GeroScience
https://doi.org/10.1007/s11357-023-00894-3

ORIGINAL ARTICLE

®

Check for
updates

Muscle quality, physical performance, and comorbidity are
predicted by circulating procollagen type III N-terminal
peptide (P3NP): the InCHIANTT follow-up study

Raffaello Pellegrino
Stefania Bandinelli
Eleonora Sparvieri

- Roberto Paganelli
- Antimo Moretti
- Domiziano Tarantino

Received: 23 June 2023 / Accepted: 26 July 2023
© The Author(s) 2023

Abstract Sarcopenia is characterized by skel-
etal muscle quantitative and qualitative alterations.
A marker of collagen turnover, procollagen type III
N-terminal peptide (P3NP), seems to be related to
those conditions. This study aims to assess the pre-
dictive role of P3NP in muscle density and physical
performance changes. In the InCHIANTI study, a
representative sample from the registry lists of two
towns in Tuscany, Italy, was recruited. Baseline data
was collected in 1998, and follow-up visits were con-
ducted every 3 years. Out of the 1453 participants
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enrolled at baseline, this study includes 1052 partici-
pants. According to P3NP median levels, population
was clustered in two groups; 544 (51.7%) of the 1052
subjects included were classified in the low median
levels (LM-P3NP); at the baseline, they were younger,
had higher muscle density, and performed better at
the Short Physical Performance Battery (SPPB), com-
pared to the high-median group (HM-P3NP).

LM-P3NP cases showed a lower risk to develop
liver chronic diseases, CHF, myocardial infarction,
and osteoarthritis. HM-P3NP levels were associated
with a longitudinal reduction of muscle density, and
this effect was potentiated by the interaction between
P3NP and leptin. Moreover, variation in physical per-
formance was inversely associated with high level
of P3NP, and directly associated with high fat mass,
and with the interaction between P3NP and muscle
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density. Our data indicate that P3NP is associated
with the aging process, affecting body composition,
physical performance, and clinical manifestations of
chronic degenerative age-related diseases.

Keywords P3NP - Skeletal muscle function deficit -
Adipokines - Short Physical Performance Battery -
Longitudinal study

Introduction

The decline of muscle mass and function, known as
sarcopenia, is closely linked to impaired physical
function, frailty, disability, and an increased risk of
mortality in the aging population [1]. Apart from the
established age-related quantitative loss of muscle tis-
sue, much less is known about muscle quality impair-
ment with aging, namely, the accumulation of fat and
connective tissues in skeletal muscle that can contrib-
ute to significant mobility impairment with aging [2,
3]. Myosteatosis is characterized by the infiltration of
adipose tissue at both intramuscular and intermuscu-
lar levels, and it has been proposed that intramyocel-
lular fat deposition can also affect glucose metabolism
[4, 5]. Therefore, in the context of age-related muscle
wasting, myosteatosis is a potentially crucial aspect
of muscle composition and physiology, affecting gait
pattern through metabolic and functional alterations in
skeletal muscle [4]. Myosteatosis might contribute to
the negative effects of obesity and diabetes by inter-
fering with energy metabolism, insulin sensitivity, and
calcium uptake in skeletal muscles [6]. Despite grow-
ing interest among researchers, the pathophysiology
of age-related myosteatosis in humans remains largely
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unknown. Most hypotheses are based on animal stud-
ies or small cross-sectional studies [7], demonstrating
that alterations in fatty acid transport, uptake and stor-
age, musculoskeletal mitochondrial activity, muscle
stem cell impairment, and infiltration of white cellu-
lar elements with the contextual release of adipokines
may occur in aging muscles. Aging of skeletal muscle
is also associated with myofibrosis that is character-
ized by an increase in fibrous connective tissue, with a
less adequate regenerative capacity of the muscle that
is replaced by fibrous connective tissue [8]. Also for
myofibrosis, the pathophysiology in humans remains
largely unknown. Higher levels of myofibrosis are
strictly associated with a higher perimuscular subcu-
taneous adipose tissue, and with a consequent higher
level of chronic low-grade inflammation; altogether
those data suggest a cross-talk between the two tissues
that could be also involved in the age-related variation
in physical performance [9].

