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A B S T R A C T   

Purpose: Lipocalin 2 (LCN2) is an adipokine involved in many physiological functions, including bone meta
bolism. We previously demonstrated its implication in mouse models of mechanical unloading-induced osteo
porosis and in a cohort of bed rest volunteers. We therefore aimed at studying its involvement in postmenopausal 
osteoporosis. 
Methods: We measured serum LCN2 and correlated its levels to Dickkopf WNT Signaling Pathway Inhibitor 1 
(DKK1), Tartrate Resistant Acid Phosphatase 5B (TRAcP5B), sclerostin, urinary N-terminal telopeptide of type I 
collagen (NTX), serum C-terminal telopeptide of type I collagen (CTX), parathyroid hormone and vitamin K by 
ELISA performed in a cohort of younger (50–65 years) and older (66–90 years) osteoporotic women in com
parison to healthy subjects. A cohort of male healthy and osteoarthritic patients was also included. Sobel 
mediation analysis was used to test indirect associations among age, LCN2 and DKK1 or NTX. 
Results: LCN2 levels were unchanged in osteoporotic and in osteoarthritis patients when compared to healthy 
subjects and did not correlate with BMD. However, serum LCN2 correlated with age in healthy women (R = 0.44; 
P = 0.003) and men (R = 0.5; P = 0.001) and serum concentrations of DKK1 (R = 0.47; P = 0.003) and urinary 
NTX (R = 0.34; P = 0.04). Sobel mediation analysis showed that LCN2 mediates an indirect relationship between 
age and DKK1 (P = 0.02), but not with NTX, in healthy subjects. 
Conclusions: Taken together, the results suggest a hitherto unknown association between LCN2, DKK1 and age in 
healthy individuals, but not in postmenopausal osteoporotic women.   

1. Introduction 

Lipocalin 2 (LCN2) is a small secreted glycoprotein, often defined as 
adipokine, which has been implicated in many physiological and path
ological functions (Kjeldsen et al., 1993). Its role in the musculoskeletal 
system is not yet fully understood. LCN2 responds to reduced mechan
ical stimulation in both bone and muscle and is upregulated under 
mechanical unloading in mouse models as well as in humans (Capulli 
et al., 2009; Rucci et al., 2015; Gambara et al., 2017). Surprisingly, its 

absence is also a negative determinant of bone health, acting indirectly 
on osteoblasts through the modulation of energy metabolism (Capulli 
et al., 2018). Importantly, LCN2 overexpression stimulates the produc
tion of RANKL and IL-6, resulting in increased osteoclastogenesis and 
reduced osteoblast differentiation (Rucci et al., 2015). Moreover, high 
LCN2 levels have been shown to predict fracture-related hospitalization 
in elderly women (Lim et al., 2015). This knowledge, together with our 
experimental observations (Capulli et al., 2009; Rucci et al., 2015; 
Capulli et al., 2018), prompted us to investigate its possible implication 
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in human bone pathology. 
Postmenopausal osteoporosis is a generalized skeletal disease char

acterised by progressive bone loss, accompanied also by increased bone 
marrow adiposity, associated with a reduction of its osteogenic potential 
(Kawai et al., 2012). We compared two groups of osteoporotic female 
patients, one younger (age 50–65) and another older (age 66–90), with 
healthy age-matched women. Furthermore, since LCN2 was found to be 
increased in the synovial fluid of osteoarthritic knees (Gupta et al., 
2007), we investigated if changes in circulating LCN2 could be detected 
in both osteoarthritic males and females compared to control subjects. 

Our results show that LCN2 serum levels are unchanged in osteo
porotic vs healthy women and did not differ between osteoarthritic and 
healthy subjects. However, we show that LCN2 is positively correlated 
with age in healthy women and men, but not in osteoporotic women. 
Moreover, in healthy women LCN2 serum levels correlate with PTH, 
vitamin K and urinary NTX. LCN2 also correlates with DKK1 in healthy 
women and, using the Sobel mediation analysis, we show that LCN2 
mediates an indirect correlation between age and DKK1. 

