et al. Age-related
changes in BAFF and APRIL profiles and upregulation of BAFF and APRIL expression
in patients with primary antibody deficiency. Int ] Mol Med. (2008) 21:233-8.
doi: 10.3892/ijmm.21.2.233

32. van Breemen M]J, de Fost M, Voerman JSA, Laman JD, Boot RG, Maas M, et al.
Increased plasma macrophage inflammatory protein (MIP)-1c. and MIP-1p levels in
type 1 Gaucher disease. Biochim Biophys Acta (BBA) - Mol Basis Disease. (2007)
1772:788-96. doi: 10.1016/j.bbadis.2007.04.002

33. Stirnemann J, Belmatoug N, Camou F, Serratrice C, Froissart R, Caillaud C, et al.
A review of gaucher disease pathophysiology, clinical presentation and treatments. Int
Mol Sci. (2017) 18. doi: 10.3390/ijms18020441

34. Yousefzadeh MJ, Schafer MJ, Noren Hooten N, Atkinson EJ, Evans MK, Baker
DJ, et al. Circulating levels of monocyte chemoattractant protein-1 as a potential
measure of biological age in mice and frailty in humans. Aging Cell. (2018) 17.
doi: 10.1111/acel.12706

35. Koh C-H, Kim B-S, Kang C-Y, Chung Y, Seo H. IL-17 and IL-21: their
immunobiology and therapeutic potentials. Immune Netw. (2024) 24. doi: 10.4110/
in.2024.24.€2

36. Uzen R, Bayram F, Dursun H, Kardas F, Cakir M, Cucer N, et al.
Characterization of peripheral blood T follicular helper (TFH) cells in patients with
type 1 Gaucher disease and carriers. Blood Cells Mol Dis. (2023) 100:102728.
doi: 10.1016/j.bcmd.2023.102728

37. Reyes-Farias M, Fernandez-Garcia P, Corrales P, Gonzalez L, Soria-Gondek A,
Martinez E, et al. Interleukin-16 is increased in obesity and alters adipogenesis and
inflammation in vitro. Front Endocrinol (Lausanne). (2024) 15:1346317. doi: 10.3389/
fendo.2024.1346317

38. Lichtenauer M, Franz M, Fritzenwanger M, Figulla HR, Gerdes N, Jung C.
Elevated plasma levels of interleukin-12p40 and interleukin-16 in overweight
adolescents. BioMed Res Int. (2015) 2015:940910. doi: 10.1155/2015/940910

39. Wang W, Huang CY, Wang ZP, Xu SS, Qian TY, Chen YD, et al. Serum C-C
motif ligand 11/eotaxin-1 may serve as a candidate biomarker for postmenopausal
osteoporosis. ] Med Biochem. (2019) 38:353-60. doi: 10.2478/jomb-2018-0042

40. Ahmadi H, Khorramdelazad H, Hassanshahi G, Abbasi Fard M, Ahmadi Z,
Noroozi Karimabad M, et al. Involvement of eotaxins (CCL11, CCL24, CCL26) in
pathogenesis of osteopenia and osteoporosis. Iran J Public Health. (2020) 49:1769-75.
doi: 10.18502/ijph.v49i9.4098

41. Mulholland BS, Forwood MR, Morrison NA. Monocyte chemoattractant
protein-1 (MCP-1/CCL2) drives activation of bone remodelling and skeletal
metastasis. Curr Osteoporosis Rep. (2019) 17:538-47. doi: 10.1007/s11914-019-00545-7

42. Sumi K, Abe T, Kunimatsu R, Oki N, Tsuka Y, Awada T, et al. The effect of
mesenchymal stem cells on chemotaxis of osteoclast precursor cells. J Oral Sci. (2018)
60:221-5. doi: 10.2334/josnusd.17-0187

43. Morrison NA, Forwood MR. Monocyte chemotactic protein-1 (MCP1)
accumulation in human osteoclast precursor cultures. Life (Basel). (2022) 12.
doi: 10.3390/1ife12060789

44. Matta MC, Vairo F, Torres LC, Schwartz I. Could enzyme replacement therapy
promote immune tolerance in Gaucher disease type 1? Blood Cells Mol Dis. (2018)
68:200-2. doi: 10.1016/j.bcmd.2016.10.016

