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C a r e

N-Terminal Propeptide of Type III Procollagen as a
Biomarker of Anabolic Response to Recombinant
Human GH and Testosterone
Shalender Bhasin, E. Jiaxiu He, Miwa Kawakubo, E. Todd Schroeder,
Kevin Yarasheski, Gregory J. Opiteck, Alise Reicin, Fabian Chen, Raymond Lam,
Jeffrey A. Tsou, Carmen Castaneda-Sceppa, Ellen F. Binder, Stanley P. Azen,
and Fred R. Sattler
Section of Endocrinology, Diabetes, and Nutrition (S.B.), Boston University School of Medicine, Boston
Medical Center, Boston, Massachusetts 02118; Department of Medicine (F.R.S.), School of Dentistry
(E.J.H.), Division of Biokinesiology (E.T.S.), and Department of Preventive Medicine (M.K., S.P.A.),
University of Southern California, Los Angeles, California 90089; Merck Research Laboratories (G.J.O.,
A.R., F.C., R.L., J.A.T.), Rahway, New Jersey 07065; Washington University School of Medicine (K.Y.,
E.F.B.), St. Louis, Missouri 63110; Jean Mayer U.S. Department of Agriculture Human Nutrition Research
Center on Aging (C.C.-S.), Tufts University, Boston, Massachusetts 02111
Context: Biomarkers that predict musculoskeletal response to anabolic therapies should expedite
drug development. During collagen synthesis in soft lean tissue, N-terminal propeptide of type III
procollagen (P3NP) is released into circulation. We investigated P3NP as a biomarker of lean body
mass (LBM) and muscle strength gains in response to testosterone and GH.
Design: Community-dwelling older men received GnRH agonist plus 5 or 10 g testosterone gel plus 0,
3, or 5 g recombinant human GH daily. P3NP levels were measured at baseline and wk 4, 8, 12, and
16.LBMandappendicularskeletalmusclemass(ASM)weremeasuredbydual-energyx-rayabsorptiometry.
Results: One hundred twelve men completed treatment; 106 underwent serum P3NP measurements. P3NP levels were higher at wk 4 than baseline (6.61 ⫾ 2.14 vs. 4.51 ⫾ 1.05, P ⬍ 0.0001) and
reached plateau by wk 4 in men receiving testosterone alone. However, wk 8 P3NP levels were
higher than wk 4 levels in men receiving testosterone plus recombinant human GH. Increases in
P3NP from baseline to wk 4 and 16 were significantly associated with gains in LBM (r ⫽ 0.26, P ⫽
0.007; r ⫽ 0.53, P ⬍ 0.001) and ASM (r ⫽ 0.17, P ⫽ 0.07; r ⫽ 0.40, P ⬍ 0.0001). Importantly, for
participants receiving only testosterone, P3NP increases at wk 4 and 16 were related to muscle
strength gains (r ⫽ 0.20, P ⫽ 0.056 and r ⫽ 0.36, P ⫽ 0.04). In stepwise regression, change in P3NP
explained 28 and 30% of the change in ASM and LBM, respectively, whereas change in testosterone
but not IGF-I and age provided only small improvements in the models.
Conclusion: Early changes in serum P3NP levels are associated with subsequent changes in LBM and
ASM during testosterone and GH administration. Serum P3NP may be a useful early predictive biomarker of anabolic response to GH and testosterone. (J Clin Endocrinol Metab 94: 4224 – 4233, 2009)

he past decade has witnessed substantial pharmaceutical and academic investment in the development of
function promoting anabolic therapies that improve physical function and health-related outcomes (1). The leading
function promoting anabolic molecules that are under de-

T

velopment, androgens, myostatin inhibitors, and GH, are
potential promyogenic agents that are expected to improve physical function primarily by increasing skeletal
muscle mass. Considering the enormous resources required for conducting large efficacy trials, serum biomar-
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kers that predict anabolic response to function promoting
therapies would be of enormous value in the initial screening of candidate molecules. Indeed, biomarker discovery
has been deemed a priority area of research by the National Institutes of Health. Here we describe the application of N-terminal propeptide of type III procollagen
(P3NP) as a biomarker of anabolic response to supplementation with testosterone and GH in older persons.
Type III collagen in soft connective tissues, such as muscle and skin, is synthesized from larger procollagen III
molecules that carry peptide extensions at both N- and
C-terminal ends (2– 4). The N- and C-terminal extensions
of procollagen III are removed by specific proteinases during final stages of collagen synthesis and released into circulation in stoichiometric amounts (4). P3NP, a product
of this proteolytic cleavage during collagen synthesis in
connective tissue, can be measured in the human serum,
and its circulating concentrations have been described in
children, healthy adults, acromegalics, and athletes (5–9).
P3NP levels are responsive to exercise, testosterone, and
GH (6, 10 –14) and are being explored as a marker of GH
doping in sports (5, 6, 10, 12, 14 –17). Based on the stoichiometric relationship between collagen synthesis and
P3NP release during soft tissue generation (4), we hypothesized that changes in circulating P3NP concentrations would
reflect gains in lean body mass (LBM) and appendicular skeletal muscle mass (ASM) during administration of anabolic
therapies, such as testosterone and GH. Accordingly, we
measured circulating P3NP concentrations at baseline and in
response to administration of testosterone and recombinant
human GH (rhGH) in community-dwelling older men, who
participated in the Hormonal Regulators of Muscle and Metabolism in Aging (HORMA) trial (18, 19).
The HORMA trial, whose design and main findings
have been published (18, 19), was a multicenter study of
older, community-dwelling men who had levels of testosterone and IGF-I typical of their age and who received
graded doses of testosterone gel either alone or in combination with placebo or one of two physiological doses of
rhGH. Testosterone and rhGH administration were each
associated with significant gains in LBM and ASM (18).
We tested the hypothesis that increase in P3NP is associated with gains in LBM and ASM during testosterone and
rhGH administration. We also determined whether early
changes in P3NP at 4 wk were predictive of changes in
LBM and ASM at the end of treatment (16 wk).