An unmet need in this research field is defining quan-
tifiable muscle quality parameters, such as instrumental
or biochemical biomarkers. Recent studies have sug-
gested that the circulating procollagen type III N-termi-
nal peptide (P3NP) may be associated with sarcopenia
[10] and physical function impairment [11, 12]. These
findings could potentially lead to new diagnostic and
therapeutic approaches for age-related muscle disorders.
P3NP is an essential component of collagen, specifically
the amino-terminal propeptides. It is cleaved by specific
procollagen proteinases, but not entirely, during colla-
gen maturation. As a result, it is released into the blood-
stream during collagen fiber degradation [13]. P3NP is
a reliable marker of systemic active fibrosis and reflects
muscle remodeling with great accuracy [14]. Studies
have suggested that P3NP levels increase in chronic
liver diseases, lung diseases, and cardiac diseases such
as ischemic heart disease and congestive heart failure
(CHF) [13]. These clinical conditions are all involved in
age-related physical performance decline.

Our hypothesis is that P3NP, a collagen turnover
biomarker, could be a link between disease-related
fibrosis, age-related changes in muscle properties,
and consequently as an indicator of physical perfor-
mance reduction in the aging process.

The primary aim of this study is to better understand
the role of P3NP in the genesis of diseases and comor-
bidities, how those clinical events could mediate the
age-related skeletal muscle density variation, and lastly
how those markers predict the age-related decline of
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physical performance, in a large and representative
Italian population, from the InCHIANTI study.

Methods

The design of the InCHIANTI study has been
described in detail elsewhere [15]. Briefly, the study
was designed by the Laboratory of Clinical Epide-
miology of the Italian National Institute of Research
and Care on Aging (INRCA, Florence, Italy), and
was performed in two small towns in Tuscany. The
baseline data were collected in 1998-2000; follow-up
took place every 3 years (Supplementary Fig. 1).

Samples

Of the 1453 participants enrolled at baseline in the
InCHIANTI study, 1052 subjects were included in
this study and had at least one baseline assessment,
donated a blood sample, and had all variables of
interest for this study. Participants were all European
subjects and of Caucasian race. The Ethical Commit-
tee of the Local Health Authority of Florence, Tus-
cany region, approved the study protocol, and written
informed consent was obtained from each participant.

Tibial pQCT

The peripheral quantitative computed tomography
(pQCT) was performed using the XCT 2000 device
(Stratec Medizintechnik, Pforzheim, Germany). A
detailed description of the tibial QCT examination, in
the InCHIANTI study, has been published elsewhere
[16]. The images obtained from the pQCT were ana-
lyzed using the BonAlyse software (BonAlyse Oy,
Jyvaskyla, Finland). Using pQCT images obtained at
66% of the tibia length from the distal tip of the tibia, we
estimated muscle density and the bone-to-muscle ratio
both expressed in mg/cm®. Lastly, from the same scan
performed at 66% of the tibial length, the maximal cross-
sectional fat area (subcutaneous and intramuscular adi-

pose tissue) [17] was calculated, and expressed in mm?.

Laboratory tests

Fasting blood samples were collected in the morning
after a 12-h fast, centrifuged, and stored at — 80 °C.

Insulin was measured in serum samples stored
at — 80 °C. Serum glucose was assessed using the
hexokinase method (Boehringer Mannheim, Man-
nheim, Germany). Serum insulin levels were quan-
tified using the Cobas Roche electrochemilumines-
cence immunoassay (12017547 122) on a Modular
Analytics E170 analyzer (Roche Diagnostics). The
interassay CV was<4.9% for insulin and 1.7% for
glucose.

Serum leptin was determined using ELISA
(Human Endocrine LINCOplex Kit; MDC=1 ng/mL
in 100 pL sample, CV <7%).