2. Materials and methods 

2.1. Patient characteristics 

The present study includes healthy, osteoporotic and osteoarthritic 
men and women arising from two separate cohorts of patients and 
healthy subjects. 

The “Oslo Cohort” comprised healthy, osteoporotic (Table I), and 
osteoarthritic (Table II) men and women. All healthy participants had 
BMD T-score > − 1. Bone densitometry was performed by DXA, using a 
Lunar Prodigy DF + 12649 densitometer with the Lunar iDXA encore 
software, version 12.30 (GE Medical Systems, Madison, USA). The 
osteoporotic patients had established osteoporosis according to the 
WHO’s definition, with at least one fragility fracture (also see legend to 
Table I) and/or vertebral compression causing height loss >3.5 cm 
diagnosed by conventional X-ray examination, DXA-scans or a few self- 
reported. Also, fragility non-vertebral fractures (costa, wrist, femoral 
neck) were included. Reliable information regarding number of frac
tures per patient at the time of inclusion or total fractures in the group, is 
not available. Participants were recruited consecutively at Lovisenberg 
Diaconal Hospital outpatient clinic in Oslo (Norway), through adver
tisements in newspapers, or as patients selected for hip replacement, as 
described (Gautvik et al., 2020). Serum samples were collected in the 
morning from fasting individuals. The donors did not include persons 
with secondary diseases or taking medication known to affect bone 
metabolism. The study was approved by the Norwegian Regional Ethical 
Committee (REK no: 2010/2539) and conducted according to the 
Declaration of Helsinki. Verbal and written informed consents were 
administered to all participants in the study (Gautvik et al., 2020). 

We also employed the “L’Aquila healthy males cohort”, which in
cludes healthy male volunteers (N = 15, age = 37.27 ± 11.09 years), 
who were enrolled for another study (manuscript in preparation) 
involving a bout of high-intensity physical exercise, which consisted in 
the “Gran Sasso d’Italia Vertical Run”, an on-foot race that took place at 
high altitude. For the purpose of this work, we exploited the sera har
vested before the run, thus representing the basal levels of LCN2 of the 
partecipants, that were included in the correlations with age. Subjects 
were given a self-administered informed consent in English or Italian 
depending on their preferred language. The protocol was approved by 
Asl (Agenzia Sanitaria Locale) Ethical Committee Milan 1, Milan, Italy 
(protocol ID: MARC01). 

2.2. Materials and detection methods 

Human (cat#DLCN20) LCN2 ELISA kit was from R&D (Minneapolis, 
MN). TRAcP5B, DKK1, and Sclerostin ELISA kits were from TECO 
Medical AG (Sissach, Switzerland). Urinary NTX was measured using the 
Osteomark Urine NTx Kit (Wampole Laboratories, Inc., Princeton, NJ, 
USA). Analyses of BALP and Ca2+ were performed using photometric 
methods employing the Modular P equipment (Roche) and kits ac
cording to manufacturer’s instructions. Serum PTH was measured as the 
intact hormone by the Immulite 2000 two-site chemiluminescent 
immunometric assay (Siemens, Deerfield, IL). Serum CTX was measured 
using the “β-CrossLaps/serum” kit by Roche. Serum levels of 25(OH) 
vitamin D were measured using radioimmunoassay from DiaSorin 
(Saluggia, Italy). Intact osteocalcin was measured using Luminoimmu
nanalyzis (BRAHMS, Hennigsdorf, Germany). Vitamin K was measured 
using the internal standard MK-4 and BHT as an antioxidant and analysis 
on a SPE-HPLC System with a HP 1100 liquid chromatograph (Agilent 
Technologies, Palo Alto, CA, USA) with a HP1100 fluorescence detector, 
emission: 265 nm excitation: 450 nm; vitamin K were electrochemically 
reduced (− 0.75 V) on-line prior to (FLD) detection. Vitamin K’s were 
separated on a 2.1 mm × 50 mm reversed phase column. A two-point 
calibration curve was made from analysis of a 3% albumin solution 
enriched with known phylloquinone concentrations. The recovery is 
>95%, and the method is linear from 0.05–4 μg/L and the limit of 

Table I 
Clinical characteristics and serum bone turnover biomarkers of healthy and 
osteoporotic women analysed in this study – partially reported in Jemtland et al. 
(Jemtland et al., 2011).   