45. Yordanov A, Vasileva-Slaveva M, Tsoneva E, Kostov S, Yanachkova V. Bone
health for gynaecologists. Medicina (Kaunas). (2025) 61. doi: 10.3390/
medicina61030530

46. Marcucci G, Brandi ML. The diagnosis and therapy of osteoporosis in gaucher
disease. Calcif Tissue Int. (2025) 116:31. doi: 10.1007/s00223-024-01340-y

47. Mistry PK, Weinreb NJ, Kaplan P, Cole JA, Gwosdow AR, Hangartner T.
Osteopenia in Gaucher disease develops early in life: response to imiglucerase enzyme

frontiersin.org


https://doi.org/10.1615/critrevoncog.2013004503
https://doi.org/10.1002/jbmr.2735
https://doi.org/10.1155/2015/192761
https://doi.org/10.1016/j.bcmd.2016.10.018
https://doi.org/10.4081/hr.2012.e21
https://doi.org/10.1002/jbmr.3734
https://doi.org/10.3390/biomedicines12030579
https://doi.org/10.1016/j.bcmd.2016.02.003
https://doi.org/10.1016/j.bcmd.2016.02.003
https://doi.org/10.1210/jc.2011-0162
https://doi.org/10.1016/j.bcmd.2015.05.009
https://doi.org/10.3390/ijms21103679
https://doi.org/10.1038/s41598-017-06614-0
https://doi.org/10.3390/ijms23031376
https://doi.org/10.1186/s12979-019-0155-x
https://doi.org/10.3390/jcm10102217
https://doi.org/10.3389/fendo.2022.1029130
https://doi.org/10.3390/cells13080716
https://doi.org/10.3389/fendo.2012.00106
https://doi.org/10.1073/pnas.1003308107
https://doi.org/10.1016/j.gene.2018.08.045
https://doi.org/10.1016/j.gene.2018.08.045
https://doi.org/10.5041/rmmj.10173
https://doi.org/10.1111/j.1365-2141.2007.06701.x
https://doi.org/10.1016/j.immuni.2012.11.003
https://doi.org/10.1007/s12016-021-08899-6
https://doi.org/10.3389/fimmu.2018.00586
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1186/s12979-020-00203-y
https://doi.org/10.1016/j.cytogfr.2013.04.003
https://doi.org/10.1016/j.bone.2010.12.023
https://doi.org/10.1038/sj.leu.2404228
https://doi.org/10.1038/sj.leu.2404228
https://doi.org/10.3892/ijmm.21.2.233
https://doi.org/10.1016/j.bbadis.2007.04.002
https://doi.org/10.3390/ijms18020441
https://doi.org/10.1111/acel.12706
https://doi.org/10.4110/in.2024.24.e2
https://doi.org/10.4110/in.2024.24.e2
https://doi.org/10.1016/j.bcmd.2023.102728
https://doi.org/10.3389/fendo.2024.1346317
https://doi.org/10.3389/fendo.2024.1346317
https://doi.org/10.1155/2015/940910
https://doi.org/10.2478/jomb-2018-0042
https://doi.org/10.18502/ijph.v49i9.4098
https://doi.org/10.1007/s11914-019-00545-7
https://doi.org/10.2334/josnusd.17-0187
https://doi.org/10.3390/life12060789
https://doi.org/10.1016/j.bcmd.2016.10.016
https://doi.org/10.3390/medicina61030530
https://doi.org/10.3390/medicina61030530
https://doi.org/10.1007/s00223-024-01340-y
https://doi.org/10.3389/fendo.2025.1606218
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Ivanova et al.

therapy in children, adolescents and adults. Blood Cells Mol Dis. (2011) 46:66-72.
doi: 10.1016/j.bcmd.2010.10.011

48. Reed MC, Schiffer C, Heales S, Mehta AB, Hughes DA. Impact of sphingolipids
on osteoblast and osteoclast activity in Gaucher disease. Mol Genet Metab. (2018)
124:278-86. doi: 10.1016/j.ymgme.2018.06.007