Ghrelin was analyzed using a commercial kit
(Human Ghrelin ELISA kit, Phoenix Pharmaceu-
ticals, Inc, Belmont, CA, USA). Measures were
expressed in ng/mL with an intra-assay CV of 5% and
inter-assay < 14% and range of 0.1-100 ng/mL.

Serum adiponectin concentration was measured
using RIA assay (Human Adiponectin RIA Kit;
LINCO Research, Inc, MO, USA), and the measure
unit was expressed in nanograms per milliliter. For
adiponectin, the MDC was 1 ng/mL in a 100 pL sam-
ple, and the intra-assay CV was<7% and inter-assay
CV was < 10%.

Serum intact N-terminal propeptide of type III
procollagen (P3NP) was measured using radioimmu-
noassay (PIIINP RIA, Immunodiagnostic Systems,
Fountain Hills, AZ, USA); the measure unit was
expressed in nanograms per milliliter. The intra-assay
CV was 14.5%, and inter-assay CV was 17.3%.

Diseases and comorbidities

Based on self-report, the diagnosis of major medi-
cal condition was ascertained according to preestab-
lished criteria that combine reported doctor diagno-
sis eventually supported by medical records, physical
examination, blood tests, and drug prescription [18].
Comorbidity score was calculated summing the num-
ber of diseases reported at every follow-up visit.

Physical performance and strength

The Short Physical Performance Battery (SPPB) is
a tool used to assess lower extremity performance,
based on the Established Populations for the
Epidemiologic Studies of the Elderly (EPESE) [19].
SPPB consists of three tests: walking speed, ability to
stand from a chair, and ability to maintain balance in
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progressively more challenging positions. Each test is
scored on a five-level scale, with 0 indicating inability
to perform the test and 4 indicating the highest level
of performance. The scores from the three tests are
then added together to create a summary physical
performance measure, ranging from 0 (worst) to 12
(best). In addition to the SPPB, handgrip strength
was also measured using a handheld dynamometer
(hydraulic hand “BASELINE”; Smith & Nephew,
Agrate Brianza, Milan, Italy). Participants were asked
to perform the task twice with each hand, and the
average of the best result obtained with each hand was
used for analysis.

Statistical analysis

According to P3NP median levels (4.021; Q1-Q3
3.290-4.821), the population was clustered into two
groups: high (HM-P3NP) and low (LM-P3NP).
Baseline characteristics were compared between P3NP
groups for all variables of interest using analysis of
variance for continuous variables and y? test analyses for
dichotomous or categorical variables. Moreover, in the
descriptive table, we reported the p values adjusted for
age and sex, using linear and logistic regression models,
respectively. To investigate the P3NP predictive risk in
baseline and follow-up diseases reporting, generalized
estimating equation (GEE) models were used to specify
a repeated measure model with a dichotomous outcome
variable (binary logistic regression) and multiple
independent factors [20]. GEE repeated measure model,
with a Poisson distribution, was also used to assess the
association between P3NP groups and the comorbidity
score variation across time of the study [20]. To test
whether circulating levels of P3NP at baseline were
associated with changes in muscle density and with
SPPB, we performed linear mixed-effect models with
each parameter as the dependent variable and baseline
P3NP and its interaction with follow-up time (years)
as the independent variable. Our models included
the following fixed effects: all variables at univariate
analysis showed a p value<0.10, and all diseases
statistically significant associated with P3NP (liver
chronic diseases, CHF, myocardial infarction, and
osteoarthritis); and random effects: intercept and slope,
with unstructured covariance. SAS version 9.4 for
Windows (SAS Institute, Inc., Cary, NC) was used for
all data processing and statistical analyses. We set the
level of statistical significance at p <0.05 (two-sided).

@ Springer

Results

Five hundred and forty-four (51.7%) of the 1052
included subjects were classified in the LM-P3NP
level group; at the baseline, the same group was
younger (p value=0.005), had higher muscle den-
sity (p value<0.001), and performed better at the
SPPB (p value=0.001), compared to the HM-P3NP
level group (Table 1). Moreover, in the HM-P3NP,
serum insulin (p value<0.001), adiponectin (p
value <0.001), and leptin (p value=0.005) showed
statistically significant higher serum levels compared
to LM-P3NP.

