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Recent evidence from rodents and humans shows that C-type
natriuretic peptide (CNP) plays an essential role in endochondral
bone growth. We recently identified a stable product of proCNP,
amino-terminal proCNP (NT-proCNP), which unlike CNP is
readily measurable in human and ovine plasma. Hypothesizing
that plasma NT-proCNP concentrations reflect in part CNP
synthesis within growth plates of rapidly growing cartilage, we
studied levels of CNP forms in both children and lambs and
related these to age, growth velocity, and biochemical markers of
bone turnover. Plasma NT-proCNP levels were elevated at birth
and fell progressively with age. Significant associations between
plasma NT-proCNP and height velocity, alkaline phosphatase,
and type 1 collagen C telopeptide were identified in children
(aged 5–18 y). In longitudinal animal studies, elevated plasma
concentration of NT-proCNP in 1-wk-old lambs fell progres-
sively to mature adult levels at age 27 wk. Plasma NT-proCNP

showed a highly significant association with alkaline phospha-
tase and metacarpal growth velocity. Glucocorticoids, a treat-
ment known to inhibit cartilage proliferation, reduced metacarpal
growth elongation in 4-wk-old lambs and markedly lowered
circulating NT-proCNP levels during the treatment period. In
summary, NT-proCNP levels in blood show a strong association
with growth velocity and markers of bone formation and may
well serve as a useful marker of growth plate activity in humans
and other mammals. (Pediatr Res 58: 334–340, 2005)

Abbreviations
ALL, acute lymphatic leukemia
ALP, alkaline phosphatase
CNP, C-type natriuretic peptide
CV, coefficients of variation
NT-proCNP, amino-terminal pro C-type natriuretic peptide

Skeletal growth results from a coordinated sequence of
events involving proliferation and hypertrophy of chondro-
cytes within growth plates of long bones and deposition of
intercellular matrix (1). Regulation of this process (endochon-
dral growth) is complex and dependent on numerous paracrine
and endocrine factors that variably modulate growth in utero
and during the postnatal growing period. Despite increasing
knowledge of the importance of paracrine factors, including
bone morphogenetic proteins, Indian hedgehog, fibroblast
growth factor, and PTH-related peptide, none of these has yet
been used to assess growth plate activity in the clinical setting.
Atrial (ANP), B-type (BNP), and C-type natriuretic peptides

(CNP), each the product of a separate gene, constitute a family

of structurally related peptides that regulate blood pressure and
volume homeostasis (2). CNP, the most conserved across
species of the three hormones, in contrast to ANP and BNP is
not readily detected in blood, and circulating CNP has minimal
natriuretic or vasodepressor activity in humans (3). Acting via
its specific guanylyl cyclase receptor NPR-B (4), CNP has
antiproliferative actions in vascular tissue (5), which may serve
to regulate vascular remodeling and regeneration (6). Whereas
the role of CNP in cardiovascular health is still unclear, several
recent lines of evidence indicate that CNP plays an essential
part in endochondral growth. CNP transcripts and their recep-
tor NPR-B are expressed in chondrocytes of growth plates (7),
and the addition of CNP stimulates both proliferative and
hypertrophic zones, elongating bone explants in tissue culture
(8). Furthermore, disruption of the CNP gene in mice yields a
dwarfed phenotype and reduced chondrocyte proliferation,
which can be rescued by targeted re-expression of the gene (9).
That CNP is also essential to endochondral growth in humans
was documented recently by the finding that loss-of-function
mutations in NPR-B cause the profoundly dwarfed phenotype
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of acromesomelic dysplasia, Maroteaux type (10). Taken to-
gether, these findings confirm that CNP gene expression and
action are important regulators of skeletal growth in mammals,
including humans.
In light of similar patterns of processing of proANP and

proBNP yielding bioactive carboxy-terminal and the (inactive)
amino-terminal forms [NT-proANP (11) and NT-proBNP (12),
respectively], we sought and successfully identified (13) a
stable product of the CNP gene, amino-terminal proCNP (NT-
proCNP), which unlike CNP is readily measurable in human
plasma. Hypothesizing that plasma NT-proCNP concentration
reflects in part CNP synthesis within growth plates of rapidly
growing cartilage, we studied levels of CNP forms in both
children and growing lambs and related these to age and
growth velocity. Here we report for the first time that NT-
proCNP levels in plasma are inversely related to age in both
humans and sheep and correlate with growth velocity and
markers of bone turnover before and after glucocorticoid ad-
ministration, a treatment that is known to inhibit chondrocyte
proliferation and linear growth.

