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ABSTRACT

Context: The mechanisms underlying bone fragility and increased fracture risk observed in individuals with type 2 diabetes
(T2D) are not yet fully elucidated. Previous research has suggested a role for neuropeptides in regulating bone metabolism;
however, the contribution of the neuropeptide Neurotensin (NT), which is thoroughly implicated in T2D and cardiovascular
disease, has not been investigated in this context.

Objective: To study the relationship between circulating levels of the NT precursor proneurotensin (proNT) and bone min-
eralisation in T2D women.

Materials and Methods: This is a cross-sectional investigation with a longitudinal prospective phase, involving 126 women
with T2D who underwent bone density scans and had proNT levels measured. Biomarkers of bone metabolism and inflam-
mation were also assessed. Data on bone mineral density (BMD) after 12 months were available for 49 patients.

Main Outcome Measure: Plasma proNT levels in relation to BMD.

Results: 32% of the participants had osteopenia/osteoporosis and exhibited higher proNT than those with normal BMD
(200.8 £ 113.7 vs. 161.6 + 108.8 pg/mL; p = 0.013). ProNT inversely correlated with femur BMD and T-score (p < 0.01)
and was associated with degraded bone architecture (TBS, p = 0.02), and higher OPN, PINP, TNF-a and IL-1§ levels.
Baseline proNT correlated with further BMD reduction at the 12-month follow-up, independently of potential confounders
(p = 0.02).

Conclusions: In women with T2D, greater proNT levels are associated with impaired bone mineralisation and predict mineral
density decline overtime. ProNT could potentially serve as a diagnostic tool for identifying patients at higher risk of osteopenia/
osteoporosis, suggesting a significant connection between this neuropeptide and bone metabolism in diabetes.
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1 | Introduction

Type 2 diabetes and osteoporosis, both highly prevalent chronic
conditions, pose an escalating health burden worldwide. In
2015, 415 million adults had type 2 diabetes diagnosis (8.8% of
the global population), with an estimated prevalence growing
over 10% by 2040 [1]. Osteoporosis has a prevalence of 23% in
women [2], and bone fragility exposes to even greater fracture
risk in the presence of diabetes, with unfavourable short- and
long-term outcomes in terms of fragility and mortality [3].
Mechanisms behind these detrimental relationships are not
fully identified and are only partially mediated by chronic hy-
perglycemia exposure [3].

Neuropeptide-mediated circuits are implicated in several
metabolic pathways [4]. Among them, they have been demon-
strated to influence bone metabolism by controlling osteoblasts
and osteoclasts’ activity [5-8], engaging in a complex interplay
with sex hormones, where oestrogen deficiency was shown to
modify neuropeptide levels in the brain and bone, thus
favouring postmenopausal osteoporosis [9].

Among the most investigated neuropeptides in metabolic dis-
eases, neurotensin (NT), which has a role as both a neuro-
transmitter and gastrointestinal peptide, is a fine regulator of
overall energy balance [10] and inflammatory processes [11, 12].
NT promotes lipid absorption through the gut in the presence of
increased intestinal fat concentrations and enhances systemic
and local pro-inflammatory processes [10]. Elevated concen-
trations of its precursor proneurotensin (proNT) are predictive
of obesity, non-alcoholic fatty liver disease [13-15], cancer [16]
and cardiovascular mortality [17], and these associations are
more pronounced in women [18, 19].

As for type 2 diabetes, the existence of a strong correlation be-
tween proNT and impaired glucose-insulin metabolism has
been reported in numerous studies [13-17]. Baseline proNT
levels are associated with the presence of dysmetabolic features
in obese children and predict further metabolic alterations, as
impaired B-cell function to compensate for insulin-resistance,
later in life [20]. In adults, elevated plasma proNT was shown to
be associated with the presence of type 2 diabetes and poor
glucose control [14, 15], whereas in non-diabetic individuals,
predicted diabetes' onset over time [17], mostly in elderly female
populations [13].

Indeed, several studies suggest a potential interplay between NT
and the female gonadal axis. NT is expressed in follicle-
stimulating hormone (FSH) and luteinising hormone (LH)
positive cells of rats, and its expression levels vary across phases
of the oestrous cycle [21]. NT levels also rose in the pituitary
after ovariectomy-induced menopause [22]. Furthermore, NT is
involved in cytokine secretion and inflammatory processes
implicated in osteoporosis [23] and its receptor 3 Sortilin was
shown to impact on calcification processes [24].

Despite all these data, the relationship between NT and bone
metabolism remains an unexplored terrain. Our research aimed
to assess the role of proNT in predicting impaired bone min-
eralisation and bone loss in postmenopausal women with type 2
diabetes.

2 | Materials and Methods

2.1 | Study Population

For this investigation, we analysed data from 126 women with
type 2 diabetes recruited among those referred to the Diabetes
outpatient clinics of Sapienza University, Rome, Italy, for diabetes
management and care; forty-nine patients were re-evaluated after
12 months and data were available for follow-up analyses.

To be enrolled in this study, patients had to meet the following
inclusion criteria: female subjects > 18 years old; diagnosis of type
2 diabetes according to the American Diabetes Association 2009
criteria; body mass index (BMI) between 20 and 40 kg/m?, body
weight < 120 kg; HbAlc < 7.5%; treatment with metformin in
monotherapy at a stable dose for at least 12 weeks before enrol-
ment; not on pregnancy. Main exclusion criteria were: recent/
ongoing treatment with agents known to influence bone meta-
bolism (e.g., bisphosphonates, calcitonin, corticosteroids or hor-
mone replacement therapy), other/secondary causes of bone
disease, substance abuse, clinically significant depression, or cur-
rent psychiatric care. We also excluded from this study individuals
with a current or history of therapy with antidiabetic agents other
than metformin, to mitigate the potential risk of an impact of other
antidiabetic therapies on bone metabolism/fracture risk.