Disease diagnosis

Upon examining the cross-sectional distribution of dis-
eases, we found that individuals with HM-P3NP levels
were more likely to report myocardial infarction (OR
2.34; 95% CI 1.25-4.38; p value=0.001), angina pec-
toris (OR 1.68; 95% CI 1.09-2.59; p value=0.009),
chronic liver disease (OR 2.13; 95% CI 1.17-3.89;
p value=0.004), osteoarthritis (OR 1.39; 95% CI
1.03-1.86; p value=0.009), and CHF (OR 1.58; 95%
CI 1.16-2.15; p value=0.001). These findings sug-
gested a potential correlation between elevated P3NP
levels and the prevalence of these conditions (Table 2).
A repeated measure model was used to evaluate the
risk of developing major diseases, based on P3NP lev-
els, using GEEs with a binary distribution (Table 3).
The results showed that individuals in the HM-P3NP
group had a higher likelihood of being diagnosed with
chronic liver disease (IRR 1.88; 95% CI 1.02-3.45),
CHF (IRR 1.70; 95% CI 1.19-2.42), myocardial infarc-
tion (IRR 1.92; 95% CI 1.02-3.59), and osteoarthritis
(IRR 1.48; 95% CI 1.04-2.10), compared to those in
the LM-P3NP group, regardless of age and time of
diagnosis. However, there was no significant second-
order effect for the interaction between P3NP levels
and disease occurrence, indicating that P3NP levels
were not a reliable predictor of disease development.
It is worth noting that there were no differences in the
diagnosis of stroke, peripheral artery disease, diabetes,
hypertension, and angina between the two groups.

Total comorbidity

A GEE logistic regression for repeated measures
was conducted to evaluate the predictive value of
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Table 1 Body composition,

functional, and laboratory Lower median  Upper median  p value*

characteri;tics i1 the P3NP levels P3NP levels

InCHIANTI population 544 508

f;“jgpi;gifllg‘;’eﬁzg‘f;zg Age (years) 652641551  69.25+15.56 0.001

procollagen type III Female sex (no.) 311 (57.11) 283 (55.71) 0.63

N-terminal peptide (P3NP) Muscle area at 66% tibia length (cm?) 63.67+13.02  63.75+13.46 0.20

levels. All p values were Muscle density at 66% tibia length (mg/cm?) 71924334 70.74+4.03 <0.001

age and sex adjusted Fat area at 66% tibia length (cm?) 1223+7.61  12.04+821 0.32
Bone to muscle ratio at 66% tibia length (mg/cm®) 10.20+2.72 10.44 +3.80 0.51
Handgrip (kg) 33.13+£14.03  30.21+14.04 0.06
SPPB score (0-12) 10.90+1.99  10.15+2.82 0.001
P3NP (ug/L) 3.17+0.63 532+ 1.68 <0.001
Adiponectin (ug/mL) 12014894  14.97+1061  <0.001
Plasma insulin (mIU/L) 10.01+533  11.76+7.15 <0.001
Leptin (ng/mL) 11.94+16.06  14.55+15.86 0.005
Ghrelin (ng/mL) 0.28+0.05 0.28+0.05 0.68
*p value is age and sex adjusted

g;le):; ezs f];ilit(riﬂa):lg:sneloifle Lower median Upper median p value OR (95% CI)

: P3NP levels P3NP levels

in the INCHIANTI study

according to lower and 544 508

?ypg’ee;l?;‘fzxirr‘l’;";l;i?ge Myocardial infarction 14 (2.57) 36 (7.09) 0.001  2.34 (1.25-4.38)

(P3NP) levels. In the Angina pectoris 33 (6.07) 58 (11.42) 0.009  1.68 (1.09-2.59)

table were reported the p Chronic liver disease 14 (2.57) 28 (5.51) 0.004  2.13 (1.17-3.89)

value for the differences Hypertension 313 (57.54) 313 (61.61) 037  0.86(0.64-1.15)

zfx;:’; ;gi;:%ﬁ;“:ny 059, Osteoarthritis 114 (20.96) 148 (29.13) 0.009  1.39 (1.03-1.86)