49. Wang C-H, Huang YN, Liao W-L, Hsieh A-R, Lin W-D, Liu K-W, et al. GBA1 as
a risk gene for osteoporosis in the specific populations and its role in the development
of Gaucher disease. Orphanet ] Rare Diseases. (2024) 19:144. doi: 10.1186/s13023-024-
03132-x

50. Panicker LM, Srikanth MP, Castro-Gomes T, Miller D, Andrews NW, Feldman
RA. Gaucher disease iPSC-derived osteoblasts have developmental and lysosomal
defects that impair bone matrix deposition. Hum Mol Genet. (2018) 27:811-22.
doi: 10.1093/hmg/ddx442

51. Torres HM, Arnold KM, Oviedo M, Westendorf JJ, Weaver SR. Inflammatory
processes affecting bone health and repair. Curr Osteoporos Rep. (2023) 21:842-53.
doi: 10.1007/s11914-023-00824-4

52. Smit AE, Meijer OC, Winter EM. The multi-faceted nature of age-associated
osteoporosis. Bone Rep. (2024) 20:101750. doi: 10.1016/j.bonr.2024.101750

53. Kitaura H, Marahleh A, Ohori F, Noguchi T, Shen W-R, Qi J, et al. Osteocyte-
related cytokines regulate osteoclast formation and bone resorption. Int J Mol Sci.
(2020) 21:5169. doi: 10.3390/ijms21145169

54. Terkawi MA, Matsumae G, Shimizu T, Takahashi D, Kadoya K, Iwasaki N.
Interplay between inflammation and pathological bone resorption: insights into recent
mechanisms and pathways in related diseases for future perspectives. Int ] Mol Sci.
(2022) 23. doi: 10.3390/ijms23031786

55. Zhou P, Zheng T, Zhao B. Cytokine-mediated immunomodulation of
osteoclastogenesis. Bone. (2022) 164:116540. doi: 10.1016/j.bone.2022.116540

56. Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff HL, Haines GK, et al.
Enhanced production of monocyte chemoattractant protein-1 in rheumatoid arthritis. J
Clin Invest. (1992) 90:772-9. doi: 10.1172/jci115950

57. Hu'Y, Wang L, Zhao Z, Lu W, Fan ], Gao B, et al. Cytokines CCL2 and CXCL1
may be potential novel predictors of early bone loss. Mol Med Rep. (2020) 22:4716-24.
doi: 10.3892/mmr.2020.11543

58. Singh S, Anshita D, Ravichandiran V. MCP-1: Function, regulation, and
involvement in disease. Int Immunopharmacol. (2021) 101. doi: 10.1016/
j.intimp.2021.107598

59. Luo G, Li F, Li X, Wang ZG, Zhang B. TNF-o. and RANKL promote
osteoclastogenesis by upregulating RANK via the NF-xB pathway. Mol Med Rep.
(2018) 17:6605-11. doi: 10.3892/mmr.2018.8698

60. Almeida M, Han L, Ambrogini E, Weinstein RS, Manolagas SC. Glucocorticoids
and tumor necrosis factor o increase oxidative stress and suppress Wnt protein
signaling in osteoblasts. J Biol Chem. (2011) 286:44326-35. doi: 10.1074/
jbe.M111.283481

61. Yao Z, Getting SJ, Locke IC. Regulation of TNF-induced osteoclast
differentiation. Cells. (2022) 11:132. doi: 10.3390/cells11010132

62. Barak V, Acker M, Nisman B, Kalickman I, Abrahamov A, Zimran A, et al.
Cytokines in gaucher’s disease. Eur Cytokine Netw. (1999) 10:205-10.

63. Michelakakis H, Spanou C, Kondyli A, Dimitriou E, Van Weely S, Hollak CEM,
et al. Plasma tumor necrosis factor-a (TNF-a) levels in Gaucher disease. Biochim
Biophys Acta (BBA) - Mol Basis Disease. (1996) 1317:219-22. doi: 10.1016/S0925-4439
(96)00056-7

64. Altarescu G, Zimran A, Michelakakis H, Elstein D. TNFE-o. levels and TNE-o
gene polymorphism in type I Gaucher disease. Cytokine. (2005) 31:149-52.
doi: 10.1016/j.cyt0.2005.03.006