Healthy Osteoporosisx 

Age (years) 62.48 ± 7.77 (44) 70.53 ± 7.74*** (29) 
Weight (kg) 70.23 ± 10.25 (44) 62.99 ± 11.24** (29) 
BMI (Kg/m2) 25.09 ± 3.43 (44) 23.3 ± 3.61* (29) 
L1-L4 T-score 0.25 ± 0.86 (41) − 3.35 ± 0.78*** (24) 
L1-L4 Z-score 1.27 ± 0.89 (41) − 1.70 ± 0.66*** (24) 
Skull BMD (g/cm2) 2.38 ± 0.26 (38) 1.82 ± 0.32*** (29) 
Total body T-score 0.90 ± 0.84 (38) − 2.09 ± 0.90*** (29) 
Total body Z-score 1.72 ± 0.84 (38) − 0.63 ± 1.20*** (29) 
DKK1 (pmol/l) 33.47 ± 10.79 (39) 33.78 ± 13.06 (23) 
Urine NTX(mM) 49.97 ± 32.52 (34) 77.00 ± 50.56* (18) 
TRAcP5B (U/l) 3.13 ± 1.28 (39) 3.60 ± 2.06 (23) 
Sclerostin (ng/ml) 0.91 ± 0.27 (39) 0.68 ± 0.18*** (23) 
Subjects with fracture (n) 2 22 

Data presented as Mean ± SD. Number of subjects in parentheses. 
* P < 0.05 vs healthy. 
** P < 0.001 vs healthy. 
*** P = 0.0001 vs healthy. 
x Patients had at least one fragility fracture and otherwise fulfilled the WHO 

criteria for “established osteoporosis” with T-score < − 2.5 in the spine and/or 
hip (Reppe et al). 

Table II 
Clinical characteristics of healthy and osteoarthritic women and men analysed in 
this study – partially reported in Jemtland et al. (Jemtland et al., 2011).   

Healthy Osteoarthritis 

Female subjects 
Age (years) 62.48 ± 7.77 (44) 66.69 ± 10.5 (16) 
Skull BMD (g/cm2) 2.38 ± 0.26 (38) 2.36 ± 0.26 (14) 
Total body T-score 0.90 ± 0.84 (38) 0.62 ± 0.98 (13) 
Total body Z-score 1.72 ± 0.84 (38) 1.22 ± 0.69* (13) 
Subjects with fracture (n) 2 6  

Male subjects 
Age (years) 69.62 ± 6.01 (21) 72.82 ± 8.08 (10) 
Weight (kg) 88.5 ± 10.37 (21) 85.01 ± 18.46 (10) 
BMI (Kg/m2) 27.46 ± 2.63 (21) 25.81 ± 4.48 (10) 
Skull BMD (g/cm2) 2.21 ± 0.26 (21) 2.18 ± 0.22 (10) 
Total body T-score 1.25 ± 1.04 (21) 0.89 ± 1.25 (10) 
Total body Z-score 1.28 ± 0.83 (21) 1.29 ± 1.29 (10) 
Subjects with fracture (n) ? Not available 1(?) 

Data presented as Mean ± SD. Number of subjects in parentheses. 
* P < 0.05 vs healthy. 
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detection is 0.01 μg/L. Further technical details on these assays can be 
found in Reppe et al. (Reppe et al., 2010) and Jemtland et al. (Jemtland 
et al., 2011). 

2.3. Statistical analysis 

Correlation analyses were performed using Pearson’s correlation 
test. When comparing two groups, we first performed D’Agostino- 
Pearson omnibus normality test. If at least one of the distributions was 
not Gaussian, we performed non-parametric Mann-Whitney test, 
otherwise we performed Student’s t-test. Statistics was performed using 
Graphpad Prism v7.00 or Systat SigmaPlot v14.00 or Jamovi (v 1.6); a P 
value ≤0.05 was considered statistically significant. 