Subjects and Methods
The protocol was approved by the Institutional Review Boards
at University of Southern California, Tufts University, Charles
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Drew University, and Washington University. All participants
provided written informed consent.
We recruited community-dwelling men, 65–90 yr old, who
had serum IGF-I levels in the lower tertile for adults (⬍167 ng/ml;
21.9 nmol/liter; Quest Diagnostics, San Juan Capistrano, CA)
and morning total testosterone level in the lower half (150 –550
ng/dl; 5.21–19.1 nmol/liter) of adult male range (18, 19). The
participants were required to have prostate-specific antigen of
4.0 ng/ml or less, hematocrit of 50% or less, and fasting blood
glucose less than 126 mg/dl (6.99 mmol/liter).

Study interventions
All participants were treated monthly starting on the day of
randomization with a long-acting GnRH agonist (leuprolide acetate depot, 7.5 mg im; TAP Pharmaceuticals, Deerfield, IL) to
suppress endogenous testosterone production. The participants
were randomly assigned from computer-generated randomization tables to one of six treatment groups to receive either 5 g
(groups A–C) or 10 g (groups D–F) of 1% testosterone transdermal gel (Solvay Pharmaceuticals, Marietta, GA) with or without 0, 3, or 5 g/kg rhGH (groups A/D, B/E and C/F, respectively;
Genentech, South San Francisco, CA). Testosterone gel was applied daily transdermally and rhGH was administered by sc injection each evening.
The 5- and 10-g doses of testosterone were chosen to produce
a spectrum of serum levels via the Leydig cell clamp that would
be in the low normal range typical of older men or mid- to high
normal levels typical of younger men, respectively (20). The 3
g/kg dose of rhGH was chosen because 3.3 but not 2.0 g/kg 䡠 d
has increased whole-body protein synthesis in GH-deficient
adults (21). The 5 g/kg 䡠 d dose was chosen to produce a greater
anabolic stimulus but was expected to be low enough to minimize adverse effects that have occurred with higher doses (22,
23). Testosterone and rhGH were administered for 16 wk.

Outcome measures
LBM and ASM were measured by dual-energy x-ray absorptiometry at baseline and during wk 16, as described (18). Composite strength was measured by the one-repetition maximum
method (24, 25) for muscle groups of upper and lower extremities and reported as percent change from baseline (18). Screening testosterone was determined by RIA in the clinical laboratories of the participating centers. After study completion, stored
samples were batch tested by liquid chromatography tandem
mass spectrometry method with a sensitivity of 2 ng/dl and interassay coefficient of variation (CV) of 4 – 8% (26, 27). Serum
IGF-I levels were measured by an immunoassay in University of
Southern California General Clinical Research Center Endocrine
Laboratory (18).
Serum P3NP concentrations were measured by a validated
equilibrium RIA (28) by Pacific Biometrics, Inc. (Seattle, WA)
using a UniQ PIIINP RIA kit (Orion Diagnostica, Espoo, Finland). The blood for P3NP measurement was collected in red top
tubes, centrifuged within 20 min, and immediately frozen at ⫺80
C. The samples were not thawed until the time of the assay. Two
hundred microliters serum were incubated with 200 l of iodinated P3NP tracer and 200 l of diluted anti-P3NP antibody for
2 h at 37 C. Immune complexes were separated by addition of
500 l second antibody for 30 min at room temperature (28).
The sensitivity of the assay was 0.2 ng/ml. The reference range
in adult men and women is 2.3– 6.4 ng/ml. Intraassay CVs

4226

Bhasin et al.

P3NP as an Early Biomarker of Anabolic Response

were 23.0, 7.0, and 4.1% at P3NP concentrations of 2.8, 6.6,
and 11.9 ng/ml, respectively, and interassay CVs were 6.5,
4.5, and 7.2% at P3NP concentrations of 2.7, 6.8, and 12.2
ng/ml, respectively (28).

