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Abstract

Osteoporosis is a skeletal disease that can increase the risk of fractures, leading to adverse health and
socioeconomic consequences. However, current clinical methods have limitations in accurately estimating

fracture risk, particularly in older adults. Thus, new technologies are necessary to improve the accuracy of fracture
risk estimation. In this observational study, we aimed to explore the association between serum cytokines and

hip fracture status in older adults, and their associations with fracture risk using the FRAX reference tool. We
investigated the use of a proximity extension assay (PEA) with Olink. We compared the characteristics of the
population, functional status and detailed body composition (determined using densitometry) between groups. We
enrolled 40 participants, including 20 with hip fracture and 20 without fracture, and studied 46 cytokines in their
serum. After conducting a score plot and two unpaired t-tests using the Benjamini-Hochberg method, we found
that Interleukin 6 (IL-6), Lymphotoxin-alpha (LT-a), Fms-related tyrosine kinase 3 ligand (FLT3LG), Colony stimulating
factor 1 (CSF1), and Chemokine (C-C motif) ligand 7 (CCL7) were significantly different between fracture and
non-fracture patients (p<0.05). IL-6 had a moderate correlation with FRAX (R*=0.4009, p<0.001), while CSF1 and
CCL7 had weak correlations with FRAX. LT-a and FLT3LG exhibited a negative correlation with the risk of fracture.
Our results suggest that targeted proteomic tools have the capability to identify differentially regulated proteins
and may serve as potential markers for estimating fracture risk. However, longitudinal studies will be necessary to
validate these results and determine the temporal patterns of changes in cytokine profiles.
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Introduction

Osteoporosis (OP) is delineated systemic skeletal dis-
order associated with a reduced quantity of bone min-
eral mass and the microarchitectural degradation of the
bone’s tissue structure, which increases the risk of fragil-
ity fracture [1]. Due to its chronic nature and prevalence
in an ageing population, OP has significant human and
socioeconomic consequences, including morbi-mortality
and disability [2]. Therefore, identifying high risk popu-
lations and exploring potential biomarkers associated
related to bone changes is crucial for effective health pro-
motion [3].

Clinical guidelines serve as a foundation for assess-
ing fracture risk [1] and promoting early interventions.
Nonetheless, the most frequently examined parameters,
such as bone mineral density (BMD), bone turnover
markers (BMT) and FRAX® [4], exhibit limited efficacy,
particularly in older population. BMD has been exten-
sively researched and is recognized as a conventional
risk determinant for fractures, but its low sensitivity is
one of the reasons why population-based screening for
BMD is not recommended for risk fracture assessment
[1]. Another contributing factor is the relatively weak
correlation between the loss of BMD and the capability
to accurately forecast the risk of fractures [5]. BTM does
not enhance fracture risk or bone loss prediction within
an individual and is primarily useful in monitoring oral
bisphosphonate therapy [6] or other osteoporosis treat-
ments. FRAX, despite its widespread usage as a simple
and primary care-applicable tool for estimating fracture
risk and first-choice tool in most of clinical guidelines
[1], possesses a limitation in that it does not accommo-
date dose-response considerations for diverse risk fac-
tors [7, 8], potentially underestimating fracture risk [9],
and is unsuitable for adults aged over 90 [4]. While FRAX
advances fracture prognostication beyond the capa-
bilities of Bone Mineral Density (BMD) measurements
alone, the accuracy of its fracture risk prediction displays
variation across distinct study populations [10]. Conse-
quently, there is a compelling need to investigate innova-
tive approaches for estimating fracture risk. Presently, a
revised version of FRAX is under development, with the
intention of addressing the aforementioned limitations
[11].

Bone loss in the ageing population is commonly attrib-
uted to its endocrine origin. However, comorbidities,
genetics, and the immune system of the patient can also
contribute to bone loss. A conventional approach to treat-
ment is insufficient to address the systemic impairment in
bone microstructure, making it crucial to develop a new
strategy for understanding osteoporosis [12]. Analysing
proteomes can provide insight into patients’ pathophysi-
ological status [13], which is particularly relevant given
the observed link between pro-inflammatory states and
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fractures that are associated with an accelerated decrease
in bone mineral density BMD [14, 15].