To create the mediation model among variables, a linear regression 
analysis was performed to evaluate the relationship between the 
dependent variable and one (simple linear regression) explanatory 
variable. For these analyses, R and P values are reported in the text and 
in the figures. A test of mediation examines whether the effect (c′) of the 
independent variable (X) on the dependent variable (Y) occurs via a 
third intervening variable or mediator (M). In this work we tested 

whether the relationship between two selected variables (X and Y) was 
mediated by LCN2 (M). Finally, we used the Sobel, Aroian and Goodman 
tests to explore the significance of mediation effect (Chin et al., 2014; 
Torres-Costoso et al., 2015; Chan et al., 2014). The mediation models 
have been adjusted to age and BMI. 

3. Results 

3.1. LCN2 serum levels are unchanged in postmenopausal osteoporotic 
and in osteoarthritic patients 

Our previous results demonstrated that serum LCN2 significantly 
increased in human volunteers subjected to bed rest-induced bone loss, 
while it appeared to be reduced in ovariectomized mice compared to 
control littermates (Rucci et al., 2015). To clarify the LCN2 involvement 
in postmenopausal osteoporotic patients, we analysed the serum levels 
in 44 healthy and 29 women with established postmenopausal osteo
porosis with at least one fragility fracture (Table I). Clinical details of 
this cohort are further described in Jemtland et al. (Jemtland et al., 
2011). 

Fig. 1. LCN2 serum levels in osteoporotic patients and correlation with bone density scores. Measurements of LCN2 levels in sera of (a) osteoporotic (OP) patients 
compared to healthy subjects (Ctrl); number of subjects is indicated in parentheses. Correlation analyses run between serum LCN2 and L1-L4 vertebrae (b) T- and (c) 
Z-score, (d) skull BMD, and total body (e) T- and (f) Z-score. (a) Mann-Whitney test. (b-f) Pearson’s correlation analysis. P and R values are shown in the graphs. 
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Fig. 2. Correlation analysis between LCN2 serum levels and bone turnover biomarkers in osteoporotic patients. Correlation analysis carried out in osteoporotic 
patients, between serum LCN2 and serum (a) BALP, (b) OCN, (c) Sclerostin, (d) DKK1, (e) TRAcP5B, (f) CTX, (g) urinary NTX, (h) serum 25(OH) vitamin D, (i) PTH 
and (j) ionized calcium. Pearson’s correlation analysis. P and R values are shown in the graphs. 
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The analysis shows a trend of increase (P = 0.07) of serum LCN2 
levels in osteoporotic versus healthy women (Fig. 1a). Moreover, in 
osteoporotic patients serum LCN2 did not correlate with L1-L4 BMD T- 
(Fig. 1b) and Z-scores (Fig. 1c), skull BMD (Fig. 1d), total body T- 
(Fig. 1e) and Z-score (Fig. 1f). Comparison between serum levels of 
LCN2 and serum or urinary bone turnover biomarkers in osteoporotic 
women showed no statistical correlations of LCN2 with the osteoblast 
serum biomarkers BALP (Fig. 2a), OCN (Fig. 2b), Sclerostin (Fig. 2c) and 
DKK1 (Fig. 2d). The osteoclast serum biomarker TRAcP5B (Fig. 2e), and 
the resorption biomarkers serum CTX (Fig. 2f) and urinary NTX (Fig. 2g) 
also did not correlate with LCN2 in osteoporotic women. No correlations 
were found between LCN2 and serum levels of 25(OH) vitamin D 
(Fig. 2h), PTH (Fig. 2i) and calcium (Fig. 2j). Finally, no significant 
correlation was observed between LCN2 serum levels and bone density 

scores (Suppl. Fig. 1) or serum/urine biomarkers (Suppl. Fig. 2) in 
healthy women either. 

Based on the evidence that LCN2 is increased in the synovial fluid of 
osteoarthritic knees (Gupta et al., 2007), we evaluated its serum levels in 
16 women and 10 men affected by osteoarthritis, but with BMD within 
normal range. We found no differences compared to healthy subjects 
(Suppl. Fig. 3). 