Statistical analyses
Analyses were conducted for 106 evaluable men who completed 16 wk of treatment and had complete P3NP data. Baseline
characteristics were compared across groups using one-way
ANOVA for continuous variables (e.g. age, hormones, body
composition, and P3NP) and 2 analyses for discrete variables
(e.g. ethnicity/race). If the distribution of a continuous variable
was nonnormal, then Kruskal-Wallis nonparametric ANOVA
was used. Changes in P3NP levels at 4, 8, and 16 wk were compared across groups using one-way ANOVA and the Wald test
for trend. When significant group differences were found, pairwise comparisons were made using the Tukey’s procedure.
Paired t tests were used to compare within-group 4-, 8-, and
16-wk changes from baseline.
Correlation analyses were conducted to assess the univariate
relationship of temporal changes at 4, 8, and 16 wk in P3NP with
the temporal changes in LBM, ASM, and testosterone levels and
IGF-I levels. The distributions of temporal changes of LBM,
ASM, testosterone, and IGF-I were stratified at the median into
low and high responders. Student t tests were conducted to contrast the temporal changes in P3NP between low vs. high responders for LBM, ASM, testosterone, and IGF-I.
Separate stepwise linear regression analyses were conducted
to identify the order of independent predictors of 16-wk change
in LBM, ASM, or P3NP. In these analyses, we included independent variables that were associated with the dependent variable at P ⬍ 0.20 in univariate analyses. Thus, in models to identify predictors of 16-wk change in P3NP, candidate independent
variables included age at baseline and 16 wk changes in LBM,
ASM, and change in testosterone and IGF-I levels. In addition,
logistic regression analysis was performed for each quartile of
change in LBM at each time point (4, 8, and 16 wk) for high P3NP
responders (based on the change in P3NP at wk 4, 8 or 16 being
greater than the median response). Similar analyses were conducted for each quartile of change in ASM. Student t tests and
logistic regression analyses were performed to compare the
changes in P3NP at each time point between subgroups defined
by low and high changes in testosterone and low and high
changes in IGF-I.
We estimated the minimal clinically important difference
(MCID) of change in P3NP concentrations that was associated
with 1 kg gain in LBM and 0.5 kg gain in ASM. Rather than
determining the MCID estimates from a single regression analysis using all 106 participants, we used the bootstrapping approach to obtain more robust estimates of MCIDs. We generated
1000 bootstrap samples, in which each bootstrap sample set
contained 90% of the original sample (96 men) randomly drawn
from the original 106 men without replacement. For each bootstrap sample, we estimated the two MCID estimates using regression analyses. The most reliable MCID estimates were the
average of the 1000 bootstrap estimates, along with 95% confidence interval. Statistical analyses were carried out using the
Statistical Analysis System 9.1 (SAS Institute Inc., Cary, NC).
The study was designed to test the primary hypotheses with
80% power (18). For secondary analyses described in this manuscript, we assessed the adequacy of the sample size by determining the detectable effect size or the detectable correlation coef-
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ficient at the 80% power level. For evaluating the temporal
changes in P3NP levels between high and low responders based
on LBM, ASM, and hormone levels, a sample size of 50 in each
group has 80% power to detect an effect size of 0.57 using a
two-group t test with a 0.05 two-sided significance level. For
evaluating the temporal changes in P3NP levels between high
quartile and low quartile responders based on LBM, ASM, and
hormone levels, a sample size of 25 in each group has 80% power
to detect an effect size of 0.81 using a two-group t test with a 0.05
two-sided significance level. The minimum detectable correlational relationship between change in P3NP and changes in LBM
and ASM with sample size of 106 is 0.3, with 80% power at 0.05
two-sided significance level.

Results
The baseline characteristics of the study population have
been described (18, 19). Of 242 subjects who were
screened, 122 were randomized. Ten subjects dropped out
after randomization; three from 5 g/d testosterone arm
and seven from 10 g/d testosterone arm. One subject who
dropped out was randomized to rhGH placebo, four to 3
g/kg 䡠 d rhGH and five to 5 g/kg 䡠 d rhGH. Of the 112
participants who completed assessments at wk 16, 106
subjects were included in this analysis because serum for
P3NP measurement was not available at baseline or during wk 4, 8, or 16 in six subjects.
Baseline characteristics of the 106 participants were
typical of community-dwelling, older men without functional limitations (Table 1) (29). The baseline body mass
index (BMI) was 26.2 kg/m2, testosterone 363 ⫾ 97 ng/dl,
and IGF-I 112 ⫾ 29 ng/dl. The BMI, testosterone, IGF-I,
LBM, ASM, VO2max, or P3NP levels did not differ among
groups (Table 1).
Changes in testosterone and IGF-I levels in HORMA
participants have been published (11). Briefly, treatment
with testosterone and rhGH produced dose-related increments in testosterone and IGF-I concentrations. Testosterone levels increased in subjects receiving 5 g/d by 143 ⫾
379 ng/dl, which was lower (P ⬍ 0.001) than the increase
of 510 ⫾ 503 ng/dl in those receiving 10 g/day. For rhGH
at 0, 3, and 5 g/kg 䡠 d, levels of IGF-I increased by 6 ⫾ 28
ng/dl (P ⫽ 0.15), 64 ⫾ 44 ng/dl (P ⬍ 0.001), and 108 ⫾
51 ng/dl (P ⬍ 0.001), respectively, with a trend across
rhGH dose groups (P ⬍ 0.001).
Changes in body composition have been published
(18). Briefly, in the 106 men who were included in this
analysis, LBM and ASM increased significantly from baseline to wk 16 (P ⬍ 0.02) within each of the six groups (18).
The changes in LBM from baseline to wk 16 were higher
in men receiving 10 g testosterone gel than in those receiving 5 g testosterone gel. As reported (18), there was a
linear trend across increasing doses of rhGH for increases
in LBM.
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TABLE 1. Baseline characteristics of the 106 subjects who were included in this analysis
Testosterone 5 g
Daily dose by study Group
Variable
Age (yr)
Ethnicity/race
Caucasian
Minority
Hormones
Total testosterone (ng/dl)
IGF-I (ng/ml)
Body composition
Weight (kg)
BMI (kg/m2)
Total LBM (kg)
Appendicular LBM (kg)
Muscle performance
VO2 peak (ml/kg 䡠 min)
P3NP (ng/ml)