Chaput et al. [16] found three significant differ-
ences between osteoporosis and osteoarthritis (OA) in
middle-aged women. In The Osteoporotic Fractures in
Men Study, Nielson CM et al. [15] found an association
between five proteins and incident hip fracture. When
performing proteomic analyses on the osteoporotic pop-
ulation, the comparison population is usually patients
with OA [17] due to the ease of obtaining bone tissue.
Additionally, there are similarities and even overlaps
between risk factors [18, 19] and an inverse relationship
between hip fractures and hip OA [20]. In this overlap
context, immunology biomarkers that enable differen-
tiation between inflammation in bone (OP) and joint
(OA) represent an encouraging possibility for the diag-
nosis and prognosis of osteoarticular diseases [21]. Even
more, the role of immune system in the pathophysiol-
ogy of osteoporosis [22] suggest that immune dysregula-
tion can trigger inflammatory conditions that negatively
affect bone integrity [23]. Even in the acute phase, both
hip fracture and hip replacement show a similar eleva-
tion of acute phase factors [24, 25]. Therefore, proteomic
analyses can aid in understanding the pathophysiology
of osteoporosis, the different with other chronic autoim-
mune rheumatic diseases and lead to the development of
more effective treatment strategies.

Insufficient understanding of the pathophysiologi-
cal and molecular mechanisms of OP and other chronic
bone conditions has led to the lack of mechanism-based
diagnoses [13]. However, proteomic approaches that
examine changes in biomarkers show promise in devel-
oping minimally invasive diagnostic biomarkers for OP.
Unfortunately, data from older adults are scarce, empha-
sizing the need to identify valid biomarkers for both diag-
nosing and evaluating treatments and interventions.

More studies are required to address the knowledge gap
concerning the activated molecular mechanisms in OP
and to identify potential biomarkers, including aspects
of the clinical presentation. In this cross-sectional study,
we used a targeted proteomic approach to examine the
relationship between immunology biomarker profiles,
fracture status, and fracture risk. Our primary aim was
to compare immunology biomarker profiles between two
patient groups: those with hip OA who were candidates
for hip arthroplasty and those with hip fracture who were
also candidates for hip arthroplasty. Subsequently, we
investigated the association between these profiles and
fracture risk, as determined using the FRAX reference
tool (as the most extensively risk assessment tool).
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Materials and methods

Patients and study design

This observational, cross-sectional study scrutinized
patients who were referred to the Orthopedic Clinics
and Traumatology Services at the University Hospital of
Navarre (Pamplona, Spain) between March and October
2021. The criteria for participant inclusion were age>70
years, a diagnosis of osteoarthritis of the hip being a can-
didate for hip arthroplasty, a diagnosis of subcapital hip
fracture being a candidate for hip arthroplasty, and spi-
nal anaesthesia as the elective technique. The diagnosis of
hip OA was based on the criteria of the American College
of Rheumatology [26]. Exclusion criteria were diseases
that cause secondary OP (e.g., glucocorticoid-induced
osteoporosis, rheumatoid arthritis, and autoimmune dis-
eases), terminal illness (advance stages pathologies and
cancer) or refusal to participle in the study. We screened
256 older adults, with 83 meeting the inclusion criteria.
In our selection process, 112 individuals were excluded
due to secondary osteoporosis, 48 due to terminal ill-
nesses, and 13 owing to their refusal to provide informed
consent. Consequently, a final cohort of 40 participants
was selected for the study, while an additional 43 were
excluded. The main reason for exclusion at this point was
the change of the day of surgery, which did not allow for
the collection and processing of samples. The study flow-
chart is shown in Appendix A.3. The participants were
classified into two groups: hip OA candidates for hip
arthroplasty (n=20) and hip fracture candidates for hip
arthroplasty (n=20). The study received approval from
the Institutional Review Board of the University Hospital
of Navarre (Pamplona, Spain), under the approval refer-
ence PI_2020/125. Every participant involved in the study
furnished written informed consent prior to their inclu-
sion in the research.