Frontiers in Endocrinology

13

10.3389/fendo.2025.1606218

65. Panach L, Pineda B, Mifsut D, Tarin JJ, Cano A, Garcia-Pérez M. The role of
CD40 and CD40L in bone mineral density and in osteoporosis risk: A genetic and
functional study. Bone. (2016) 83:94-103. doi: 10.1016/j.bone.2015.11.002

66. Mansfield AS, Nevala WK, Dronca RS, Leontovich AA, Shuster L, Markovic SN.
Normal ageing is associated with an increase in Th2 cells, MCP-1 (CCL1) and RANTES
(CCL5), with differences in sCD40L and PDGF-AA between sexes. Clin Exp Immunol.
(2012) 170:186-93. doi: 10.1111/j.1365-2249.2012.04644.x

67. Alsahebfosoul F, Rahimmanesh I, Shajarian M, Etemadifar M, Sedaghat N,
Hejazi Z, et al. Interleukin-33 plasma levels in patients with relapsing-remitting
multiple sclerosis. Biomol Concepts. (2017) 8:55-60. doi: 10.1515/bmc-2016-0026

68. DNMd T, PVd S, NS G, AdP C, PRSd S, Perucci LO, et al. Plasma inflammatory
biomarkers indicative of aging and overweight in Brazilian women. Adv Public Health.
(2024) 2024:8267161. doi: 10.1155/2024/8267161

69. Magnusen AF, Rani R, McKay MA, Hatton SL, Nyamajenjere TC, Magnusen
DNA, et al. C-X-C motif chemokine ligand 9 and its CXCR3 receptor are the salt and
pepper for T cells trafficking in a mouse model of gaucher disease. Int ] Mol Sci. (2021)
22:12712. doi: 10.3390/ijms222312712

70. Pavlova EV, Deegan PB, Tindall J, McFarlane I, Mehta A, Hughes D, et al.
Potential biomarkers of osteonecrosis in Gaucher disease. Blood Cells Molecules
Diseases. (2011) 46:27-33. doi: 10.1016/j.bcmd.2010.10.010

71. Li L, Dai F, Wang L, Sun Y, Mei L, Ran Y, et al. CCL13 and human diseases.
Front Immunol. (2023) 14:1176639. doi: 10.3389/fimmu.2023.1176639

72. Barrett A, Horkeby K, Corciulo C, Carlsten H, Lagerquist MK, Schefler JM, et al.
Role of estrogen signaling in fibroblastic reticular cells for innate and adaptive immune
responses in antigen-induced arthritis. Immunol Cell Biol. (2024) 102:578-92.
doi: 10.1111/imcb.12773

73. Scheffler JM, Gustafsson KL, Barrett A, Corciulo C, Drevinge C, Del Carpio Pons
AM, et al. ERo; Signaling in a subset of CXCLI12-abundant reticular cells regulates
trabecular bone in mice. JBMR Plus. (2022) 6:¢10657. doi: 10.1002/jbm4.10657

74. Katra P, Hennings V, Nilsson ], Engstrom G, Engelbertsen D, Bengtsson E, et al.
Plasma levels of CCL21, but not CCL19, independently predict future coronary events
in a prospective population-based cohort. Atherosclerosis. (2023) 366:1-7. doi: 10.1016/
j.atherosclerosis.2023.01.004

75. Kindstedt E, Holm CK, Sulniute R, Martinez-Carrasco I, Lundmark R, Lundberg
P. CCL11, a novel mediator of inflammatory bone resorption. Sci Rep. (2017) 7:5334.
doi: 10.1038/s41598-017-05654-w

76. Thangavadivel S, Zelle-Rieser C, Olivier A, Postert B, Untergasser G, Kern J, et al.
CCR10/CCL27 crosstalk contributes to failure of proteasome-inhibitors in multiple
myeloma. Oncotarget. (2016) 7:78605-18. doi: 10.18632/oncotarget.12522

77. Smid BE, Ferraz MJ, Verhoek M, Mirzaian M, Wisse P, Overkleeft HS, et al.
Biochemical response to substrate reduction therapy versus enzyme replacement
therapy in Gaucher disease type 1 patients. Orphanet ] Rare Dis. (2016) 11:28.
doi: 10.1186/s13023-016-0413-3