All participants underwent clinical work-up, including weight
and height measurements, BMI calculation, and systemic blood
pressure assessment (mean value of three measurements
recorded). Venous blood sampling was performed for metabolic
evaluation, measuring fasting glycaemia (FBG, mg/dl), glyco-
sylated haemoglobin (HbAlc, mmol/mol—%), total cholesterol
(mg/dl), total cholesterol (mg/dL), high-density lipoprotein
cholesterol (HDL, mg/dL), triglycerides (mg/dL), aspartate
aminotransferase (AST, IU/L), alanine aminotransferase (ALT,
IU/L), gamma-glutamyl transpeptidase (GGT, mg/dL), by
standard laboratory methods. Low-density lipoprotein choles-
terol (LDL, mg/dl) levels were obtained using the Friedewald
formula. Insulin resistance was estimated using HOMA-IR.
Circulating levels of bone and inflammatory markers such as
parathormone (PTH), osteopontin (OPN), osteocalcin (OC),
osteoprotegerin (OPG), sclerostin, IL-183 and TNF-a were
measured by multiplex kits Milliplex (pg/mL; Merk Life Science
S.r.l., Milan, Italy); serum N-terminal propeptide of type I pro-
collagen (P1INP, ug/l) levels were assessed by ELISA Kkit.

The circulating concentration of proNT, a stable precursor
fragment of NT released in equimolar amounts relative to NT,
was quantified in plasma immediately frozen after separation
and stored at —80°C. ProNT levels were assessed using a
chemiluminometric sandwich immunoassay designed to detect
proNT amino acids 1-117 (pmol/L), as previously described
[25]. The analytical assay sensitivity was 4.8 pmol proNT/1, with
an intra-inter-assay coefficient of variability < 5%.

2.2 | Bone Mineral Density (BMD) Assessment

We conducted an evaluation of the BMD in all study partici-
pants at the lumbar spine (L1-L4 anteroposterior) and hip (total
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hip and femoral neck) levels by bone density scan (Dual-Energy
X-ray Absorptiometry, DXA, Hologic Discovery [S/N 84191,
Bedford, MA, USA]). All the examinations were carried out at
the Bone Metabolism Service of Sapienza University of Rome,
Italy, by an expert technician according to standardised pro-
cedures. The quantification of BMD was expressed in grams per
square centimetre (g/cm?). In accordance with World Health
Organization (WHO) criteria [26], osteoporosis was diagnosed
in subjects with a T-score < —2.5, while osteopenia was assigned
to those with a T-score ranging between —2.5 and —1.0. An
evaluation of bone microarchitecture in our study participants
was also performed, by integrating the DXA output with the
trabecular bone score (TBS) measurement, by the TBS iNsight
software, version 2.1.2.0, to site-matched spine scans. For the
TBS assessment, validated cut-off values were used [27]:
TBS > 1.31 denoting normal bone texture, TBS ranging between
1.23 and 1.31 indicative of partially degraded bone texture, and
TBS < 1.23 suggesting degraded texture.

In forty-nine patients DXA scan was repeated after 12 months
from the first evaluation and data were recorded for the anal-
ysis; none of these participants underwent any therapy or life-
style change during the follow-up period.

2.3 | Statistics

Descriptive statistics are presented as mean =+ standard de-
viation (SD) for continuous variables or percentage for cate-
gorical variables in the manuscript and tables. Differences
between independent groups were compared using Student's
t-test or Bonferroni-adjusted analysis of variance (ANOVA)
for continuous variables and by x* test for categorical vari-
ables. Correlations between proNT levels and clinical pa-
rameters were assessed by Spearman or Pearson's coefficient
and linear univariate regression, as appropriate. To test the
independence of the association between proNT and bone
health parameters, we performed multivariable logistic and
linear regression analyses at the baseline and after 1 year of
follow-up, adjusted for traditional risk factors and parameters
significantly associated with bone metabolism at the univari-
ate test. p value < 0.05 was considered statistically significant.
All statistical analyses were performed using IBM Corp.
Released 2020. IBM SPSS Statistics for Macintosh, Version
27.0. Armonk, NY: IBM Corp.

2.3.1 | Sample Size and Power Calculation

This is the first study evaluating plasma proNT in relation to
bone metabolism parameters. Therefore, a post hoc sample size
calculation was performed in our study population entering
circulating proNT levels found in individuals with normal BMD
(n = 86) versus those with osteopenia/osteoporosis (n = 40)
(proNT: 161.6 + 108.8 vs. 200.8 + 113.7 pg/mL, respectively;
p = 0.01) and we obtained that our study had a statistical po-
wer = 96.1% with a-error = 0.05 to detect the association be-
tween proNT and low BMD [28].

2.4 | Ethics

This study protocol was approved by the local Ethics Committee
of Sapienza University (Approval n. 493/19 Rif. 4951-July 7,
2019); the study was conducted in accordance with the Decla-
ration of Helsinki, version 2013. All participants gave their
informed consent before any study procedure.

3 | Results

Within our study population, 32% of women affected by type 2
diabetes had degraded bone mineralisation: 37 patients had
osteopenia and three osteoporosis, whereas 86 women with type
2 diabetes had normal BMD at the DXA evaluation. Patients
with osteopenia/osteoporosis had significantly higher proNT
levels than those with normal T-score (proNT: 200.8 + 113.7 vs.
161.6 &+ 108.8 pg/mL, respectively; p = 0.013). Characteristics of
study participants according to their bone health status are re-
ported in Table 1.

Plasma proNT inversely associated with BMD and T-score
measured at the total (r = —0.25, p = 0.005; r = —0.25, p = 0.006),
and neck femur (r = —0.20, p = 0.024; r = —0.20, p = 0.025) level.
Furthermore, a direct association was found between proNT
and OPN (r = 0.18, p = 0.042), PINP (r = 0.32, p < 0.001), TNF-at
(r = 0.225, p = 0.012) and IL-18 (r = 0.32, p = 0.002).