Clinical and functional parameters

A comprehensive medical assessment was performed
including comorbidities (Cumulative Illness Rating Scale
for Geriatrics, CIRS-G) [27], osteoporotic treatments and
polypharmacy (defined as regular use of at least five med-
ications). Functional status was assessed by the Barthel
index [28], pre-intervention mobility by the FAC (Func-
tional Ambulation Classification) [29] scale, and frailty
status by the FRAIL scale [30]. We used pre-fracture val-
ues as baseline points. Handgrip strength was measured
as part of the Groningen Fitness Test for the Elderly [31]
using a Jamar Hydraulic Hand Dynamometer on the day
of the surgery. The best of three attempts (with 30 s rest
between each attempt) was recorded [32]. Nutritional
assessment was performed by body mass index (BMI)
calculation (weight/height?), and by completing the
Mini-nutritional Assessment (MNA) tool [33]. Cognitive
status was assessed by Pfeiffer’s Short Portable Mental
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State Questionnaire (SPMSQ) [34] and depression symp-
toms were assessed using the Geriatric Depression Scale
(GDS-15) [35].

FRAX was determined by factors such as age, BMI, and
a set of binary risk elements. These elements included
prior fragility fracture, whether a parent has had a hip
fracture, current smoking habits, long-term oral gluco-
corticoid usage, presence of rheumatoid arthritis, other
underlying conditions leading to osteoporosis, and alco-
hol intake. Femoral neck BMD was inputted when it was
possible [4].

Bone mineral density and body composition by dual-
energy X-ray absorptiometry (DXA)

BMD and body composition were assessed using dual
X-ray absorptiometry (Lunar iDXA, GE Healthcare) one
month after surgery. BMD was measured in the total hip,
femur neck, posterior-anterior spine, and forearm [36].
Lean mass was measured as Appendicular Skeletal Mus-
cle Mass (ASM) adjusted for height squared (Appendicu-
lar Skeletal Muscle Mass Index or ASMI), or body mass
index (ASM/BMI) [37].

Blood extraction and analysis

On the morning of the intervention, fasting periph-
eral venous blood (PVB) samples were procured from
the antecubital vein of the participants. Blood was
inverted five times and allowed to sit for 30 min for
clotting. Samples were then centrifuged at 2,000 x g for
10 min at 4 °C to obtain plasma and acellular superna-
tant. Serum aliquots were stored at —80 °C until use. In
order to investigate the viability of utilizing this technol-
ogy for biomarker analysis, we conducted an assessment
of the technical performance of Olink Proteomics’ high-
throughput, multiplex proximity extension assays (PEA),
specifically the Target 48 Cytokine Panel, for protein
screening purposes [38]. The panels had a positive cor-
relation with other established technologies [39]. This
emerging technology, developed by Olink Proteomics
(Uppsala, Sweden), integrates quantitative real-time Poly-
merase Chain Reaction (qPCR) with multiplex immuno-
assays. Essentially, PEA is predicated on dual recognition
of a targeted biomarker via a pair of antibodies, each
labelled with unique DNA oligonucleotides. These bio-
marker-specific DNA ‘barcodes’ are quantified using
microfluidic qPCR, which allows for high-throughput
relative quantification of as many as 1161 human plasma
proteins with a minimal volume of biofluids (1 pL suffices
for the quantification of 92 biomarkers). The requirement
for highly specific antibodies and the employment of
target-designed primers augment the specificity and sen-
sitivity of the assays in biological samples. These charac-
teristics, coupled with the utilization of multiple internal
controls that monitor each step of the reactions, help to
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avert unspecific events and minimize background noise
[38]. Comprehensive details about PEA technology, its
performance, and validation data can be obtained from
the manufacturer’s website (www.olink.com) and the bio-
markers are listed in Appendices A.1 and B.