Testosterone 10 g

GH 0
(n ⴝ 19)
Group A
72.7 ⫾ 5.1

GH 3 g
(n ⴝ 17)
Group B
71.4 ⫾ 4.1

GH 5 g
(n ⴝ 20)
Group C
70.0 ⫾ 4.1

GH 0
(n ⴝ 19)
Group D
69.9 ⫾ 4.5

GH 3 g
(n ⴝ 15)
Group E
69.2 ⫾ 2.5

GH 5 g
(n ⴝ 16)
Group F
70.8 ⫾ 3.8

14 (74%)
5 (26%)

17 (100%)
0 (0%)

18 (90%)
2 (10%)

14 (74%)
5 (26%)

13 (87%)
2 (13%)

16 (100%)
0 (0%)

0.27

385 ⫾ 107
101 ⫾ 23

383 ⫾ 101
108 ⫾ 25

373 ⫾ 89
115 ⫾ 31

355 ⫾ 97
108 ⫾ 29

372 ⫾ 85
130 ⫾ 31

302 ⫾ 90
112 ⫾ 32

0.13
0.10b

79.1 ⫾ 10.4
26.8 ⫾ 3.5
55.6 ⫾ 5.0
24.2 ⫾ 2.4

81.6 ⫾ 12.9
26.1 ⫾ 3.0
58.7 ⫾ 8.2
25.7 ⫾ 3.7

85.7 ⫾ 11.2
28.2 ⫾ 3.2
59.2 ⫾ 8.1
26.0 ⫾ 3.7

85.1 ⫾ 13.9
28.4 ⫾ 3.8
58.9 ⫾ 6.2
25.7 ⫾ 2.8

85.4 ⫾ 14.5
27.2 ⫾ 3.4
58.0 ⫾ 6.9
25.3 ⫾ 3.4

83.2 ⫾ 11.6
27.3 ⫾ 3.3
58.3 ⫾ 4.9
25.6 ⫾ 2.4

0.54
0.33
0.60
0.56

23.9 ⫾ 6.2
4.7 ⫾ 1.2

26.4 ⫾ 4.0
4.4 ⫾ 1.0

24.1 ⫾ 3.5
4.5 ⫾ 0.9

24.3 ⫾ 6.9
4.7 ⫾ 1.1

23.9 ⫾ 3.9
4.2 ⫾ 1.0

25.3 ⫾ 4.2
4.4 ⫾ 1.0

0.72
0.76

P
valuea
0.24b

Data are mean ⫾ SD. VO2, O2 consumption.
a

ANOVA for continuous variables and 2 test for discrete variables (e.g. ethnicity) was used.

b

From Kruskal-Wallis test.

Baseline serum P3NP concentrations were similar in the
six treatment groups (Table 2). P3NP levels increased during treatment and were significantly higher at wk 4, 8, and
16 compared with baseline. In pairwise comparisons and
using Wald trend analysis, the increases in P3NP levels
became greater over time (time trend P ⬍ 0.0001) (Table
2). P3NP concentrations were higher during wk 16 than at
baseline (P ⬍ 0.0001) or wk 4 (P ⬍ 0.0001) but did not
differ from those at wk 8. In men receiving testosterone
alone (groups A and D), P3NP levels reached a plateau at
wk 4 and did not differ between wk 4 and 8. However, in
men treated with testosterone plus any dose of rhGH, wk

8 P3NP levels were significantly higher than wk 4 levels
(Table 2).
Changes in P3NP from baseline to wk 4, 8, and 16 were
significantly correlated with changes in LBM; the highest
correlations were observed with LBM change from baseline to wk 16 (r ⫽ 0.53, P ⬍ 0.0001) as well as with
changes in ASM from baseline to wk 16 (r ⫽ 0.40, P ⬍
0.0001) (Table 3 and Fig. 1) When subjects were categorized into high responders and low responders based on
whether the change in LBM from baseline to wk 16 was
greater than or less than the median change (1.4 kg), the
change in P3NP was significantly higher in the high re-

TABLE 2. Change in Serum P3NP levels (ng/ml) by treatment group and duration of treatment
Testosterone 5 g/day
Body
composition
Baseline to wk 4
Baseline
Week 4
Change
P valueb
Baseline to wk 8
Week 8
Change
P value
Baseline to wk 16
Week 16
Change
P value

Testosterone 10 g/day

GH 0a
(n ⴝ 19)
Group A

GH 3 g
(n ⴝ 17)
Group B

GH 5 g
(n ⴝ 20)
Group C

GH 0
(n ⴝ 19)
Group D

GH 3 g
(n ⴝ 15)
Group E

GH 5 g
(n ⴝ 16)
Group F

Total
(n ⴝ 106)

4.70 ⫾ 1.20
6.11 ⫾ 1.56
1.41 ⫾ 1.84a
0.004b

4.41 ⫾ 1.05
6.09 ⫾ 1.92
1.68 ⫾ 1.93
0.002

4.48 ⫾ 0.93
7.00 ⫾ 2.26
2.52 ⫾ 2.04
⬍0.0001

4.70 ⫾ 1.10
6.39 ⫾ 2.10
1.69 ⫾ 1.74a
0.0005

4.21 ⫾ 1.04
5.99 ⫾ 1.63a
1.78 ⫾ 1.80
0.002

4.44 ⫾ 1.03
8.08 ⫾ 2.73b
3.63 ⫾ 2.38b
⬍0.0001

4.51 ⫾ 1.05
6.61 ⫾ 2.14
2.10 ⫾ 2.05
⬍0.0001

0.76 (0.44)
0.04 (0.04)
0.01 (0.009)