Finally, we also investigated the relationship between proNT
and bone microarchitecture quality, assessed by TBS at the
lumbar column level, finding that greater proNT was associated
with worse TBS in our study participants (r = —0.20, p = 0.027).

ProNT progressively increased in the presence of a lower esti-
mated glomerular filtration rate and longer diabetes duration;
no significant association was shown with age or other clinical
parameters, as reported in Table 2.

Having osteopenia/osteoporosis was significantly associated
with higher circulating levels of proNT (8: —4.665, p = 0.007) at
the univariate regression analysis, and with age (8: 0.047,
p =0.022), lower BMI (8: —0.18, p = 0.001), and circulating OPN
(B: 0.00, p = 0.036) and OPG (§: 0.002, p = 0.030). Conversely, no
association was found between the diagnosis of osteopenia/
osteoporosis and other clinical parameters, such as kidney
function, glucose control or other biomarkers of bone meta-
bolism or inflammation. ProNT levels at the baseline were
independently associated with the presence of osteopenia/oste-
oporosis with an OR of 8.29 (95% CI, 1.5-45.8; p = 0.015) at the
multivariable logistic regression analysis adjusted for age, BMI,
HbA1lc, smoking status, physical activity, 25(0OH) vitamin D
levels, and eGFR (Table 3.)

In the 49 patients with type 2 diabetes who were re-evaluated
with DXA scan and metabolic profiling after 12 months, the
follow-up total femur T-score inversely correlated with baseline
proNT (r = —0.36, p = 0.011) and OPN (r = —0.302, p = 0.037)
levels, and with age (r = —0.374, p = 0.008) and diabetes’
duration (r = —0.311, p = 0.030). No relationship was found
between the follow-up total femur T-score and other clinical or
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TABLE 1 | Characteristics of patients with type 2 diabetes according to the presence/absence of osteoporosis/osteopenia.

Normal BMD n = 86 Osteopenia/osteoporosis n = 40 p-value
Age (years) 64.9 + 10.67 69.56 + 9.26 0.015
Diabetes' duration (years) 7.35 + 6.24 8.47 £+ 6.25 0.18
BMI (kg/mz) 29.44 + 4.04 26.805 + 3.80 0.001
Waist circumference (cm) 101.378 + 10.84 97 + 11.44 0.039
SBP (mmHg) 131.50 + 13.33 124.75 + 8.69 0.001
DBP (mmHg) 80.50 + 8.14 78.25 £+ 6.56 0.13
FBG (mg/dl) 117.88 4+ 20.22 114.37 4+ 21.81 0.41
HbAlc (%—mmol/mol) 6.43 + 0.53 6.45 + 0.54 0.91
Total cholesterol (mg/dl) 180.05 + 35.19 171.81 + 36.02 0.21
HDL-cholesterol (mg/dl) 56.12 4+ 12.04 51.57 4+ 10.97 0.06
LDL-cholesterol (mg/dl) 99.02 + 30.98 96.97 + 35.28 0.81
Triglycerides (mg/dl) 135.53 £ 61.87 126.97 £ 56.09 0.49
AST (IU/1) 21.93 £ 9.36 22.60 £+ 10.47 0.76
ALT (IU/1) 22.82 + 11.12 21.53 4+ 9.92 0.59
GGT (IU/1) 23.92 4+ 13.35 36.00 + 31.74 0.35
eGFR (ml/min/1.73 m?) 96.09 + 20.72 96.46 + 21.14 0.93
TSH 2.54 +2.22 1.85 + 1.19 0.53
Total femur BMD (g/cm?) 0.939 + 0.092 0.747 + 0.056 < 0.001
Total femur T score —0.02 £+ 0.75 —1.60 £+ 0.46 < 0.001
Femur neck BMD (g/cm?) 0.769 + 0.10 0.621 + 0.05 < 0.001
Femur neck T score —0.685 £ 0.90 —2.01 £ 0.49 < 0.001
Lumbar spine BMD (g/cm?) 1.0 £ 0.14 0.90 £+ 0.12 < 0.001
Lumbar spine T score —0.34 + 1.27 -1.34 + 1.15 < 0.001
25(0OH) vitamin D (ng/mL) 27.38 £ 14.55 32.97 £+ 21.81 0.26
PTH 48.68 + 40.80 60.10 4 42.99 0.09
OPN (pg/mL) 14,378 + 9477.35 18,600.60 + 10,648.55 0.03
OPG (pg/mL) 515.45 + 192.71 617.75 £ 309.76 0.11
OC (pg/mL) 8037.38 £+ 5132.68 9115.61 + 5270.67 0.21
Sclerostin (pg/mL) 1385.89 + 1473.37 1473.37 £ 2343.84 0.68
PINP (ug/L) 30.32 4+ 11.73 34.47 4+ 21.26 0.60
Serum calcium 9.42 + 1.42 8.99 £+ 1.65 0.21
ProNT (pg/mL) 161.58 + 108.84 200.81 + 113.71 0.013

Note: Student's t-test for mean comparison applied.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMD, bone mineral density; BMI, body mass index; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; FBG, fasting blood glycaemia; GGT, gamma glutamyl transferase; HDL, high density lipoprotein; LDL, low density
lipoprotein; OC, osteocalcin; OPG, osteoprotegerin; OPN, osteopontin; PINP, Procollagen type 1 N-terminal propeptide; ProNT, proneurotensin; PTH, parathyroid
hormone; SBP, systolic blood pressure; TSH, thyroid stimulating hormone.

p-value < 0.05 considered statistically significant.

metabolic parameters. Comparisons between clinical charac-
teristics at baseline versus follow-up visits are reported in
Table 4.

Finally, at the multivariable linear regression analysis, baseline
proNT levels were demonstrated to independently predict the
12-month total femur T-score after adjusting for basal femur
T score, age, BMI, eGFR, HbAlc, 25(OH)D and OPN levels
(proNT p = 0.023; R? of the model: 0.96; Table 5).