The collected data were presented in standard units
(pg/mL). For quality, a four-parameter logistic (4PL)
curve was generated for the standard curve during prod-
uct development. Within the limits of quantification
(LOQ), the 4PL fitting described the standard curve well
with high precision and accuracy, and the concentration
could be correctly estimated. Beyond LOQ, the preci-
sion and accuracy of the 4PL fitting exhibited a decrease.
Cytokine values that fell within the lower and upper lim-
its of quantification (LLOQ and ULOQ, respectively)
for each assay — parameters defined during the panel’s
development — were not incorporated into the analysis.
In total, seven cytokines for which more than 35% of the
values were below the limits of detection (LOD) were
excluded from all analyses (grey-shaded biomarkers in
Appendix A.1).

Statistical analysis

Background data were tested for normality using the
Shapiro-Wilk method. Consequently, the non-parametric
(Mann—Whitney U) or parametric (independent t-test)
test was used to compare between groups (hip fracture
cases versus controls) regarding the baseline characteris-
tics in continuous variables. For dichotomous or nominal
variables, Fisher’s exact or Pearson X*> were used. Data
are presented as mean and standard deviation (SD) if not
stated otherwise. The statistical package used to calcu-
late group differences was SPSS version 26 (International
Business Machines Corporation [IBM], Armonk, New
York, USA). A two-tailed P-value of <0.05 was consid-
ered significant.

We used Tukey’s fences method to detect observations
out of the normal range by using interquartile ranges
[40], which are often used for detecting outliers in various
fields [41]. 55 outliers were excluded from the analysis
out of the 1800 values analyzed using the Olink plat-
form. Before performing Tukey’s fences, the normality
of the data was checked before fitting the curve. Features
with >70% missing values in the real samples or >10%
outlier values in the serum samples were deleted first,
and 36 biomarkers passed quality control (Appendix B).
Serum biomarkers in pg/mL values were analyzed using
two unpaired t-tests, Benjamini—Hochberg method for
p-value correction with a 5% false discovery rate, and a
distribution boxplot. P values<0.05 were considered sta-
tistically significant after correction with the Benjamini—
Hochberg method. Principal component analysis and
Volcano plot (Fig. 1) assessed the distribution groups,
using singular value decomposition with imputation
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(pre-normalized data, no transformation), and visual-
ized using ClustVis [42]. R-squared and goodness-of-
fit measure for linear regression models was calculated
including the clinical variables and significant biomarkers
related to fracture risk (FRAX hip and major fracture).
After these analyses, a one-way analysis of covariance
(ANCOVA) was performed adjusted for age, sex, body
mass index, and FRAX (hip and major) score with effect
size of fracture vs. non-fracture. These analyses were per-
formed using GraphPad Prism 9 program for Windows.
Protein—protein association network analysis was cre-
ated using the online database tool STRING version 11
[43]. Protein accession numbers (UniProt) from signifi-
cant proteins were entered in the search engine (multiple
proteins) with the following parameters: Organism Homo
sapiens, the maximum number of interactions was query
proteins only, interaction score was set to medium confi-
dence (0.400), and an FDR of <£0.01 was used when clas-
sifying the Biological Process (GO) of each protein.

Results

Baseline characteristics

We provided an overview of the demographic, clinical,
and functional features of the patients included in the
analysis (Table 1). The study included 40 older adults
(72.5% female) with a mean age (SD) of 81.23 (8.23) years.
As clinically expected, the scores for BMI, functional sta-
tus, FRAX scores, bone mineral density and body com-
position parameters were all significantly lower in the
fracture group than in the non-fracture group (p<0.05).

Principal component analysis, Volcano plot and protein
association network analysis
A score plot was generated to show the separation
between the fracture and non-fracture groups. The prin-
cipal component analysis did not reveal any abnormal
deviations between the two groups (Fig. 1A) with a very
similar pattern within the same group and differences
between them. The outcome obtained using this selec-
tion criterion is presented in the volcano plot displayed
in Fig. 1B. It was possible to isolate five biomarkers that
showed high differentiation between the study groups.
Changes were observed in the five proteins included:
Interleukin 6 (IL-6), Lymphotoxin-alpha (LT-a) or tumor
necrosis factor-beta (TNF-f), Fms-related tyrosine
kinase 3 ligand (FLT3LG), Colony stimulating factor 1
(CSF1), also known as macrophage colony-stimulating
factor (M-CSF), and Chemokine (C-C motif) ligand 7
(CCL7). Enrichment analysis with multiple testing cor-
rections was used to assign related gene categories to
their associated pathways using gene ontology (summa-
rized in Fig. 2).
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Table 1 Demographic, clinical, and functional characteristics of the patients included for analysis (values expressed as mean and
standard deviation unless otherwise specified)