6.15 ⫾ 1.36a,c
1.45 ⫾ 1.86a,c
0.003

7.22 ⫾ 1.93a
2.81 ⫾ 1.87a
⬍0.0001

10.12 ⫾ 4.60d
5.64 ⫾ 4.37d
⬍0.0001

6.45 ⫾ 2.48a,c
1.75 ⫾ 2.09a,c
0.002

7.35 ⫾ 2.35a
3.14 ⫾ 2.50a
0.0003

11.51 ⫾ 4.47b
7.07 ⫾ 4.22b
⬍0.0001

8.10 ⫾ 3.65
3.60 ⫾ 3.59
⬍0.0001

⬍0.0001 (0.0003)
⬍0.0001 (⬍0.0001)

6.30 ⫾ 1.82a,c
1.60 ⫾ 1.90a,c
0.002

7.46 ⫾ 2.84a
3.05 ⫾ 2.32a
⬍0.0001

10.07 ⫾ 4.17d
5.59 ⫾ 3.81d
⬍0.0001

6.41 ⫾ 1.73a,c
1.71 ⫾ 1.47a,c
⬍0.0001

8.01 ⫾ 2.27a
3.80 ⫾ 2.50a
⬍0.0001

11.51 ⫾ 3.63b
7.06 ⫾ 3.57b
⬍0.0001

8.24 ⫾ 3.42
3.74 ⫾ 3.33
⬍0.0001

⬍0.0001 (⬍0.0001)
⬍0.0001 (⬍0.0001)

P values
ANOVA
(trend)a

Data are means ⫾ SD. Pairs of groups with different letters (e.g. a or b) are significantly different using the Tukey pairwise comparison procedure
(P ⬍ 0.05).
a

One-way ANOVA across treatment groups and Wald trend analysis across treatment groups.

b

Paired t test.
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TABLE 3. Univariate relationships of change in P3NP
from baseline and changes in LBM, ASM, and hormone
levels
Variable
⌬ Total LBMa
⌬ P3NP at wk 4b
⌬ P3NP at wk 8
⌬ P3NP at wk 16
⌬ ASM
⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16
⌬ Testosterone levels
⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16
⌬ IGF-I
⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16

r (Pearson)

P

0.26
0.36
0.53

0.007
0.0002
⬍0.0001

0.17
0.25
0.40

0.07
0.01
⬍0.0001

0.26
0.22
0.29

0.007
0.02
0.003

0.28
0.50
0.65

0.004
⬍0.0001
⬍0.0001

a
Change was calculated as wk 16 minus baseline for all four
predictors.
b

Change was calculated as wk 4, 8, or 16 value minus baseline value.