METHODS

Adults. Blood samples for measurement of CNP and NT-proCNP were
drawn from 16 healthy adult volunteers (aged 20–60 y) and 101 normal
healthy adults (aged 50–80 y) who were recruited by random selection from
the local electoral roll.

Children. Venous umbilical cord plasma was obtained from five full-term
and eight premature (�32 wk gestation) deliveries. To define age- and
growth-related changes in plasma CNP forms, we recruited an additional 60
children (33 female, 27 male), aged 5–18 y, from hospital outpatient clinics.
All had normal renal function, and none showed cardiac abnormalities. Rea-
sons for clinic attendance included monitoring of growth and development (32
patients), obesity (five patients), adrenal disorder (four patients), chronic
inflammatory states (five patients), and history of oncologic disease (nine
patients). Two of the last group had recently commenced chemotherapy and
high-dose glucocorticoids for acute lymphoblastic leukemia (ALL) 1 wk
before study. Four of the remaining 58 children had also received glucocorti-
coids (three physiologic replacement doses for adrenal insufficiency and one on
a reducing dose of prednisone 10–20 mg daily for dermatomyositis). Of the
total group (n � 60), 21 were receiving no medication at the time of study. In
all recruited children, height (Harpenden Stadiometer) and weight were mea-
sured and blood was drawn on the same day (between 1300 and 1600) for CNP
forms, alkaline phosphatase (ALP), and type 1 collagen C telopeptide. Using
heights measured at an interval of at least 3 mo and within 6 mo of blood
sampling, it was possible to determine concurrent growth velocity in 23 of the
60 children. All studies were approved by the Canterbury Ethics Committee,
and informed written consent was given by all participants or their parents, as
appropriate.

Effect of age in sheep. Twelve sets of healthy mixed-sex Coopworth twin
lambs were studied for a period of 6 mo. Lambs and mothers were maintained
on pasture until weaning at 12 wk. From 1 wk of age, lambs (n � 24) were
weighed, the left metacarpal length was measured (vernier calliper), and
jugular blood was drawn for CNP forms and ALP at intervals of 2 wk.

Effects of glucocorticoids. Acute effects of dexamethasone in sheep. The
short-term effects of dexamethasone on CNP forms and ALP were compared
in lambs and adult sheep. Eight Coopworth ewe lambs (aged 15 wk) and eight
adult Coopworth ewes (aged �4 y) received dexamethasone (125 �g/kg) s.c.
twice daily for 4 d. Jugular-vein blood samples were collected at 0900
immediately before injections as well as during the 2-d run-in and run-out
periods of study.

Effects of dexamethasone on growth velocity in sheep. For studying
changes in both CNP forms and growth, 16 ewe lambs (aged 4 wk) were
randomly allocated to receive dexamethasone (125 �g/kg s.c. twice daily; n �
8) or control (0.9% saline solution s.c. twice daily; n � 8) for a period of 15 d.
Commencing 6 d before and at intervals of 1–3 d during and after treatment,
jugular-vein blood was drawn at 0900 (just before any injections) for analysis
of CNP forms and ALP. All animals were weighed and the left metacarpal
length was measured (vernier calliper) at intervals of 3–6 d throughout the

study. All animal studies were approved by the Lincoln University Animal
Ethics Committee.