4 | Discussion

The main result of this prospective study is the identification of a
relationship between proNT levels and reduced bone minerali-
sation in women with type 2 diabetes; in this population, proNT
concentration represented an independent predictor of further
BMD decline after 1 year. Circulating proNT was also associated
with degraded bone architecture (TBS) and with serum bio-
markers of bone remodelling and pro-inflammatory state within
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TABLE 2 | Correlates of plasma proNT levels.

Parameter Correlation’s coefficient p-value
Age 0.150 0.090
Diabetes' duration 0.243 0.006
BMI —-0.075 0.404
Waist circumference —0.036 0.688
SBP -0.117 0.191
DBP —-0.142 0.113
FBG —-0.013 0.884
HbAlc —0.086 0.339
Total cholesterol —0.020 0.833
HDL-cholesterol —0.031 0.756
LDL-cholesterol 0.093 0.383
Triglycerides —0.092 0.335
AST —-0.02 0.997
ALT -0.11 0.327
GGT 0.025 0.849
eGFR —0.196 0.041
Total femur BMD —0.248 0.005
Total femur T score —0.246 0.006
Femur neck BMD —0.202 0.024
Femur neck T score —0.202 0.025
Lumbar spine BMD 0.05 0.603
Lumbar spine T score 0.049 0.582
25(0OH) vitamin D —0.126 0.163
PTH —0.099 0.285
Serum calcium 0.214 0.016
OPN 0.18 0.042
OPG 0.078 0.388
ocC —0.009 0.919
Sclerostin 0.021 0.826
PINP 0.317 0.001
TNF-a 0.225 0.012
IL1b 0.32 0.002

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated
glomerular filtration rate; FBG, fasting blood glycaemia; GGT, gamma glutamyl
transferase; HDL, high density lipoprotein; IL1b, Interleukin 18; LDL, low
density lipoprotein; OC, osteocalcin; OPG, osteoprotegerin; OPN, osteopontin;
PINP, Procollagen type 1 N-terminal propeptide; PTH, parathyroid hormone;
SBP, systolic blood pressure; TNF-a, Tumour Necrosis Factor a.

our study population. However, systemic inflammation was not
an indicator of reduced bone mineralisation per se and did not
contribute to explain BMD modification during the follow-up in
our female cohort with type 2 diabetes. The association between
proNT and impaired bone mineralisation observed in the present
study was neither influenced by patients’ phenotype, or kidney
function nor by the presence of additional dysmetabolic disorders.

The existence of a tight relationship between type 2 diabetes and
bone fragility has been widely described, but the underlying

mechanisms behind this association remain only partially un-
derstood. Besides classical pathways and traditional risk factors,
data from the literature show that neuropeptide-mediated cir-
cuits influence bone metabolism, constituting the so-called
‘brain-bone axis’ [29]. Neuropeptides can regulate the sympa-
thetic activity, oestrogens' effects and endocrine axes implicated
in obesity and metabolic diseases; all these pathways ultimately
converge on the regulation of bone metabolism [4-8, 30, 31].
Among them, a central role in skeletal homoeostasis is played
by those neuropeptides which serve both as regulators of the
energy balance in the central nervous system and as gastroin-
testinal peptides, such as secretin and neuropeptide Y (NPY) [8].
Recently, central secretin levels were demonstrated to influence
bone mass accrual by modulating the sympathetic tone, and
secretin expression levels in the ventromedial hypothalamus are
a determinant of osteopenia development [30]. Similarly, the
expression levels of the NPY receptors NPYR2 and NPYR6 in
the central nervous system have been associated with osteoblast
and osteoclast activity, osteoblast precursor survival and overall
bone mineralisation rate in experimental models [31].

Dual functionality as a central neurotransmitter and gastroin-
testinal peptide is fully attributed to NT, a small peptide that
mediates leptin circuits regulating appetite, and physical activity,
and is involved in primary homoeostatic functions, that is, blood
pressure support, thermogenesis, pain and sleep control [10].
However, the major metabolic regulation exerted by this neuro-
peptide is correlated with its activity as a gastrointestinal peptide.
NT is secreted by the intestinal neuroendocrine cells in response
to high-fat ingestion and promotes lipid absorption through the
gut; its circulating concentration rises after meals, parallelled by
serum triglycerides and bile acid levels [32]. Once released, NT
regulates the secretion of other gastrointestinal peptides via
endocrine and paracrine circuits; a co-secretion of NT and
glucagon-like peptide 1 (GLP-1) was shown in some in-
vestigations [33]. Conversely, fasting NT concentrations were
found to be at least partially mediated by NT gene polymorphisms
in our recent work [34]. Increased circulating levels of its pre-
cursor proNT are highly predictive of obesity development, type 2
diabetes, cancer, and overall cardiovascular mortality [13-19].
ProNT is associated with adverse outcomes in cardiovascular
disease, particularly in women [17, 18], where it is also a marker
for decreased survival rates in breast cancer [19].