sponders than in the low responders at 4 (P ⬍ 0.004), 8
(P ⬍ 0.001), and 16 (P0.0001) wk, respectively (Table 4).
Similarly, men who experienced more than the median
change in ASM demonstrated greater increments in P3NP
levels than those who gained less than the median change
(Table 4). By logistic regression, the odds of a greater
change in P3NP from baseline to wk 16 were substantially
higher in men in the highest quartiles of change in LBM
[odds ratio 9.0, 95% confidence interval (CI) 2.6 –31.8] or
change in ASM from baseline (odds ratio 4.6, 95% CI
1.4 –15.2) than those in the lowest quartile. Thus, changes
in P3NP were strongly associated with changes in LBM
and ASM.
Importantly, changes in P3NP concentrations from
baseline to wk 4 (r ⫽ 0.26, P ⫽ 007) and wk 8 (r ⫽ 0.36,
P ⫽ 0.0002) were significantly correlated with change in
LBM from baseline to wk 16 (Fig. 1C). Similarly, changes
in P3NP concentrations from baseline to wk 4 (r ⫽ 0.17,
P ⫽ 0.07) and 8 (r ⫽ 0.25, P ⫽ 0.01) were predictive of
changes in ASM from baseline to wk 16.
We examined the relationship of P3NP with changes in
composite strength of upper- and lower-body muscle
groups. In univariate regression analysis, there was a marginal correlation of 0.20 (P ⫽ 0.056; Spearman) for
change in P3NP at wk 4 and change in composite strength
at wk 16. We examined separately the relationship of
change in P3NP at wk 4 with changes in composite
strength in 39 men who received testosterone alone (study
groups A and D); in these men, there was a significant
correlation between increases in P3NP at wk 4 and improvements in strength (r ⫽ 0.36, P ⫽ 0.041).
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The changes in P3NP concentrations from baseline to
wk 4, 8, and 16 were correlated significantly with changes
in testosterone concentrations (Table 3 and Fig. 2A) from
baseline to wk 16. The changes in P3NP levels from baseline to wk 4, 8, and 16 were significantly higher in men
who experienced greater increase in testosterone levels
(greater than median) than in those who had lesser increase (less than median) (Table 4). By logistic regression,
odds of greater change in P3NP were significantly higher
in men in the highest quartile of change in testosterone
levels than those in the lowest quartile of change in testosterone levels (OR 5.3, 3.3, and 2.3 for baseline to wk 4,
8, and 16 change in P3NP).
Changes in P3NP concentrations were also correlated
significantly with changes in IGF-I concentrations (Table
3 and Fig. 2B). The changes in P3NP from baseline to wk
16 were higher in participants who had greater than the
median change in IGF-I than in those who had less than
the median change (Table 4). Even more strikingly, men in
the highest quartile for IGF-I change had substantially
greater likelihood of having greater change in P3NP than
those in the lowest quartile (OR 12.9 and 150.0 for high
P3NP response from baseline to wk 8 and 16, respectively).
We performed univariate and multivariate regression
analyses to examine the determinants of change in P3NP
levels from baseline. Baseline BMI, testosterone and IGF-I
levels, LBM, and ASM were not significantly associated
with either baseline P3NP levels or changes in P3NP levels.
Age was inversely related to change in P3NP from baseline
to wk 16 in both univariate and multivariate models, after
adjusting for baseline BMI, LBM, ASM, testosterone,
IGF-I, and change in testosterone and IGF-I. In multivariate analyses, change in IGF-I level from baseline emerged
as the most robust predictor of change in P3NP levels,
which was significantly associated with change in P3NP
(P ⬍ 0.0001), even after adjusting for BMI, age, LBM,
ASM, testosterone, and IGF-I, and changes in testosterone
and changes in LBM.
The Pearson coefficients of the association of changes
in P3NP (r ⫽ 0.53, P ⬍ 0.0001) and IGF-I (r ⫽ 0.40, P ⬍
0.0001) with change in LBM were slightly better for P3NP
than for IGF-I. To determine the relative ability of the two
markers in predicting change in LBM and ASM, we performed stepwise regression using change in LBM or ASM
from baseline to wk 16 as the dependent variable and
changes in P3NP, IGF-I, age, and change in testosterone
levels as independent variables; these independent variables were selected because in univariate analyses, they
were correlated with the dependent variable at P ⬍ 0.20. In
these models, change in P3NP from baseline to wk 8 or 16
was the strongest predictor of change in LBM and ASM
(Table 5 and 6). Age and change in testosterone levels added
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FIG. 1. A, Regression plot of change in total lean body mass (kilograms) from baseline to wk 16 relative to change in serum P3NP concentrations
(nanograms per milliliter) from baseline to wk 16. B, Change in appendicular lean mass (kilograms) from baseline to wk 16 was plotted against
change in serum P3NP concentrations (nanograms per milliliter) from baseline to wk 16. C, Change in lean body mass (kilograms) from baseline to
wk 16 was plotted against change in serum P3NP concentrations (nanograms per milliliter) from baseline to wk 4 (n ⫽ 106 for all three panels).

only marginally to the predictive ability of the model and
IGF-I did not add significantly to the model (P ⬎ 0.10).
To test for interaction between testosterone and IGF-I
relative to the changes in P3NP, we conducted a two-way
ANOVA; this analysis revealed a marginal interaction at
wk 16 (P ⫽ 0.06; data not shown). In the stratified analysis

at wk 16, there was a significant effect of testosterone dose
in the high IGF-I group (P ⫽ 0.01); additionally, IGF-I/
rhGH had significant effects on P3NP at both the high
(P ⫽ 0.0004) and low testosterone dose (P ⬍ 0.0001).
Because changes in LBM, testosterone, and IGF-I levels
are interrelated, we performed linear stepwise regression

TABLE 4. Change in P3NP levels (nanograms per milliliter) in high and low responders compared with changes in
LBM, ASM, and hormone levels
⌬ Total LBM (kg)

⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16

Low (⫺2.4 –1.4 kg)
(n ⫽ 51)

High (1.5–7.5 kg)
(n ⫽ 55)

1.51 ⫾ 1.97
2.47 ⫾ 2.34
2.49 ⫾ 2.16

2.65 ⫾ 1.99
4.65 ⫾ 4.21
4.90 ⫾ 3.79

P (t test)
0.004
0.001
0.0001

⌬ ASM
Low (⫺2.0 to 0.8 kg)
(n ⫽ 54)
⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16

1.83 ⫾ 1.96
2.39 ⫾ 2.12
2.62 ⫾ 2.25
4.61 ⫾ 4.39
2.56 ⫾ 2.02
4.97 ⫾ 3.94
⌬ Testosterone (nanograms per deciliter)
Low (⫺497 to 174 ng/dl)
(n ⫽ 52)

⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16

⌬ P3NP at wk 4
⌬ P3NP at wk 8
⌬ P3NP at wk 16

High (0.9 – 4.4 kg)
(n ⫽ 52)

High (175–1854 ng/dl)
(n ⫽ 54)

1.53 ⫾ 1.59
2.65 ⫾ 2.30
2.65 ⫾ 2.29
4.54 ⫾ 4.33
2.68 ⫾ 2.41
4.76 ⫾ 3.77
⌬ IGF-I (nanograms per milliliter)

P (t test)
0.16
0.005
0.002

P (t test)
0.004
0.005
0.001

Low (⫺55 to 44 ng/ml)
(n ⫽ 52)

High (48 –226 ng/ml)
(n ⫽ 54)

P (t test)