Plasma assays. Blood samples were collected into chilled standard blood
collection tubes that contained EDTA (7.5 mg/mL; Vacutainer, Becton Dick-
inson, Plymouth, UK) and centrifuged at 4°C, and plasma was stored at �20°C
before analysis for CNP, NT-proCNP, and ALP (Aeroset analyser; Abbott
Laboratories, Abbot Park, IL). Type 1 collagen C-telopeptide (�-CrossLaps)
was measured using an Elecsys 2010 analyser (Roche Diagnostics, Mannheim,
Germany). All plasma samples from individual sheep were measured in the
one assay.

RIA for amino-terminal proCNP. NT-proCNP was assayed as previously
described (13) except that a more sensitive primary rabbit antiserum (J39)
raised against NT-proCNP (1–15) was used. Peptide standards were made from
synthetic human proCNP (1–19), taking into account the purity data supplied
(Chiron Technologies Pty Ltd, Melbourne, Australia). This assay has a detec-
tion limit of 1 pmol/L (2 SD from zero) and an EC50 of 90 pmol/L. Within-
and between-assay coefficients of variations (CVs) were 5.0 and 7.9%, respec-
tively, at 19 pmol/L.

RIA for CNP22. CNP22 was assayed as previously described (14), except
that the assay was preincubated with antisera for 22 h before the addition of
125I-labeled CNP (5000 cpm) and incubated for an additional 24 h at 4°C.

Extraction of peptides from lamb growth plate cartilage. Immediately after
the lambs were killed (captive bolt), lamb growth plate cartilage was dissected
from proximal or distal ends of limb bones (tibia, metatarsal, or metacarpal),
quickly frozen on dry ice, and stored at �80°C before extraction. Frozen
cartilaginous tissue (0.5–1 g) was diced, boiled, acidified with acetic acid, and
homogenized before extraction on Sep-Pak C18 cartridges (Waters Corpora-
tion, Milford, MA) as previously described for ovine pituitary tissue (14).
Extracts were resuspended in either assay buffer for RIA or 20% CH3CN in
0.1% TFA before size exclusion (Toyo Soda G3000) HPLC. Fetal lamb tissue
was obtained after a pregnant ewe was killed using sodium pentobarbital.

Statistical methods. Data are presented as mean � SEM where appropriate.
CVs are presented as percentages and represent the root mean square of CVs
from human and lamb serial measurements. t test was used to analyze
differences in hormone levels between adults and children. ANOVA with
repeated measures was used to assess changes in biochemical and physical
measurements in lambs using time, sex, and dexamethasone treatment as the
independent variables. When significant changes were observed with ANOVA,
Bonferroni post hoc analysis was used to detect differences from baseline
values (day �2) and control time-matched data as appropriate. General linear
models were used to test the associations (correlations) between variables
using data obtained during weeks 1–19. These were used to test the pooled
associations between variables within each lamb. Statistical significance was
assumed at p � 0.05.

RESULTS

Studies both in adult humans and in lambs showed that
plasma levels of NT-proCNP varied little from day to day (CV
on repeated sampling from eight lambs over 9 d was 9.3%;
range 4–14%). In healthy adult humans (n � 6), NT-proCNP
levels drawn at 0900, 1200, 1300, and 1500 showed no signif-
icant difference and were not affected by a standard meal
ingested at noon (CV � 6.9%; range 3–10%).
Effects of age on plasma CNP forms in humans. Plasma

concentrations of NT-proCNP and CNP were measured in
humans who ranged in age from 0 to 80 y. As shown in Fig.
1A, plasma NT-proCNP levels in children (5–18 y) were
�2-fold those of adults �20 y (mean 46.6 � 1.7 versus 19.2
� 0.4 pmol/L; p � 0.001). Plasma CNP levels were much
lower than NT-proCNP levels and showed a small but signif-
icant difference between the two groups (mean 1.03 � 0.05
versus 0.93 � 0.03 pmol/L in children and adults, respectively;
p � 0.045). Two girls who had recently started on inductive
chemotherapy and prednisone (45 and 70 mg/day, respec-
tively) for ALL had extremely low levels of NT-proCNP (9.4
pmol/L at age 10 and 6.7 pmol/L at age 14 y, respectively; Fig.
1A), raising the possibility that high-dose glucocorticoids or
chemotherapy suppresses CNP synthesis.
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Plasma NT-proCNP levels were elevated at birth and fell
progressively with age (Fig. 1B). The trend for high levels in
cord plasma in premature (mean 193 � 20 pmol/L; n � 8)
compared with term deliveries (mean 141 � 7 pmol/L; n � 5)
did not attain statistical significance (p � 0.07). As shown in
Fig. 2A and B, there was a significant positive association in the
5- to 18-y age group between height velocity and plasma
NT-proCNP (r � 0.57, p � 0.005) and between ALP (a marker