In the present study, proNT exhibited a role as an independent
risk factor for impaired bone mineralisation and further decline
during the follow-up. The association between circulating NT
and bone metabolism has not been investigated previously and
further studies are warranted to unravel the mechanistic path-
ways behind this relationship. However, several potential
mechanisms might be likely implicated in this association. First,
NT is centrally involved in inflammatory processes and cytokine
secretion; it is released by mast cells and its secretion can, in
turn, activate them, along with lymphocytes and macrophages
[35]; a specific role of mast cells in the pathogenesis of primary
and secondary osteoporosis has been demonstrated [23].
Furthermore, the NT/NT receptor axis modulates adipogenesis
and is involved in adipose tissue inflammation. NT-knocked-out
mice exposed to hypercaloric and fat-rich diets preserved the
structural integrity of the adipose tissue, which translated into
better glucose tolerance and insulin sensitivity [36]. Thus, a
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TABLE 3 | Multivariable logistic regression analysis investigating the determinants of osteopenia/osteoporosis at the baseline.
95% confidence
interval
B Standard error p-value Odds ratio Lower Upper
Pro-NT 2.115 0.872 0.015 8.292 1.502 45.780
Age 0.035 0.025 0.172 1.035 0.985 1.088
25(0OH) vitamin D 0.022 0.013 0.095 1.022 0.996 1.048
BMI —0.142 0.067 0.035 0.868 0.761 0.990
Smoking status 0.327 0.261 0.211 1.387 0.831 2.314
Physical activity 0.395 0.327 0.228 1.484 0.782 2.817
eGFR 0.002 0.006 0.765 1.002 0.990 1.014
Note: The presence of osteopenia/osteoporosis versus normal BMD is the dependent variable.
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; ProNT, Proneurotensin.
TABLE 4 | Clinical characteristics of type 2 diabetes patients undergoing DXA follow-up; n = 49.
Baseline Follow-up p-value
BMI (kg/m?) 28.45 + 3.5 28.11 + 3.6 0.14
Waist circumference (cm) 99.11 + 10.9 98.62 + 10.9 0.70
FBG (mg/dl) 116.37 + 20.5 113.5 4+ 20.2 0.29
HbAlc (%—mmol/mol) 64 + 0.4 6.4 + 0.8 0.94
Total cholesterol (mg/dl) 173.61 + 31.5 172.03 £ 37.1 0.71
HDL-cholesterol (mg/dl) 54.76 + 12.8 54.85 + 14.3 0.95
LDL-cholesterol (mg/dl) 95.48 + 30.9 92.24 + 35.7 0.50
Triglycerides (mg/dl) 130.69 + 49.8 124.50 £ 52.1 0.34
25(0OH) vitamin D (ng/mL) 28.07 £ 15.4 29.45 + 14.7 0.56
Total femur BMD (g/cm?) 0.88 + 0.10 0.87 + 0.11 0.016
Total femur T score —0.537 + 0.85 —0.663 + 0.88 < 0.001
Femur neck BMD (g/cm?) 0.726 + 0.10 0.720 + 0.10 0.23
Femur neck T score —1.081 + 0.90 -1.177 £ 0.92 0.025
Lumbar spine BMD (g/cm?) 0.972 £+ 0.14 0.971 £+ 0.14 0.72
Lumbar spine T score —0.663 £ 1.3 —0.667 £ 1.3 0.90

Abbreviations: BMD, bone mineral density; BMI, body mass index; FBG, fasting blood glycaemia; HDL, high density lipoprotein; LDL, low density lipoprotein.

TABLE 5 | Multivariate linear regression analysis investigating determinants of total femur T-score at the 12-month follow-up.

Non standardised f coefficient Standard error  Standardised f coefficient p-value
Baseline total femur score 0.947 0.045 0.933 < 0.001
Age —0.006 0.005 —0.071 0.198
ProNT —0.001 0.000 —0.094 0.023
BMI —0.010 0.010 —0.045 0.294
HbAlc -0.129 0.087 —0.060 0.148
eGFR 0.001 0.002 0.019 0.709
25(0OH) vitamin D 0.003 0.002 0.057 0.174
OPN —0.095 0.099 —0.038 0.344

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; OPN, osteopontin; ProNT, Proneurotensin.

higher proNT concentration might also modulate the bone
marrow microenvironment, by favouring a pro-inflammatory
milieu and promoting adipogenesis, thus negatively impacting
osteogenesis. Moreover, the NT receptor 3, named Sortilin, has

been shown to impact calcification processes; its tissue expres-
sion increases with ageing and is associated with atherosclerotic
calcification [24], cellular senescence and osteoarthritis [37].
Finally, NT contributes to the action of corticotropin-releasing
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hormone (CRH) to mediate several oestrogen-dependent path-
ways [38], and proNT is described as a quasi-gender-specific
marker of cardiovascular mortality [18, 19]. Thus, it is plau-
sible that this neuropeptide could also influence other gender-
associated diseases, such as bone fragility and osteoporosis.

Chronic hyperglycemia exposure has been implicated in the
relationship between diabetes and bone fragility [3, 39]. In-
dividuals recruited for this investigation were all in good glycae-
mic control with metformin alone as antidiabetic therapy. As
for inclusion criteria, none of them were treated with anti-
osteoporotic agents or had comorbidities or ongoing treatment
known to affect bone health directly or indirectly. Thus, we might
likely exclude the influence of these potential confounders in
determining bone status in the study population. Furthermore, all
participants underwent comprehensive metabolic phenotyping,
including measurement of several bone markers, in addition to
DXA scans, thereby offering an integrated assessment of bone
status, coherently converging on a strong association between
impaired bone status and proNT in these patients.

In conclusion, this study highlights, for the first time, the
importance of considering neuroendocrine factors, and specif-
ically the NT signalling, in the relationship between bone
metabolism and type 2 diabetes. Further investigation into the
role of NT in bone health may yield insights into the patho-
physiology of osteoporosis in this population and put the basis
for targeted interventions to mitigate fracture risk and improve
outcomes in the presence of diabetes.

Author Contributions

I.B.,, M.G.C. and M.G.B. conceptualised and designed the study. M.G.C.,
S.M., E.R. and A.L. contributed to data interpretation, reviewed the
results and revised the manuscript. S.D., G.P., F.A.C., V.V, E.B,, and T.
F. were responsible for patients’ recruitment and data collection. I.B., M.
G.C. and M.G.B. performed the data analysis. F.S. and O.M. conducted
the laboratory procedures. All authors have read and approved the final
manuscript. The corresponding author confirms that all listed authors
meet the authorship criteria.

Acknowledgements

This work was supported by a grant from the Italian Medicines Agency
for Independent Research ‘AIFA Ricerca Indipendente’.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due
to privacy or ethical restrictions.