Full Fracture Non- P
sample group fracture  value”
(n=40) (n=20) group
(n=20)
Demographic
Age, years 81.23(8.23) 87.25 75.20 0.026
6.73) (4.15)
Sex (men/female), n (%) 11 42016 7(35/13 0480
(27.5)/29 (80) (65)
(72.5)
BMI (kg/m?)? 27.39(4.72) 24.91 29.87 0.003
(2.74) (5.02)
Clinical status
CIRS-G score 1145 (4.21) 12.7(4.81) 102(3.17) 0.060
Polypharmacy score 6.28 (3.16) 7.25(3.09) 53(3) 0.534
Osteoporosis (n, %) 10 (25%) 4 (20%) 6 (30%) 0.716
Functional status
Barthel Index (ADL), score® 8163 67.5 95.75 <0.001

(26.13) (30.41) (7.48)
Functional Ambulation Category (n, %)

FACOto 1 3 (7.5%) 3 (15%) 0(0) 0.032

FAC4 105 36(92.5%) 17(85%) 20 (100%)

Frailty score? 2.18(1.69) 3.05(147) 13(142) <0.001

Hand grip strength (Kg) 1763(9.8) 113(6.24) 2395(86) <0.001

MNA score® 2343 (6.51) 1883 28.03 <0.001

(6.08) (2.33)

Pfeiffer's SPMSQ' 2.55(3.80) 5.05(4.05) 0.5(0.224) <0.001

Depression score (n, %)? 8 (20%) 6(42.9%) 2 (10%) 0.026

FRAX mayor scorel 9.76 (7,15)  13.4(6.99) 6.12(5.29) <0.001

FRAX hip score' 443 (385 629(3.79) 258(2.94) <0.001

Bone mineral density and body composition

BMD - total hip 0.873 0.735 0976 0.001
(0.186) (0.079) 0.177)

BMD - femoral neck 0.869 0.739 0.966 0.011
(0211) (0.119) (0.217)

BMD - lumbar spine 1.153 0.981 1.239 0.007
(0.256) (0.18) (0.247)

BMD - foreman 0.768 0.679 0.812 0.281
(0.314) 0.127) (0.37)

ASMIK 6.24(1.63) 5.06(1.27) 743(095) <0.001

ASM/BMI' 0.607 0.526 0.687 0.005

(0.188) (0.155) (0.187)

“BMI (body mass index)

bThe Cumulative Iliness Rating Scale for Geriatrics (CIRS-G) scale evaluates individual body systems, ranging from 0 (best) to 56 (worst)
‘The Barthel Index ranges from 0 (severe functional dependence) to 100 (functional independence)

dFrail Scale ranges from 0 to 5 and indicates frailty with >3

€Mini-Nutritional Assessment (MNA).

fPfeiffer’s Short Portable Mental State Questionnaire (SPMSQ) ranges errors from 0 (best) to 10 (worst)

9The Geriatric Depression Scale (GDS-15) ranges from 0 to 15 and indicates symptomatic depression with >5
PFRAX 10-year fracture probability of mayor osteoporotic fracture (%). Mean and SD

'FRAX 10-year fracture probability of hip fracture (%)

JBMD (bone mineral density, g/cm?)

KASMI (Appendicular Skeletal Muscle Index, kg)

'ASM/BMI (Appendicular lean mass adjusted for BMI).