of bone formation) and plasma NT-proCNP (r � 0.55, p �
0.001). The marker of bone resorption type 1 collagen C
telopeptide was significantly correlated with NT-proCNP (r �
0.33, p � 0.013). Both type 1 collagen C telopeptide (r � 0.52,
p � 0.012) and ALP (r � 0.65, p � 0.001) were significantly
correlated with height velocity and each other (r � 0.67, p �
0.001).
Changes in plasma CNP forms, ALP, and metacarpal

growth in growing lambs. Sequential changes in plasma NT-
proCNP, CNP, and ALP in growing lambs from age 1–30 wk
are shown in Fig. 3. Levels of all three analytes declined
progressively with time (p � 0.001 for each) to achieve more
stable levels at 15–30 wk. Small increments in NT-proCNP,
CNP, and ALP (as well as metacarpal growth velocity; data not
shown) occurred in both sexes at 20–25 wk (Fig. 3). A
statistically significant effect of sex on levels of NT-proCNP
(but not CNP or ALP) was identified with higher mean NT-
proCNP concentrations in ram lambs (F � 8.2, p � 0.015).
Molar concentrations of NT-proCNP were 10- to 15-fold those
of CNP throughout the study period.
As shown in Fig. 2C and D, there was a highly significant

positive association of NT-proCNP with ALP (r � 0.94, p �
0.001; Fig. 2C) and with metacarpal growth velocity (r � 0.55,
p � 0.001; Fig. 2D). Similarly, there was a positive association
of metacarpal growth velocity with CNP (r � 0.48, p � 0.001)
and with ALP (r � 0.57, p � 0.001).
Effects of glucocorticoids. The finding of strikingly low

levels of NT-proCNP in two children who received inductive
chemotherapy and high-dose glucocorticoids prompted study
of the effects of dexamethasone on CNP forms and growth
velocity in sheep. As shown in Fig. 4, dexamethasone 0.25 mg
· kg�1 · d�1 for 4 d markedly reduced plasma NT-proCNP and
ALP in lambs but less so in adult sheep. This differential
response to dexamethasone was highly significant for both
NT-proCNP (F � 5.4, p � 0.001) and ALP (F � 4.1, p �
0.002). After 48 h of dexamethasone treatment, plasma NT-
proCNP in lambs fell 30.8 � 3.5% from basal compared with
17.7 � 2.7% in adult sheep. Both the onset and the offset of
dexamethasone’s action on NT-proCNP preceded that of ALP
(Fig. 4).
To study a possible linkage between changes in CNP and

growth velocity, we undertook a more prolonged study in
younger growing lambs. As shown in Fig. 5, dexamethasone
0.25 mg · kg�1 · d�1 for 15 d in 4-wk-old lambs was associated
with a highly significant fall in NT-proCNP within 24 h of
starting treatment (F � 7.5, p � 0.001) and was sustained

Figure 1. (A) Dot plot of NT-proCNP (F) and CNP (E) and mean � SEM
bars in children (aged 5–18 y) compared with levels in healthy adult subjects
(aged 20–80 y). Plasma levels of NT-proCNP in two children who received
acute chemotherapy and high-dose glucocorticoids for ALL are also shown.
(B) Plasma NT-proCNP levels (bars � SEM) stratified by age. Numerals above
bars indicate numbers of subjects. Prem, premature (�32 wk) delivery; Term,
full-term delivery.