CI: unadjusted p value is Diabetes 52 (9.56) 59 (11.61) 046  1.35(0.93-1.96)

reported Peripheral arterial disease 71 (13.05) 88 (17.32) 0.12 1.08 (0.77-1.51)
Stroke 21 (3.86) 27 (5.31) 043  1.52(0.89-2.58)
Congestive heart failure 87 (15.99) 139 (27.36) <0.001 1.58(1.16-2.15)

LM-P3NP for total comorbidity at every time point
of the study, with a Poisson distribution. The results
showed that the LM-P3NP group had a lower total
comorbidity compared to the HM-P3NP group
(IRR 0.82; 95% CI 0.74-0.90, p value<0.001),
regardless of age (IRR 1.02; 95% CI 1.01-1.03,
p value<0.001) and sex (p value=0.26). Addi-
tionally, a statistically significant interaction was
observed between time and P3NP level, indicat-
ing that the comorbidity score increased for both
P3NP groups, but with a different time rate, across
the different follow-up times (IRR; 95% CI 1.04;
1.02-1.06, p value=0.002). Furthermore, in the
model, the death status was also considered, to

assess its potential competitive role, and it showed a
statistically significant association with the outcome
(IRR 1.20; 95% CI 1.09-1.32, p value < 0.001).

Muscle density

The mean muscle density across individuals and
time was 70.69 +0.09 (mg/cm3). Within-person var-
iance was 5.48+0.16 (mg/cm3), while between-per-
son variance was 9.20 +0.47 (mg/cm?®). Differences
among subjects accounted for approximately 63%
of the total variation in muscle density (Table 4;
model A). When the time effect was considered,
a mean reduction of—0.41+0.04 (mg/cm3) was

@ Springer
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Table 3 Generalized estimating equation (GEE) logistic regression for repeated measures, factors associated with disease diagnosis.
Upper median procollagen type III N-terminal peptide (P3NP) and female sex are the reference groups

LM-P3NP Time P3NP x time Age Sex
IRR (95% CI) IRR (95% CI) IRR (95% CI) IRR (95% CI) IRR (95% CI)
Liver chronic disease 0.53 1.28 0.93 1.00 0.80
(0.28-0.99) (1.17-1.40) (0.81-1.07) (0.99-1.01) (0.48-1.32)
Congestive heart failure 0.59 1.51 1.13 1.06 0.72
(0.41-0.84) (1.41-1.63) (1.02-1.26) (1.04-1.07) (0.56-0.91)
Stroke 0.70 1.30 1.11 1.09 0.61
(0.38-1.30) (1.17-1.44) (0.95-1.30) (1.07-1.11) (0.40-0.94)
Peripheral arterial disease 0.83 1.40 1.06 1.05 0.60
(0.54-1.28) (1.29-1.51) (0.94-1.18) (1.04-1.07) (0.46-0.79)
Diabetes 0.82 1.24 0.99 1.03 0.82
(0.53-1.26) (1.15-1.33) (0.89-1.09) (1.02-1.04) (0.60-1.13)
Osteoarthritis 0.68 1.65 1.05 1.04 2.55
(0.47-0.96) (1.52-1.78) (0.94-1.17) (1.03-1.05) (2.01-3.23)
Hypertension 1.10 1.40 1.00 1.06 1.01
(0.81-1.48) (1.30-1.51) (0.90-1.10) (1.05-1.07) (0.79-1.30)
Angina pectoris 0.65 1.22 1.09 1.08 0.72
(0.40-1.06) (1.13-1.31) (0.97-1.23) (1.06-1.09) (0.51-1.03)
Myocardial infarction 0.52 1.45 1.16 1.04 0.59
(0.28-0.98) (1.31-1.62) (0.99-1.37) (1.03-1.05) (0.41-0.85)

observed for each follow-up. However, there was
still a 10.39+0.89 (mg/cm3) unexplained within-
person residual variance, indicating that approxi-
mately 10% of the within-person variation in

muscle density was associated with time (Table 4;
model B). The fully adjusted model considered
all variables that showed a p value<0.10 in the
comparison between median-level groups in the