Peer Review

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1002/dmrr.70018.
References

1. IDF Diabetes Atlas, accessed on April 4, 2024, https://diabetesatlas.org/.

2. N. Salari, H. Ghasemi, L. Mohammadi, et al., “The Global Prevalence
of Osteoporosis in the World: A Comprehensive Systematic Review and
Meta-Analysis,” Journal of Orthopaedic Surgery and Research 16, no. 1
(2021): 609, PMID: 34657598; PMCID: PMC8522202, https://doi.org/10.
1186/s13018-021-02772-0.

3. N. Napoli, M. Chandran, D. Pierroz, B. Abrahamsen, A. V. Schwartz,
and S. L. Ferrari, “Mechanisms of Diabetes Mellitus-Induced Bone
Fragility,” Nature Reviews Endocrinology 13, no. 4 (2017): 208-219, https://
doi.org/10.1038/nrendo.2016.153.

4. A. A. van der Klaauw, “Neuropeptides in Obesity and Metabolic
Disease,” Clinical Chemistry 64, no. 1 (2018): 173-182, Epub 2017 Nov 2.
PMID: 29097517, https://doi.org/10.1373/clinchem.2017.281568.

5. T. Goto, K. Nakao, K. K. Gunjigake, M. A. Kido, S. Kobayashi, and T.
Tanaka, “Substance P Stimulates Late-Stage Rat Osteoblastic Bone For-
mation Through Neurokinin-1 Receptors,” Neuropeptides 41, no. 1 (2007):
25-31, Epub 2007 Jan 3. PMID: 17204323, https://doi.org/10.1016/j.npep.
2006.11.002.

6. Q. Wang, H. Qin, J. Deng, et al., “Research Progress in Calcitonin
Gene-Related Peptide and Bone Repair,” Biomolecules 13, no. 5 (2023):
838, PMID: 37238709; PMCID: PMC10216440, https://doi.org/10.3390/
biom13050838.

7. H. Qu, Y. Zhuang, L. Zhu, Z. Zhao, and K. Wang, “The Effects of
Vasoactive Intestinal Peptide on RANKL-Induced Osteoclast Formation,”
Annals of Translational Medicine 9, no. 2 (2021): 127, PMID: 33569429;
PMCID: PMC7867916, https://doi.org/10.21037/atm-20-7607.

8. H. Horsnell and P. A. Baldock, “Osteoblastic Actions of the Neuro-
peptide Y System to Regulate Bone and Energy Homeostasis,” Current
Osteoporosis Reports 14, no. 1 (2016): 26-31, PMID: 26872458, https://doi.
0rg/10.1007/811914-016-0300-9.

9. X. Liu, H. Liu, Y. Xiong, et al., “Postmenopausal Osteoporosis Is
Associated With the Regulation of SP, CGRP, VIP, and NPY,” Biomedi-
cine & Pharmacotherapy 104 (2018): 742-750, Epub 2018 May 29. PMID:
29807224, https://doi.org/10.1016/j.biopha.2018.04.044.

10. 1. Barchetta, M. G. Baroni, O. Melander, and M. G. Cavallo, “New
Insights in the Control of Fat Homeostasis: The Role of Neurotensin,”
International Journal of Molecular Sciences 23, no. 4 (2022): 2209, PMID:
35216326; PMCID: PMC8876516, https://doi.org/10.3390/ijms230422009.

11. R. Goldman, Z. Bar-Shavit, and D. Romeo, “Neurotensin Modulates
Human Neutrophil Locomotion and Phagocytic Capability,” FEBS Let-
ters 159, no. 1-2 (1983): 63-67, PMID: 6873304, https://doi.org/10.1016/
0014-5793(83)80417-7.

12. T. C. Theoharides, K. D. Alysandratos, A. Angelidou, et al., “Mast
Cells and Inflammation,” Biochimica et Biophysica Acta 1822, no.1(2012):
21-33, Epub 2010 Dec 23. PMID: 21185371; PMCID: PMC3318920,
https://doi.org/10.1016/j.bbadis.2010.12.014.

13. A. Fawad, A. Bergmann, J. Struck, P. M. Nilsson, M. Orho-
Melander, and O. Melander, “Proneurotensin Predicts Cardiovascular
Disease in an Elderly Population,” Journal of Clinical Endocrinology and
Metabolism 103, no. 5 (2018): 1940-1947, PMID: 29546332, https://doi.
0rg/10.1210/jc.2017-02424.

14. 1. Barchetta, F. A. Cimini, F. Leonetti, et al., “Increased Plasma Pro-
neurotensin Levels Identify NAFLD in Adults With and Without Type 2
Diabetes,” Journal of Clinical Endocrinology and Metabolism 103, no. 6
(2018): 2253-2260, PMID: 29590379, https://doi.org/10.1210/jc.2017-02751.

15. 1. Barchetta, F. A. Cimini, D. Capoccia, et al., “Neurotensin Is a Lipid-
Induced Gastrointestinal Peptide Associated With Visceral Adipose Tis-
sue Inflammation in Obesity,” Nutrients 10, no. 4 (2018): 526, PMID:
29690638; PMCID: PMC5946311, https://doi.org/10.3390/nu10040526.

16. F. Ghaemimanesh, M. Mehravar, S. Milani, E. M. Poursani, and K.
Saliminejad, “The Multifaceted Role of Sortilin/Neurotensin Receptor 3
in Human Cancer Development,” Journal of Cellular Physiology 236, no. 9
(2021): 6271-6281, Epub 2021 Feb 26. PMID: 33634506, https://doi.org/
10.1002/jcp.30344.