3.2. LCN2 serum levels increase with age in healthy subjects 

Stratification of patients according to age, i.e. 50–65 and 66–90 years 
old, to possibly discriminate between early-postmenopausal (50–65) 
versus late postmenopausal osteoporosis (66–90), also resulted in no 
significant differences in serum LCN2 levels between either age groups 

Fig. 3. Correlation analysis between LCN2 serum levels and age, weight, and BMI. (a) LCN2 serum levels analysed in healthy and osteoporotic subjects stratified by 
age (50–65 years vs 66–90 years). Correlation analysis between LCN2 and age in healthy (b) women and (c) men. (d) Correlation analysis between LCN2 serum levels 
and BMI in healthy women. Correlation analysis between LCN2 serum levels and (e) age an(f) BMI in osteoporotic women. (a) Mann-Whitney test or Student’s t-test, 
(b-f) Pearson’s correlation test. P and R values are shown in the graphs. 
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of patients and healthy women. However, a significant increase in LCN2 
serum levels was detected in older vs younger healthy women, and a 
similar trend (P = 0.06) was found in older vs younger osteoporotic 
women (Fig. 3a). 

Consistently, Pearson correlation analysis showed that LCN2 corre
lated positively with age in healthy females (Fig. 3b) and males (Fig. 3c). 
Considering that elderly people are prone to lose bone mass due to 
reduced mobility and/or physical activity, this result is in agreement 
with our previous data (Rucci et al., 2015) showing the positive corre
lation between LCN2 and duration of bed rest used as a model of disuse/ 
inactivation osteoporosis. A trend of positive correlation (P = 0.051) 
was observed between BMI and LCN2 in healthy women (Fig. 3d). 
However, in osteoporotic women, LCN2 did not show any significant 
correlation with age (Fig. 3e) or BMI (Fig. 3f). 

3.3. Correlation between LCN2 and bone turnover biomarkers in healthy 
women 

We next evaluated whether there was a correlation between LCN2 
and bone turnover biomarkers in healthy women. Among them we also 
included vitamin K, since recent studies indicate this molecule as a po
tential therapeutic agent for bone fractures, due to its role as a coenzyme 
of the carboxylation of osteocalcin and matrix Gla protein (Fusaro et al., 
2020; Fusaro et al., 2017). Intriguingly, LCN2 was directly correlated 
with serum levels of PTH (Fig. 4a), vitamin K (Fig. 4b), urinary NTX 
(Fig. 4c) and serum DKK1 (Fig. 4d) in healthy women. These relation
ships were confirmed by regression analyses adjusted for age (Suppl. 
Fig. 4a-d) and BMI values (Suppl. Fig. 4e-h). 

We then aimed at understanding whether these correlations were 
reliable or confounded by age. Therefore, we performed correlation 
analyses between age and these variables. PTH showed significant cor
relation with age (Fig. 5a), and so did vitamin K (Fig. 5b), thus 

prompting us to conclude that the correlation observed between these 
factors and LCN2 are likely due to their linear correlation with age, 
rather than a real interaction with LCN2. Notably, NTX (Fig. 5c) and 
DKK1 (Fig. 5d) were not correlated with age. To assess whether the 
interaction observed in our model could be associative, we used three 
different statistical tests including Sobel, Aroian and Goodman tests to 
explore the significance of the mediation effects between the different 
variables. Notably, we could not find a significant indirect relationship 
between age and NTX when using LCN2 as predictor (Fig. 5e). We next 
built a mediation model between age and serum DKK1, using serum 
LCN2 as mediator, finding a statistically significant result (Fig. 5f), thus 
suggesting that LCN2 could be a mediator relating DKK1 serum levels to 
ageing. Similar results were observed when we adjusted the mediation 
analysis for the BMI value (Suppl. Fig. 5). 

Taken together these results demonstrate that the LCN2 serum level 
increases with age and correlates with urinary NTX and DKK1. More
over, LCN2 appears to mediate an indirect relationship between age and 
DKK1. 