* p-value for different groups in percentage (Pearson X?, expect no normal distribution; Fisher’s exact test) or means (t-student, expect no normal distribution; U de
Mann-Whitney). The bold values are statistically significant
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Fig. 1 Principal component (PCA) and volcano plot analysis. Panel A, Prin-
cipal component analysis (PCA) between the study groups. The ellipses
show a probability of 95% that a new data point from the same group is
located inside the ellipse. The red points correspond to fracture subjects,
and the blue points correspond to non-fracture subjects. Panel B, Volcano
plot of the paired t-test between non-fracture vs. fracture. Statistically sig-
nificant differences in protein expression levels were found after correction
with Benjamini-Hochberg, which is represented by all the proteins being
presented as red dots, that is, the corrected p-values did reach <0.05. The
dotted line represents the corrected significance threshold of 0.05. On
the y-axis are log;, of p-values and on the x-axis is the log, fold change
between the two groups where a positive fold change indicates a lower
protein level in the non-fracture than in the fracture

Biomarkers difference and correlation with fracture risk

After conducting two unpaired t-tests with the Ben-
jamini-Hochberg method for p-value correction, it was
found that these five cytokines were significantly differ-
ent between fracture and non-fracture patients (p<0.05).
The mean plots in Fig. 3A, D, G, ], and M display the lev-
els of these five proteins. LT-a and FLT3LG were found to
be higher in non-fracture patients, whereas IL-6, CSF1,
and CCL7 were found to be higher in fracture patients.
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(Appendix A.2) shows the immunology biomarkers that
were not found to be significantly associated with frac-
ture status.

Furthermore, linear regression models showed moder-
ate (R*=0.409) but significant (p=0.001) positive correla-
tions between IL-6 levels and the risk of major fracture, as
shown in Fig. 31. The levels of CSF1 (R*=0.267; p=0.005)
and CCL7 (R?=0.301; p=0.002) had a weak correla-
tion with the risk of fracture. On the other hand, LTA
(R*=-0.157; p<0.001) and FLT3LG (R*=-0.139; p<0.001)
exhibited a negative relation with the risk of fracture.

After the ANCOVA was performed adjusted for age,
sex, body mass index, and FRAX (hip and major) score
and with effect size of fracture vs. non-fracture, all
immunology biomarkers maintained significant (p<0.05)
expect for CSF1 (Appendix A.4).

Discussion

This cross-sectional study utilized a targeted proteomic
approach to identify potential biomarkers of hip fracture
in older adults. The study identified five potential bio-
markers, namely serum IL-6, CSF1, LT-a, FLT3LG, and
CCL7, which may have significant implications for frac-
ture risk. Out of these biomarkers, three (IL-6, CSF1, and
CCL7) exhibited a positive relationship with fracture risk
based on the FRAX reference tool, while two (LT-a and
FLT3LG) had a negative relationship with fracture risk.
While previous evidence has suggested an association
between biomarkers and osteoporosis [23, 44], this study
is the first to examine the relationship between FRAX
and serum cytokines. These findings have the potential
to pave the way for developing effective biomarker-based
diagnostic tools and interventions for osteoporosis,
which could significantly improve clinical outcomes for
older adults at risk of hip fracture.

In this study, we utilized PEA to characterize serum
cytokines related to signaling and inflammatory pro-
cesses in older adults with hip fractures compared to
other adults undergoing elective orthopedic surgery.
Given the multitude of immunology biomarkers that are
altered in rheumatic diseases [45], the choice of OA as
the control group in this study allows us to confirm the
association of these five biomarkers with OP [21], rul-
ing out their association with OA as other most preva-
lent rheumatic disease in the older population. There are
some similarities between osteoporosis (OP) and osteo-
arthritis (OA) [18-21], the characteristics of these groups
are quite different due to factors such as age [46] and the
presence of risk factors. As observed in our study and
supported by existing literature, patients with OP and
hip fractures are notably older [25, 46, 47] and often in a
poorer nutritional state [48]. This age and nutritional dis-
parity can inherently influence the outcomes of studies
involving these populations. For instance, underweight is
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Fig. 2 Pathway analysis of immunology proteins associated with the metabolic process in bone. Functional protein network analysis of significant pro-
teins associated with metabolic process. The STRING version 11 was used to create the network analysis (https://string-db.org/). In the network, each pro-
tein is represented by a coloured node, and protein—protein interaction and association are represented by an edge visualized as a coloured lined (type of
interaction). Known interactions used were from curated databases (turquoise) and experimentally determined (pink). Predicted interactions were gene
neighbourhood (green), gene fusion (red) and gene-co-occurrence (dark blue), and other interactions were text mining (yellow), coexpression (black),
and protein homology (purple). Interleukin 6 (IL-6), Lymphotoxin-alpha (LT-a) or tumor necrosis factor-beta (TNF-@3), Fms-related tyrosine kinase 3 ligand
(FLT3LG), Colony stimulating factor 1 (CSF1), also known as macrophage colony-stimulating factor (M-CSF), and Chemokine (C-C motif) ligand 7 (CCL7)