7 of 8


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/dmrr.70018
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/dmrr.70018
https://diabetesatlas.org/
https://doi.org/10.1186/s13018-021-02772-0
https://doi.org/10.1186/s13018-021-02772-0
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1373/clinchem.2017.281568
https://doi.org/10.1016/j.npep.2006.11.002
https://doi.org/10.1016/j.npep.2006.11.002
https://doi.org/10.3390/biom13050838
https://doi.org/10.3390/biom13050838
https://doi.org/10.21037/atm-20-7607
https://doi.org/10.1007/s11914-016-0300-9
https://doi.org/10.1007/s11914-016-0300-9
https://doi.org/10.1016/j.biopha.2018.04.044
https://doi.org/10.3390/ijms23042209
https://doi.org/10.1016/0014-5793(83)80417-7
https://doi.org/10.1016/0014-5793(83)80417-7
https://doi.org/10.1016/j.bbadis.2010.12.014
https://doi.org/10.1210/jc.2017-02424
https://doi.org/10.1210/jc.2017-02424
https://doi.org/10.1210/jc.2017-02751
https://doi.org/10.3390/nu10040526
https://doi.org/10.1002/jcp.30344
https://doi.org/10.1002/jcp.30344

17. M. Tscharre, S. Farhan, M. K. Freynhofer, et al., “Neurotensin and
Adverse Cardiovascular Outcomes in Patients Undergoing Percutaneous
Coronary Intervention,” Frontiers in Cardiovascular Medicine 9 (2022):
782602, PMID: 35345492; PMCID: PMC8957262, https://doi.org/10.
3389/fcvm.2022.782602.

18. N. Wettersten, M. Cushman, V. J. Howard, et al., “Usefulness of Pro-
neurotensin to Predict Cardiovascular and All-Cause Mortality in a United
States Population (From the Reasons for Geographic and Racial Differences
in Stroke Study),” American Journal of Cardiology 122, no. 1 (2018): 26-32,
Epub 2018 Mar 28. PMID: 29866581; PMCID: PMC7856682, https://doi.org/
10.1016/j.amjcard.2018.03.009.

19. O.Melander, A. S. Maisel, P. Almgren, et al., “Plasma Proneurotensin
and Incidence of Diabetes, Cardiovascular Disease, Breast Cancer, and
Mortality,” JAMA 308, no. 14 (2012): 1469-1475, PMID: 23047361, https://
doi.org/10.1001/jama.2012.12998.

20. I. Barchetta, L. Bertoccini, F. Sentinelli, et al., “Circulating Pro-
Neurotensin Levels Predict Bodyweight Gain and Metabolic Alterations
in Children,” Nutrition, Metabolism, and Cardiovascular Diseases 31, no. 3
(2021): 902-910, Epub 2020 Dec 5. PMID: 33549442, https://doi.org/10.
1016/j.numecd.2020.11.025.

21. A. R. Bello, G. Hernandez, M. Gonzalez, et al., “Immunoreactive
Neurotensin in Gonadotrophs and Thyrotrophs Is Regulated by Sex
Steroid Hormones in the Female Rat,” Journal of Neuroendocrinology 11,
no. 10 (1999): 785-794, PMID: 10520127, https://doi.org/10.1046/j.1365-
2826.1999.00393.x.

22. D. J. O'Halloran, P. M. Jones, M. A. Ghatei, J. Domin, and S. R.
Bloom, “The Regulation of Neuropeptide Expression in Rat Anterior
Pituitary Following Chronic Manipulation of Estrogen Status: A Com-
parison Between Substance P, Neuropeptide Y, Neurotensin, and
Vasoactive Intestinal Peptide,” Endocrinology 127, no. 3 (1990): 1463-
1469, PMID: 1696887, https://doi.org/10.1210/endo-127-3-1463.

23. G. Murdaca, A. Allegra, A. Tonacci, C. Musolino, L. Ricciardi, and S.
Gangemi, “Mast Cells and Vitamin D Status: A Clinical and Biological
Link in the Onset of Allergy and Bone Diseases,” Biomedicines 10, no. 8
(2022): 1877, PMID: 36009422; PMCID: PMC9405764, https://doi.org/
10.3390/biomedicines10081877.

24. M. B. Mortensen, M. Kjolby, S. Gunnersen, et al., “Targeting Sortilin
in Immune Cells Reduces Proinflammatory Cytokines and Atheroscle-
rosis,” Journal of Clinical Investigation 124, no. 12 (2014): 5317-5322,
Epub 2014 Nov 17. PMID: 25401472; PMCID: PMC4348947, https://doi.
org/10.1172/JCI76002.

25. A. Ernst, S. Hellmich, and A. Bergmann, “Proneurotensin 1-117, a
Stable Neurotensin Precursor Fragment Identified in Human Circula-
tion,” Peptides 27, no. 7 (2006): 1787-1793, https://doi.org/10.1016/].
peptides.2006.01.021.

26. Prevention and Management of Osteoporosis: Report of a WHO
Scientific Group, accessed on 15 February 2023.

27. E. V. McCloskey, A. Oden, N. C. Harvey, et al., “A Meta-Analysis
Oftrabecular Bone Score in Fracture Risk Prediction and its Relation-
ship to FRAX,” Journal of Bone and Mineral Research 31, no. 5 (2016):
940-948, https://doi.org/10.1002/jbmr.2734.

28. B. Rosner, Fundamentals of Biostatistics. 7th ed. (Boston. MA:
Brooks/Cole, 2011).

29. A. Idelevich and R. Baron, “Brain to Bone: What Is the Contribution
of the Brain to Skeletal Homeostasis?,” Bone 115 (2018): 31-42, https://
doi.org/10.1016/j.bone.2018.05.018.

30. F. Zhang, W. Qiao, J. A. Wei, et al., “Secretin-Dependent Signals in
the Ventromedial Hypothalamus Regulate Energy Metabolism and Bone
Homeostasis in Mice,” Nature Communications 15, no. 1 (2024): 1030,
PMID: 38310104; PMCID: PMC10838336, https://doi.org/10.1038/
$41467-024-45436-3.