4. Discussion 

The main finding of this study is a clear correlation between serum 
levels of LCN2 and age. Furthermore, serum LCN2 correlates with uri
nary NTX and with serum levels of DKK1 in healthy women and is 
possibly also indirectly involved in the relationship between DKK1 and 
ageing. A few earlier reports have already indicated the correlation 
between serum LCN2 and age but having different study designs. A first 
study found that serum LCN2 was related to age in patients undergoing 
elective percutaneous coronary intervention (Bachorzewska-Gajewska 
et al., 2006), while Bennet et al. observed, in a healthy paediatric pop
ulation cohort, that urine LCN2 was significantly higher in the 10–<15 
year and 15–<18 year age groups compared to 3–<5 years age group 

Fig. 4. Correlation analysis between LCN2 serum levels and bone turnover biomarkers in healthy women. Correlation analyses between serum LCN2 and serum (a) 
PTH, (b) vitamin K, (c) urinary NTX and (d) serum DKK1 in healthy women. Pearson’s correlation test. P and R values are swown in the graphs. 
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(Bennett et al., 2015). Consistent with our results, a similar correlation 
was observed in the sera of 30 volunteers, stratified in three groups of 
age: 18–22, 38–42 and 58–62 years, and the authors suggested a possible 
role for LCN2 in cell senescence (Bahmani et al., 2014). Our work, 
although confirmatory, allows to demonstrate this correlation in a larger 
cohort of healthy individuals stratified non only for age but also for 
gender. 

LCN2 is a potential biomarker of inflammatory and metabolic con
ditions (Abella et al., 2015). In bone, its overexpression impairs the 
differentiation of bone-forming cells (osteoblasts) and increases their 

production of IL-6 and RANKL, eventually leading to increased osteo
clastogenesis (Rucci et al., 2015). However, the role of LCN2 in bone is 
quite complex, with reports from another group showing that this pro
tein inhibits in vitro RANKL-mediated osteoclastogenesis (Kim et al., 
2015), and its absence promotes proliferation and differentiation of 
osteoclast precursors (Kim et al., 2016). On the other hand, Costa and 
colleagues (Costa et al., 2013) showed that Lcn2-transgenic mice, with 
high circulating levels of Lcn2, have increased levels of IL6 and osteo
clasts. Moreover, LCN2 is a known IL-17, TNF-α, NfĸB and IL-1β- 
responsive gene (Veeriah et al., 2016; Zhao et al., 2014; Sommer et al., 

Fig. 5. Correlation and mediation analysis among LCN2, PTH, vitamin K, NTX, DKK1 and age. Correlation analyses between age and serum (a) PTH, (b) vitamin K, 
(c) NTX and (d) serum DKK1. (e,f) Mediation models built to elucidate whether there is a relationship between age and (e) urine NTX or (f) serum DKK1 mediated by 
LCN2. All relevant parameters, including Z, standard error (SE) and P value are included in the graph and adjusted to age. (a-d) Pearson’s correlation. R and P values 
are included in the graphs. 
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2009), confirming its tight link with inflammation. Indeed, this associ
ation between inflammation and LCN2 may explain the correlation be
tween this factor and ageing. In fact, a novel concept, termed 
“senoinflammation” (Chung et al., 2019) states that ageing is charac
terised by a chronic inflammatory state. Inflammatory cytokines 
involved in this aspect include IL-6, IL-1β and TNF-α, and LCN2 may be 
part of this chronic inflammatory signature correlated to ageing. 

Another recent cross-sectional study by Liu and colleagues (Liu et al., 
2018) carried out on 1012 outpatients, investigated the relationship 
between LCN2 and bone turnover biomarkers in healthy women. In this 
report, LCN2 was found to be positively correlated with serum CTX. Liu 
and colleagues also did not find any difference in LCN2 serum levels 
between women with or without osteoporotic fractures. The latter 
aspect is in line with our results, although our data was collected from a 
lower number of subjects. In fact, we did not find any evidence of an 
association between LCN2 serum levels neither with postmenopausal 
osteoporosis nor with osteoarthritis, two medical conditions where in
flammatory processes are involved (Mundy, 2007; López-Otín et al., 
2013). 