Table 4 Linear mixed model: analysis of variation of muscle density during the study times according to procollagen type III N-ter-

minal peptide (P3NP) median levels

Model A Model B Model C Model D
Unconditional Unconditional Person-level Interaction fully
means model growth model covariate adjusted
Initial status Intercept Y00 70.69 £ 0.09%** 71.5540.13%*%* 79.88 +£0.48%#* 79.73 £0.49%%**
P3NP Yoi —0.62+0.17%%* -0.36+0.29
Age Y02 —0.11+£0.01%** —0.11£0.01 %%
Sex Yo3 —1.08+£0.21%** 1.09 +0.20%**
Leptin Yo4 —0.03+0.01%%* —0.01+0.01
Fat mass Yos —0.001+0.0001#**  —0.001 £ 0.000%**
Arthrosis Y06 —1.15+£0.21%%** —1.15£0.21%**
LeptinXP3NP 74,04 —0.04£0.01%**
Rate of change Intercept (time) 7, —0.41£0.04%** —0.48 +0.04%** —0.54+0.06%**
Time X P3NP 7 0.14+0.08
Level 1 Within person &, 5.48+0.16%%* 4.93+0.19%%* 4.93+0.20%%* 4.94 +0.20%%*
Level 2 In initial status &% 9.20+0.47%#%** 10.39 4 0.89%%*%* 6.44 +0.81%** 6.35+0.81%%**
In rate of change &7, 0.15+0.08%* 0.19+0.09%* 0.18 +0.09*
Covariance S -0.34+0.24 -0.43+£0.25 -0.43+0.24

*p value < 0.05; **p value <0.01; ***p value <0.001
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univariate analysis. The parsimonious model
(model C) included only P3NP, leptin, fat mass,
osteoarthritis, age, and sex that were all associated
with variation of muscle density in the study times.
Interestingly, the second-order interaction analy-
sis reported in model D revealed that while muscle
density changed in a statistically significant man-
ner across time (—0.54 +0.06 mg/cm3), the interac-
tion between time and P3NP did not reach a clear
statistical significance (p value=0.07). However,
a multiplicative effect was observed for the inter-
action between P3NP and serum level of leptin
(—=0.04 +0.01, p value<0.001) regardless of age,
sex, fat mass, and osteoarthritis.

SPPB

The mean score for the SPPB was found to be
9.42 +0.09 across individuals and time. Within-per-
son variance was calculated to be 3.15 +0.09, while
between-person variance was 9.40+0.43. It was
estimated that 75% of the total variation in muscle
density could be attributed to differences between
subjects (Table 5; model A). When the time effect

was considered in the analysis, a mean reduction
of —0.80+0.04 was observed for each follow-up.
However, there was still 5.92+0.43 unexplained
within-person residual variance. Approximately
54% of the within-person variation in muscle den-
sity was associated with time (Table 5; model B). In
model C, the parsimonious model was reported with
all the variables that were associated with SPPB
variation across the study’s timeline. In model D,
the fully adjusted interaction model was reported.
Interestingly, no interaction was found for time.
However, a multiplicative effect was found for the
interaction between P3NP for leptin (—0.02+0.01
p value=0.04) and for P3NP for muscle density
(0.07 £0.02, p value=0.002). The model explained
almost 23% of the variation in the initial status.