78. Limgala RP, Goker-Alpan O. Effect of substrate reduction therapy in comparison
to enzyme replacement therapy on immune aspects and bone involvement in gaucher
disease. Biomolecules. (2020) 10. doi: 10.3390/biom10040526

79. Kleytman N, Ruan J, Ruan A, Zhang B, Murugesan V, Lin H, et al. Incremental
biomarker and clinical outcomes after switch from enzyme therapy to eliglustat
substrate reduction therapy in Gaucher disease. Mol Genet Metab Rep. (2021)
29:100798. doi: 10.1016/j.ymgmr.2021.100798

80. Basiri M, Ghaffari ME, Ruan ], Murugesan V, Kleytman N, Belinsky G, et al.
Osteonecrosis in Gaucher disease in the era of multiple therapies: Biomarker set for risk
stratification from a tertiary referral center. Elife. (2023) 12. doi: 10.7554/eLife.87537

81. Sohn YB, Kim Y, Moon JE. One-year experience of oral substrate reduction
therapy in three patients with Gaucher disease type I. J Genet Med. (2020) 17:62-7.
doi: 10.5734/JGM.2020.17.2.62

frontiersin.org


https://doi.org/10.1016/j.bcmd.2010.10.011
https://doi.org/10.1016/j.ymgme.2018.06.007
https://doi.org/10.1186/s13023-024-03132-x
https://doi.org/10.1186/s13023-024-03132-x
https://doi.org/10.1093/hmg/ddx442
https://doi.org/10.1007/s11914-023-00824-4
https://doi.org/10.1016/j.bonr.2024.101750
https://doi.org/10.3390/ijms21145169
https://doi.org/10.3390/ijms23031786
https://doi.org/10.1016/j.bone.2022.116540
https://doi.org/10.1172/jci115950
https://doi.org/10.3892/mmr.2020.11543
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.1016/j.intimp.2021.107598
https://doi.org/10.3892/mmr.2018.8698
https://doi.org/10.1074/jbc.M111.283481
https://doi.org/10.1074/jbc.M111.283481
https://doi.org/10.3390/cells11010132
https://doi.org/10.1016/S0925-4439(96)00056-7
https://doi.org/10.1016/S0925-4439(96)00056-7
https://doi.org/10.1016/j.cyto.2005.03.006
https://doi.org/10.1016/j.bone.2015.11.002
https://doi.org/10.1111/j.1365-2249.2012.04644.x
https://doi.org/10.1515/bmc-2016-0026
https://doi.org/10.1155/2024/8267161
https://doi.org/10.3390/ijms222312712
https://doi.org/10.1016/j.bcmd.2010.10.010
https://doi.org/10.3389/fimmu.2023.1176639
https://doi.org/10.1111/imcb.12773
https://doi.org/10.1002/jbm4.10657
https://doi.org/10.1016/j.atherosclerosis.2023.01.004
https://doi.org/10.1016/j.atherosclerosis.2023.01.004
https://doi.org/10.1038/s41598-017-05654-w
https://doi.org/10.18632/oncotarget.12522
https://doi.org/10.1186/s13023-016-0413-3
https://doi.org/10.3390/biom10040526
https://doi.org/10.1016/j.ymgmr.2021.100798
https://doi.org/10.7554/eLife.87537
https://doi.org/10.5734/JGM.2020.17.2.62
https://doi.org/10.3389/fendo.2025.1606218
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Age-related inflammatory biomarkers in early-onset osteoporosis in females with Gaucher disease
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Multiplex cytokine measurement
	2.3 Enzyme-linked immunosorbent assay
	2.4 Statistical analysis

	3 Results
	3.1 26 cytokines were significantly elevated in female patients with GD
	3.2 Age-related cytokines
	3.3 sCD40L, APRIL, and MIP-3β plasma levels correlated with age in healthy controls but remain elevated in GD patients
	3.4 The levels of MCP-1, MCP-4, IL-21, and IL-16 correlate with age
	3.5 Age-dependent MIP-3β elevations in GD female patients correlate with osteoporosis
	3.6 Non-age-dependent cytokines correlate with osteoporosis in female patients with GD

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