Another prospective study by Lim et al. (Lim et al., 2015), carried out 
on 1009 osteoporosis patients over 70 years of age, showed that there 
was 30% multivariable-adjusted increase in the risk of any osteoporotic 
fracture per standard deviation increase in LCN2 serum levels. Although 
this may not seem in line with our work, the low power, and the dif
ference in the composition of the cohorts may have been significant 
determinants of the discrepancies between Lim’s and our report. 
Furthermore, Lim also found a positive correlation between LCN2 and 
age in osteoporotic women, which we were not able to detect. 

Osteoarthritis involves one or a few of the major joints where 
cartilage is destroyed with secondary inflammatory responses also 
extending to the adjacent bone and it has been reported that LCN2 is 
increased in osteoarthritic synovial fluid. However, our study mitigates 
the relevance to use LCN2 as an osteoarthritis serum biomarker. 

During ageing, people tend to show reduced mobility, eventually 
leading to a predisposition to gender-independent disuse osteoporosis. 
Moreover, one of the hallmarks of ageing is cell senescence (López-Otín 
et al., 2013), a phenomenon through which, following telomere attrition 
or replicative stress, cells stop their cell cycle permanently and change 
their phenotype, expressing specific markers such as β-galactosidase and 
inflammatory cytokines (Kuilman et al., 2010). This, together with the 
chronic/degenerative diseases which are also associated with ageing, 
increases the LCN2-activating transcription factor NfĸB (Poynter and 
Daynes, 1998; Tilstra et al., 2011), possibly contributing to our obser
vations. Notably, Bahmani and colleagues suggested that, after 
senescence-inducing treatments, LCN2 expression is increased in HEK- 
293 cells (Bahmani et al., 2015) and in mesenchymal stem cells (Bah
mani et al., 2014) in vitro, and that its overexpression can reduce the 
effects of cellular senescence. In their report, they also show a direct 
correlation between human ageing and serum levels of LCN2, consistent 
with our findings (Bahmani et al., 2014). 

The positive correlation between DKK1 and LCN2, and between NTX 
and LCN2 in healthy women is also a de novo finding and links LCN2 to 
these important negative determinants of bone mass, the former 
impairing bone formation, which is also a possible therapeutic target for 
osteoporosis (Roux, 2010), and the latter being a biomarker of bone 
resorption. We used a statistical mediation analysis to test a possible 
association between LCN2, age and DKK1.While no direct correlation 
was present between DKK1 and age per se, we found a significant asso
ciation when considering LCN2 as a predictor. Albeit the finding does 
not prove an association between DKK1 and LCN2, it is suggestive of a 
causal relationship between the 3 variables that, however, needs to be 
confirmed in further studies, especially considering that DKK1 reduces 
bone accrual, and therefore could represent a determinant of low bone 
mass (Butler et al., 2011; Florio et al., 2016). Indeed, in another study 
from our group (manuscript in preparation) we investigated the role of 
LCN2 following acute high-intensity exercise in a healthy male cohort, 

finding a significant upregulation of serum LCN2 and DKK1, which also 
directly correlated, thus supporting the present results. If LCN2 is an 
upstream mediator/cofactor of DKK1, it would make for a good thera
peutic target, since its removal or inhibition do not cause detectable side 
effects in mice (Rucci et al., 2015; Capulli et al., 2018). 

Although the presented data do not rule out a possible role for LCN2 
in human bone health, they show that in postmenopausal osteoporosis, 
LCN2 does not seem to have a significant functional meaning. However, 
LCN2 correlates with NTX and DKK1 in healthy women and men, indi
cating possible associative functions in bone biology which are worthy 
of further studies. 

In this study, the number of participants is a limitation, especially for 
the osteoporosis group. Some of the analyses are thus underpowered and 
need to be validated in larger cohorts. However, from the present results 
we conclude that serum LCN2 is not increased in osteoporotic or oste
oarthritic patients, but correlates with age, NTX and DKK1 in healthy 
subjects. The statistical models used also indicate a possible association 
between LCN2, DKK1 and ageing. 
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