Discussion

Our study addresses the question whether serum
P3NP levels are associated with qualitative skel-
etal muscle parameters, physical performance, and
comorbidity occurrence in aging people. Our findings

Table 5 Linear mixed model: analysis of variation of Short Physical Performance Battery during the study times according to pro-
collagen type III N-terminal peptide (P3NP) median levels

Model A
Unconditional
means model

Model B Model C Model D
Unconditional growth Person-level Interaction fully
model covariate adjusted

Initial status Intercept Yoo 9.42 +£0.09%**
P3NP Yo
Age Y02
Sex Y03
Leptin You
Fat mass 705
Adiponectin Y06
Muscle density o7
Handgrip 7 08
P3NP X leptin Y01 x 04
P3NP xmuscle 7y o7
density
Rate of change Intercept (time) ¥,
Level 1 Within person 8%, 3.15£0.09%**
Level 2 In initial status &% 9.40 £0.43%**
In rate of change &,
Covariance do1

10.88 +0.08%**

7.28 & 1.12%%%

9.57 +1.33%%*

~0.25+0.12% ~4.85+1.60%
~0.040.01%%% ~0.040.017%*
~0.37£0.18* ~0.40£0.18*
~0.01£0.005%  —0.001+£0.008
0.04£0.01%5 0.04£0.01%5
~0.02+£0.01% ~0.02£0.01%
0.09£0.01 %+ 0.05 0,02+
0.02:£0.01%+ 0.03£0.01%%*
~0.02£0.01%
0.07 £0.02%*
—0.8040.04%% —0.34£0.03%%* ~0.35£0.03%%
1.45+0.06%* 1.130.06%+* 1.1240.06%*
5.92+0.43%%% 3.14£0.35% 3.08 +0.34%%%
0.97 +0.08%%* 0.32+£0.05%%* 032 +0.05%%*
0.64 +0.14%%% —0.32:4£0.12%%% ~0.324£0.12%

*p value < 0.05; **p value <0.01; ***p value < 0.001
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demonstrate that HM-P3NP levels are associated
with a reduction of muscle density, and this effect
is potentiated by the interaction between P3NP and
leptin; moreover, variation in physical performance
is inversely associated with high level of P3NP, and
directly associated with the interaction between P3NP
and muscle density. The HM-P3NP group showed a
higher risk to develop liver chronic diseases, CHF,
myocardial infarction, and osteoarthritis, and finally,
the number of comorbidities found at different study
follow-up times was significantly higher in the HM-
P3NP group. Altogether, these data show that P3NP
is clearly associated with the aging process, affecting
body composition, physical performance, and clinical
manifestation of age-related diseases.

In the Long Life Family (LLF) longitudinal study,
P3NP levels were inversely associated with physical
performance. Specifically, a decrease in SPPB total
score, gait speed, and grip strength were observed in
patients with higher P3NP levels [11]. Furthermore,
in a cross-sectional study (the Framingham Offspring
Study), an inverse association between plasma P3NP
levels and total and appendicular lean mass in women
was found [21].

Our study, consistently with the outcomes of the
LLF study, supports the association between high lev-
els of P3NP and a reduction in physical performance
over a long follow-up period. However, we also found
a multiplicative effect for the interaction between
HM-P3NP levels and muscle density, presumably
related to improved physical performance. Moreover
compared to LLF cohort, our results consider several
confounders that were not analyzed in the work of
Santanasto et al., for example, the role of new disease
occurrence in the times of the study, that in the LLF
cohort were not considered, and analyzed only cross-
sectional, and the effect of adipose tissue metabolism
in the physical performance variation over time, pre-
dicted by P3NP. Diseases and adipose tissue were
both considered as promoters of fibrosis in the aging
processes [22].

Fibrosis is not a uniform process, but rather a com-
plex entity with multiple mechanisms that can lead to
different outcomes and clinical phenotypes [23, 24].
In our study, these seemingly contradictory results
may represent two phases of the P3NP cycle, fibro-
sis, and anabolic phase. P3NP can be released into
the bloodstream during two different moments: as a
result of cleavage by specific proteinases during the

@ Springer

anabolic phase and during fibrillary collagen turnover
in the catabolic phase [13]. Therefore, the results that
identify the association between high levels of P3NP
and muscle density could reflect the pro-fibrotic
action. This statement finds further support when
we consider the statistically significant interaction
between P3NP and leptin. Indeed, we know that lep-
tin is an adipose tissue-derived hormone [25] that has
a pro-fibrotic action at the hepatic, renal, and myocar-
dial levels; regulates skeletal muscle metabolism; and
acts as a pro-angiogenic factor [25]. Leptin-induced
fibrotic response is a complex process that involves
multiple cells and is regulated by multiple molecu-
lar pathway (reviewed in Mao) [26]. Thus, the inter-
action of leptin with P3NP indicates that a fibrotic
process is activated [27]. With available data from
the InCHIANTI study, we are unable to demonstrate
where this process is active, which pathways could be
activated, and those aspects could be the subject of
further experimental studies.