a risk factor for OP [49, 50] and while obesity stimulates
the development of OA [19, 50] and maybe acts as OP
protector factor [51]. Additionally, functional capacity is
an independent factor for hip fracture [52], whereas hip
arthroplasty is a common treatment for OA patients [53].

In this exploratory study, these clinical differences
may have contributed to differences in cytokine profiles,
which highlights the need for closer case-control clini-
cal matching in further studies. Our interpretation of the
functional mechanisms of the five identified proteins is
that they are involved in immune and inflammatory pro-
cesses. While these proteins have traditionally been asso-
ciated with synovial membrane inflammation (synovitis),
recent findings in osteoimmunology suggest that immune
dysregulation can trigger inflammatory conditions that
negatively affect bone integrity [23]. These findings may
have important implications for understanding the com-
plex interplay between inflammation and bone health in
older adults.

Studying the molecules reported in this study is impor-
tant because low-grade inflammation is a key factor in
the pathogenesis of various widespread diseases, particu-
larly osteoporosis [54]. Although it is not yet understood
how circulating peptides reflect activity in musculoskel-
etal tissues, inflammatory mediators such as reactive
oxygen species (ROS), pro-inflammatory cytokines, and
chemokines directly or indirectly affect bone cells and
contribute to the development of osteoporosis [15, 44].
Prior endeavors have concentrated on the identification
of prospective biomarkers capable of prognosticating the
likelihood of osteoporosis, either as standalone predic-
tors or in conjunction with clinical risk factors and BMD.

The biomarkers identified in this study have been pre-
viously investigated concerning osteoporosis. For exam-
ple, increased levels of IL-6 induce osteoclastogenesis,
the accumulation of T-cells (Th17), and the production
of RANKL, which promotes bone resorption [23]. IL-6
also upregulates bone destruction by releasing protease

enzymes from inflammatory cells [44]. Even though the
expression of RANKL in an array of cell types, including
osteoblasts, research suggests that osteocytes predomi-
nantly contribute to the pool of RANKL essential for
osteoclast genesis [55].

Despite the positive associations found between IL-6
and fracture risk (R*=0.409 for major fracture risk, and
R?=0.364 for hip fracture risk), it is currently unclear
whether blood IL-6 concentration can accurately predict
fracture risk.

LT-a, also known as tumor necrosis factor-beta
(TNE-B), is a cytokine belonging to the tumor necrosis
factor superfamily that mediates a range of inflamma-
tory, immunostimulatory, and antiviral responses [56].
Although involved in the genesis and treatment of osteo-
arthritis [57], it induces osteoclastogenesis alongside
RANKL [58]. However, when TNF- a is present in abun-
dance, studies suggest that its role is secondary to that of
TNE- «a [59]. The significant but weak (R*=—0.157 in the
best case) correlation with the control group may be due
to its relationship with both processes and its secondary
role.

FLT3LG is a hematopoietic cytokine related to growth
factors that increase the number of immune cells by acti-
vating hematopoietic progenitors. FLT3LG studies in the
biomedical literature are more related to leukaemia than
musculoskeletal diseases [60]. The role of this cytokine in
bone joints is debated and has mainly been described in
rheumatoid arthritis, where it is considered to be a nega-
tive regulator of osteoclastogenesis and a bone-protective
factor [61]. This may explain the weak association with
fracture risk seen in our study (R*=—-0.356).