31. Q. C. Chen and Y. Zhang, “The Role of NPY in the Regulation of
Bone Metabolism,” Frontiers in Endocrinology 13 (2022): 833485, PMID:

35273572; PMCID: PMC8902412, https://doi.org/10.3389/fendo.2022.
833485.

32. A. Fawad, C. Fernandez, A. Bergmann, et al., “Magnitude of Rise in
Proneurotensin Is Related to Amount of Triglyceride Appearance in Blood
After Standardized Oral Intake of Both Saturated and Unsaturated Fat,”
Lipids in Health and Disease 19, no. 1 (2020): 191, PMID: 32825823;
PMCID: PMC7441720, https://doi.org/10.1186/s12944-020-01361-0.

33. K. V. Grunddal, C. F. Ratner, B. Svendsen, et al., “Neurotensin Is
Coexpressed, Coreleased, and Acts Together With GLP-1 and PYY in
Enteroendocrine Control of Metabolism,” Endocrinology 157, no. 1 (2016):
176-194, Epub 2015 Oct 15. PMID: 26469136, https://doi.org/10.1210/en.
2015-1600.

34. F. Sentinelli, I. Barchetta, F. A. Cimini, et al., “Neurotensin Gene
Rs2234762 C>G Variant Associates With Reduced Circulating Pro-NT
Levels and Predicts Lower Insulin Resistance in Overweight/Obese
Children,” International Journal of Molecular Sciences 24, no. 7 (2023):
6460, PMID: 37047432; PMCID: PMC10095103, https://doi.org/10.3390/
ijms24076460.

35. D. Lauritano, F. Mastrangelo, C. D'Ovidio, et al., “Activation of Mast
Cells by Neuropeptides: The Role of Pro-Inflammatory and Anti-
Inflammatory Cytokines,” International Journal of Molecular Sciences
24, no. 5 (2023): 4811, PMID: 36902240; PMCID: PMC10002992, https://
doi.org/10.3390/ijms24054811.

36. J. Li, J. Song, Y. Y. Zaytseva, et al., “An Obligatory Role for Neuro-
tensin in High-Fat-Diet-Induced Obesity,” Nature 533, no. 7603 (2016):
411-415, Epub 2016 May 11. PMID: 27193687; PMCID: PMC5484414,
https://doi.org/10.1038/nature17662.

37. E. Richter, C. H. Lohmann, F. Dell'Accio, C. Goettsch, and J. Ber-
trand, “Sortilin Is Upregulated in Osteoarthritis-Dependent Cartilage
Calcification and Associated With Cellular Senescence,” International
Journal of Molecular Sciences 24, no. 15 (2023): 12343, PMID: 37569721,
PMCID: PMC10418692, https://doi.org/10.3390/ijms241512343.

38. T.Tumurbaatar, H. Kanasaki, A. Oride, et al., “Action of Neurotensin.
CRH. And RFRP-3 in E2-Induced Negative Feedback Control: Studies
Using a Mouse ARC Hypothalamic Cell Model,” Biology of Reproduction
99, no. 6 (2018): 1216-1226, https://doi.org/10.1093/biolre/ioy145.

39. C.I Li, C. S. Liu, W. Y. Lin, et al., “Glycated Hemoglobin Level and
Risk of Hip Fracture in Older People With Type 2 Diabetes: A Competing
Risk Analysis of Taiwan Diabetes Cohort Study,” Journal of Bone and
Mineral Research 30, no. 7 (2015): 1338-1346, https://doi.org/10.1002/
jbmr.2462.

8 of 8

Diabetes/Metabolism Research and Reviews, 2025


https://doi.org/10.3389/fcvm.2022.782602
https://doi.org/10.3389/fcvm.2022.782602
https://doi.org/10.1016/j.amjcard.2018.03.009
https://doi.org/10.1016/j.amjcard.2018.03.009
https://doi.org/10.1001/jama.2012.12998
https://doi.org/10.1001/jama.2012.12998
https://doi.org/10.1016/j.numecd.2020.11.025
https://doi.org/10.1016/j.numecd.2020.11.025
https://doi.org/10.1046/j.1365-2826.1999.00393.x
https://doi.org/10.1046/j.1365-2826.1999.00393.x
https://doi.org/10.1210/endo-127-3-1463
https://doi.org/10.3390/biomedicines10081877
https://doi.org/10.3390/biomedicines10081877
https://doi.org/10.1172/JCI76002
https://doi.org/10.1172/JCI76002
https://doi.org/10.1016/j.peptides.2006.01.021
https://doi.org/10.1016/j.peptides.2006.01.021
https://doi.org/10.1002/jbmr.2734
https://doi.org/10.1016/j.bone.2018.05.018
https://doi.org/10.1016/j.bone.2018.05.018
https://doi.org/10.1038/s41467-024-45436-3
https://doi.org/10.1038/s41467-024-45436-3
https://doi.org/10.3389/fendo.2022.833485
https://doi.org/10.3389/fendo.2022.833485
https://doi.org/10.1186/s12944-020-01361-0
https://doi.org/10.1210/en.2015-1600
https://doi.org/10.1210/en.2015-1600
https://doi.org/10.3390/ijms24076460
https://doi.org/10.3390/ijms24076460
https://doi.org/10.3390/ijms24054811
https://doi.org/10.3390/ijms24054811
https://doi.org/10.1038/nature17662
https://doi.org/10.3390/ijms241512343
https://doi.org/10.1093/biolre/ioy145
https://doi.org/10.1002/jbmr.2462
https://doi.org/10.1002/jbmr.2462

	Circulating Proneurotensin Levels Predict Impaired Bone Mineralisation in Postmenopausal Women With Type 2 Diabetes Mellitus
	1 | Introduction
	2 | Materials and Methods
	2.1 | Study Population
	2.2 | Bone Mineral Density (BMD) Assessment
	2.3 | Statistics
	2.3.1 | Sample Size and Power Calculation

	2.4 | Ethics

	3 | Results
	4 | Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Peer Review