1.57 ⫾ 1.83
2.00 ⫾ 2.04
1.88 ⫾ 1.81

2.64 ⫾ 2.13
5.20 ⫾ 4.09
5.59 ⫾ 3.48

0.007
⬍0.0001
⬍0.0001

⌬ P3NP was calculated as the difference between posttreatment level (e.g. wk 4, 8, or 16 value) and baseline P3NP level. The subjects were
categorized as low or high responders, depending on whether the change in the respective variable from baseline to wk 16 was less or more than
the median change.
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We sought to determine the magnitude
of change in P3NP concentrations that
15
15
was associated with each kilogram gain in
LBM and 0.5 kg gain in ASM; this mag10
10
nitude of change in P3NP might arguably
be deemed the MCID in P3NP concentra5
5
tion. The bootstrapping method revealed
that each kilogram change in LBM from
0
0
baseline to wk 16 was associated with
-100
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0
50
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0.93 ng/ml (95% CI 0.83–1.02) change in
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Change in Te s tos te rone ng/dL
16 (Fig. 3A) and 0.28 ng/ml (95% CI
FIG. 2. Figure shows regression plots of the changes in serum P3NP after 16 wk relative to
changes in serum testosterone (A) and serum IGF-I (B) after 16 wk of therapy.
0.22– 0.36) change in P3NP from baseline
to wk 4 (Fig. 3B). Similarly, 0.5 kg change
to determine the relative contribution of each of these vari- in ASM was associated with 0.57 ng/ml (95% CI 0.57– 0.57)
ables to the variance of change in P3NP levels. We in- change in P3NP from baseline to wk 16 and 0.15 ng/ml (95%
cluded change in LBM, IGF-I, and testosterone and age in CI 0.15– 0.16) change from baseline to wk 4.
this model because each of these variables was associated
with change in P3NP in univariate analyses with P ⬍ 0.20.
In stepwise regression, change in LBM was the best pre- Discussion
dictor of change in P3NP that alone explained 28% of
variance of change in P3NP level. When added after en- Changes in serum P3NP levels are predictive of changes in
tering change in LBM to the model, change in IGF-I ex- total LBM and ASM in community-dwelling older men
plained 22% of the additional variance in change in P3NP administered testosterone with or without rhGH. Imporlevels, and change in testosterone levels and age were not tantly, changes in P3NP levels at wk 4 were predictive of
significant contributors. Similarly, when we used change changes in LBM and ASM at wk 16. Subjects who expein ASM as the first variable in stepwise regression model, rienced greater gains in LBM and ASM during testos16% of variance was explained by this variable. Change in terone and rhGH administration were more likely to
IGF-I explained an additional 31% of the variance, and have greater increments in P3NP levels. In stepwise reother variables did not add to the predictive ability of the gression models, change in P3NP levels from baseline
was the best predictor of changes in LBM and ASM.
model.
These data indicate that increases in serum P3NP concentrations may serve as a useful early biomarker of lean
TABLE 5. Stepwise regression of the predictors of
change in LBM
20

y = 0.002x + 3.0909

20

y = 0.0359x + 1.6853

r = 0.29, p=0.003

Chang e in P3NP ng /m l

Chang e in P3NP ng /m l

DV ⴝ ⌬ LBM wk 16
Model 1
⌬ P3NP wk 8
Baseline age
⌬ Testosterone wk 8
Model 2
⌬ P3NP wk 16
⌬ Testosterone wk 16
Baseline age

r = 0.65, p<0.0001

Parameter
estimate

Partial
r 2*

P

0.14
⫺0.09
0.001

0.13
0.04
0.04

0.006
0.02
0.03

0.24
⫺0.07
0.001

0.30
0.02
0.05

⬍0.0001
0.08
0.004

To determine the relative contribution of variables that predict change
in total lean body mass (LBM) from baseline to wk 16, we performed
stepwise regression. The dependent variable (DV) was change in LBM.
The independent variables that were included in the analyses were
change in P3NP from baseline to wk 8 (model 1) or change in P3NP
from baseline to wk 16 (model 2), change in IGF-I or testosterone
levels and age because their adjusted P ⬍ 0.2. P3NP emerged as the
strongest predictor of change in the LBM model. IGF-I was not a
significant contributor to the models (P ⬎ 0.10) after adjusting for all
previously selected variables. *, Partial r2 is the additional contribution
of a variable in predicting change in LBM, adjusting for prior variables
in stepwise regression.

TABLE 6. Stepwise regression of the predictors of
change in ASM
DV ⴝ ⌬ ASM wk 16
Model 1
⌬ P3NP wk 8
Model 2
⌬ P3NP wk 16
⌬ Testosterone wk 16

Parameter
estimate

Partial
r 2*

P

0.08

0.06

0.01

0.26
0.001

0.28
0.05

⬍0.0001
0.005

To determine the relative contribution of variables that predict change
in total ASM from baseline to wk 16, we performed stepwise
regression. The dependent variable (DV) was change in ASM. The
independent variables that were included in the analyses were change
in P3NP from baseline to wk 8 (model 1) or change in P3NP from
baseline to wk 16 (model 2), change in IGF-I, or testosterone levels and
age because their adjusted P ⬍ 0.2. P3NP emerged as the strongest
predictor of change in the ASM model. IGF-I was not a significant
contributor to the models (P ⬎ 0.10) after adjusting for all previously
selected variables. *, Partial r2 is the additional contribution of a
variable in predicting change in LBM, adjusting for prior variables in
stepwise regression.
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FIG. 3. To determine the magnitude of change in P3NP concentrations that was associated with changes in lean mass, we used the boot
strapping method in which each bootstrap sample set contained 90% of the original sample randomly drawn from the original 106 samples
without replacement. A and B, Histograms show the distribution of the slopes (change in P3NP for each kilogram change in total LBM from
baseline to wk 16). A, Each kilogram change in LBM was associated with 0.93 ng/ml (95% CI 0.83–1.02) change in P3NP concentration from
baseline to wk 16. B, Each kilogram change in LBM was associated with 0.28 ng/ml (95% CI 0.22– 0.36) change in P3NP from baseline to wk 4.
C and D, Histograms show the distribution of the slopes (change in P3NP for each 0.5 kg change in ASM). C, Each 0.5 kg change in ASM was
associated with 0.57 ng/ml (95% CI 0.57, 0.57) change in P3NP from baseline to wk 16. D, Each 0.5 kg change in ASM was associated with 0.15
ng/ml (95% CI 0.15, 0.16) change in P3NP from baseline to wk 4.