On the other hand, the statistically significant
interaction (P3NP for muscle density) could be a bio-
marker for muscle remodeling process. It is impor-
tant to highlight that intramuscular connective tissue
(IMCT) wraps muscle fibers, and both are part of the
functional muscle—tendon-bone unit [28]. IMCT plays
a crucial role in muscle force transmission [29] and
motor coordination and contributes to the elastic tis-
sue response of the muscle [30]. IMCT consists of two
components: cells and the extracellular matrix (ECM)
[31]. The ECM is mostly composed of collagen, elas-
tin, and an amorphous phase rich in glycoproteins and
hyaluronan. During aging, our muscles and tendons
increase in stiffness because of tissue changes, includ-
ing collagen accumulation. The proportion of muscle
area occupied by ECM also increases, and elderly sub-
jects have about 2.5 times more ECM than young sub-
jects [32]. In summary, the relationship between P3NP
and muscle density may indicate both pro-fibrotic
action and muscle remodeling.

From a pathogenic perspective, the differentiation
of fibro-adipogenic progenitor (FAP) cells towards a
fibrogenic state may result in increased intramuscular
fibrosis during the aging process [31]. In an experi-
mental mouse model, a significant proinflammatory
stimulus contributed to the differentiation of FAP
cells into adipocytes leading to an extensive adipose
infiltrate (myosteatosis) [33]. In general, the infiltra-
tion of muscular and fascia structures by adipose and/
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or fibrotic tissue could explain the reduction of muscle
density observed in the INCHIANTI population study.
Finally, our research has confirmed the potential role
of P3NP as a marker of fibrosis in various diseases,
including chronic liver conditions, CHF, hypertension,
and atherosclerosis [34]. The suggested role of P3NP
might be primarily attributed to structural and functional
remodeling of the arterial wall, such as intimal medial
thickening (IMT) and stiffening [35]. The age-related
increase in collagen deposition within the arterial wall
is known as arterial profibrosis [34], and is associated
with a systemic pro-inflammatory status that occurs
with aging [36]. Moreover, our data indicate that P3NP
might be a biomarker predicting OA, a suggestive new
hypothesis which has not been investigated so far. It has
been hypothesized that myofascial fibrosis, due to the
imbalance between the ratio of collagen-I and collagen-
I, might contribute to symptomatic OA [37], and our
findings show a possible indicator for this condition.

Limitations

A relevant limitation of our study concerns the con-
sistency of P3NP measurement over time. The plasma
level of this biomarker was only assessed at a single
time point (baseline), and it is possible that longitudi-
nal variations could provide a more accurate measure
of the association between aging and diffuse fibrosis.
In addition, P3NP was assessed by venous sampling,
which does not necessarily represent its action at the
local muscle level, but a much broader, and systemic
phenomenon; in fact, raise of P3NP serum levels
could represent a primitive fibrosis damage of other
organs and apparatus (e.g., cardiovascular, hepatic,
and renal systems). Finally due to the epidemiologi-
cal study design, we were unable to explain potential
underlying mechanism for reported associations.

Conclusion

Our long-term observational study on a free-living
large population of individuals indicates that high
serum P3NP is a biomarker of the development of
fibrotic processes related to new disease manifesta-
tions, subsequent to the increase in the comorbidi-
ties; P3NP is also related to skeletal muscle density

alterations, particularly in terms of fatty infiltration or
diffuse fibrosis, and correlates with poor physical per-
formance during aging.
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