CSF1, also known as macrophage colony-stimulating
factor (M-CSF), is a secreted cytokine that causes hema-
topoietic stem cells to differentiate into macrophages
or other related cell types. CSF1 is involved in multiple
functions throughout the body, including bone health.
In bone, stromal cells secrete CSF1, which affects T-cell
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differentiation in osteoclastogenesis [23]. CSF1 is cru-
cial for the proliferation, differentiation, and motility of
osteoclasts [62], making it a key therapeutic target for
osteoporosis [63]. In our study, we found that CSF1 levels
were different between the fracture and control groups
(p=0.005), but with a weak correlation to fracture risk.
Despite its biological plausibility, CSF1 did not retain
its significance after adjusting for multiple confounders,
likely due to the sample size. While it was adequate for
initial observations, it might not have been sufficiently
large to detect subtle effects of CSF1 once other variables
were taken into account.

CCL7 belongs to the CC chemokine family and its role
in osteoporosis is currently under study [64]. RANKL
induces the expression of many chemokines including
CCLY7, to enhance osteoclast formation. Currently, CCL7
is being studied as a potential target for postmenopausal
osteoporosis [65]. Our findings support the relationship
with OP (p=0.002), with a weak correlation with fracture
risk.

Despite the importance of cytokines in bone regula-
tion, other cytokines related to bone loss, such as IL-1B,
IENG, and TNF, did not show significance in our study
[23, 44]. Considering the widely acknowledged limita-
tions of utilizing BM) in the evaluation of fracture risk
within the bone health research community, there is an
ongoing pursuit to discover and validate novel biomark-
ers for clinical application. This endeavor stems from
the growing understanding of bone regulation, which
contributes to an expanding pool of knowledge in the
field. Our findings suggest that the weak association of
IL-6, CSF1, and CCL7 with fracture risk may be related
to the implications of these cytokines in inflammag-
ing and other age-related diseases [66] in older adults
with high comorbidity burden (especially OA [67]) and
polypharmacy [68, 69]. The lack of differences in these
cytokines may be due to similar inflammaging-related
characteristics between the study groups. Hence, based
on the current body of evidence, the utilization of these
three prospective biomarkers as predictors of treatment
responses to novel anti-osteoporotic medications is not
supported [70].

The main strength of this exploratory analysis is its
potential to provide a new tool for estimating an individ-
ual’s risk of experiencing a hip fracture or a major osteo-
porotic fracture based on serum analysis, which could
guide clinical decision-making and assist healthcare
professionals in identifying individuals who may benefit
from interventions to reduce their risk of fractures. The
development of serum biomarkers for fracture risk in
older adults is of interest in clinical practice due to the
association of fractures with disability, premature mor-
tality, and increased utilization of medical resources [3].
Moreover, Olink Proteomics’ high-throughput allows for
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reliable analysis of these very low values of immunology
biomarkers, such LTA and CCL7 (with levels<10pg/ml)
but these results should be taken with caution.

However, it is essential to recognize and consider the
limitations of our study. First, the analysis was cross-sec-
tional, meaning causative relationships cannot be consid-
ered. Longitudinal studies will be necessary to determine
the temporal relationship between changes in cytokine
profiles and the development of a hip fracture. Second,
the small study population comprised only Caucasians, so
our findings cannot be generalized to other ethnic groups
and limited the statistical strength (specially for CSF1).
Additionally, although the cohort was extensively char-
acterized, it was relatively small, and analyses involved a
large set of variables. The two comparison groups were
not closely matched in terms of demographic or clinical
characteristics, which may have confounded our results,
but after adjusted for age, sex, body mass index, and
FRAX score; most of them were still significant different.

Conclusion

To summarize, our cross-sectional study identified five
immunology biomarkers (IL-6, CSF1, LT-a, FLT3LG and
CCL?7) that were associated with hip fracture and have
potential correlation with fracture risk. This study pro-
vides a potential contribution by highlighting immunol-
ogy biomarkers that could be further studied to estimate
fracture risk and potentially delay the onset of osteopo-
rosis and fragility fractures in older adults. However, to
increase the clinical relevance of these biomarkers and
small sample, validation and replication in longitudinal
cohorts with diverse populations are needed.
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