body mass improvements during testosterone supplementation either alone or in combination with rhGH
administration.
The time and expense associated with efficacy trials of
promyogenic therapies are major retardants in the drug
development process. Randomized trials of 6 –12 months
duration may be needed to demonstrate efficacy. The
availability of robust early predictive biomarkers of an
anabolic response would accelerate human studies of anabolic therapies. Ultimately, the efficacy of function promoting anabolic therapies will have to be evaluated in
terms of improvements in physical function measures and
health outcomes. However, to the extent that promyogenic molecules currently in development, such as testosterone, selective androgen receptor modulators,
myostatin antagonists, and rhGH, act primarily by increasing skeletal muscle mass, biomarkers, such as
P3NP, that are predictive of subsequent skeletal muscle
mass gains could expedite screening of candidate compounds in humans.
In participants receiving only testosterone, increases in
P3NP at wk 4 were significantly associated with improvements in composite strength of the major muscle groups in
the upper and lower extremities. This suggests that testosterone-induced increases in P3NP reflect subsequent
increases in functional myofibrillar proteins and not just
general fibrosis or remodeling of other soft lean tissues. It
is possible that P3NP increase during rhGH administration may reflect synthesis of nonmyofibrillar proteins or
remodeling of other tissues, consistent with the failure of
previous rhGH studies to demonstrate muscle strength
gains (30 –32). We recognize that some classes of function
promoting therapies, such as vitamin D, may improve

physical function by different mechanisms and serum
markers of LBM change, such as P3NP, may not be useful
biomarkers for those drugs.
Previous studies reported that P3NP levels increase rapidly after administration of rhGH and these elevations in
P3NP levels persist for several days after rhGH discontinuation (10, 14). In our study, serum P3NP levels were
significantly elevated above baseline at 4 wk. The men
receiving testosterone alone demonstrated a plateau in
P3NP levels by wk 4, but the plateau was not reached until
wk 8 in those receiving testosterone plus rhGH. Because
we did not have a rhGH-alone group, the differences in
time course of P3NP response to testosterone and rhGH
need confirmation. However, wk 8 and 16 values were not
significantly different, suggesting that a plateau had been
reached by 8 wk in all men.
P3NP has been explored as a marker of GH doping in
athletes (6, 10, 12, 13, 15, 17) and shown to respond to
exercise (11) and testosterone (10). In previous studies,
administration of supraphysiological doses of rhGH has
been associated with significant elevations of P3NP levels
(10), which persisted for 8 wk after GH discontinuation
(12). A multinational team, the GH-2000, has proposed
the combined application of IGF-I and P3NP for detection
of rhGH doping (13, 15, 16). P3NP levels rise after a bone
fracture or soft tissue muscle injury (9, 33–35). P3NP response to rhGH administration may be affected by the age,
gender, and stage of pubertal maturation, whereas ethnicity has only a small effect (6, 17, 36). Our data show
that P3NP also increased after testosterone administration
in men who did not receive rhGH; thus, the P3NP response
is not unique to rhGH. Furthermore, our data provide the
first evidence that changes in P3NP are robustly associated
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with changes in LBM and ASM during testosterone administration with or without rhGH. Similar to the data
reported from the GH-2000 study (12–14), we found that
changes in IGF-I levels were robustly associated with
changes in P3NP levels. Because rhGH administration and
higher levels of testosterone increase circulating IGF-I levels (37, 38), it is possible that the effects of both anabolic
agents on skeletal muscle might be mediated through
IGF-I. The relative roles of testosterone and IGF-I in regulation of circulating P3NP levels should be investigated.
We cannot determine from these data whether the changes
in P3NP reflect changes in P3NP production or clearance.
P3NP meets many criteria for an early biomarker (39).
It can be measured with precision and accuracy, it responds rapidly to anabolic interventions, early changes in
P3NP predict subsequent lean mass acquisition, and there
is biological plausibility linking change in P3NP and lean
mass acquisition. It is possible that a minimal clinically
important difference for change in lean body mass could
be predicted from early changes in P3NP. In a metaanalysis, testosterone replacement of androgen-deficient men
was associated with about 1.2 kg gain in lean body mass
(1). Similarly, the first-generation trials of selective androgen receptor modulators have revealed 1.0 –1.5 kg increase in LBM during selective androgen receptor modulator administration (40). In our study, at 16 wk, each
kilogram of change in LBM was associated with 0.93
ng/ml increase in P3NP. Thus, P3NP has the characteristics of a potentially valuable biomarker of skeletal muscle
mass acquisition in early-phase trials of function promoting anabolic therapies that act by increasing skeletal muscle mass.
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