Figure 2. (A and B) Correlations between plasma NT-proCNP in children
(aged 5–18 y) and plasma ALP activity (A) and height velocity (B). (C and D)
Correlations between plasma NT-proCNP in growing lambs and plasma ALP
activity (C) and metacarpal growth velocity (GV; D).

Figure 3. Plasma levels of NT-proCNP (circles) CNP (triangles; A) and ALP
activity (squares; B) in lambs from age 1–30 wk. Rams (n � 12, filled
symbols); ewes (n � 12, open symbols). Values are mean � SEM.
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throughout the period of dexamethasone treatment. Similar
changes occurred in plasma CNP (F � 9.2, p � 0.001; data not
shown). Both analytes returned to control levels within 24 h of
cessation of treatment. Whereas plasma ALP activity also
decreased during the treatment period (F � 1.9, p � 0.029;
Fig. 5B), the onset and the offset of response in ALP to
dexamethasone was delayed when compared with that of NT-
proCNP. Dexamethasone treatment was associated with a pro-
nounced decrease in metacarpal elongation (F � 7.0, p �
0.001, Fig. 5C), which abated after restoration of NT-proCNP
levels.
Compared with saline-treated lambs, a small but significant

effect of dexamethasone on body weight (F � 4.4, p � 0.001;
Fig. 5D) was observed. However, in contrast to metacarpal
elongation, differences between treatment groups at cessation
of dexamethasone treatment (day 15) were not significantly
different.
NT-proCNP in fetal and lamb growth plates. As shown in

Fig. 6, NT-proCNP was identified in extracts of tibial growth
plate tissue excised from the fetal lamb (18 wk gestation).
When subjected to SE-HPLC/RIA, a major peak of immuno-
reactivity eluted across fractions 29 and 30 (molecular mass ~5
kD). There was no evidence of the prohormone (proCNP Mr �
10.9 kD).

The concentrations of CNP and NT-proCNP in tissue ex-
tracts of limb bone cartilaginous growth plates that were
removed from 12-wk-old lambs (n � 4) are shown in Table 1
together with blood plasma concentration of these peptides at
the time of growth plate collection. Excepting marrow tissue,
the concentration (fmol/g) of growth plate extracts exceeded
the corresponding level in plasma. Ratios of NT-proCNP to
CNP (mean 4; range 1–10) in growth plate tissues were lower
than the ratio found in plasma (mean 23; range 21–25).

DISCUSSION

Our results, in showing a strong association of plasma
NT-proCNP with growth velocity and markers of bone forma-
tion in growing lambs and children, provide support for the
hypothesis that plasma NT-proCNP may serve as a marker of
growth plate cartilage activity. In keeping with increasing
evidence of CNP’s role in lengthening the appendicular and
axial skeleton (15), the findings now call for prospective
studies on the use of plasma NT-proCNP measurements in
predicting growth and skeletal development in humans.
As reported previously, plasma concentrations of the bio-

logically active (carboxyterminal) forms of proCNP (CNP 53
and CNP 22) are low in both humans and sheep, close to the

Figure 4. Effect of 4 d of treatment with dexamethasone (0.25 mg · kg�1 ·
d�1) in 12-wk-old ewe lambs (F; n � 8) and ewe adults (E; n � 8) on plasma
NT-proCNP (A) and change (�; B) in plasma ALP activity. Values are mean
� SEM. Significant differences from baseline values (day �2) are indicated by
asterisks (*p � 0.05).

Figure 5. Effect of dexamethasone (F; n � 8) or saline control (E; n � 8),
administered to 4-wk-old ewe lambs for 15 d, on plasma NT-proCNP (A),
plasma ALP activity (B), metacarpal length (C), and body weight (D). Values
are mean � SEM. Significant differences between dexamethasone and saline
control time-matched data are indicated by asterisks (*p � 0.05).

Figure 6. NT-proCNP SE-HPLC immunoreactive profile of growth plate
cartilage extract obtained from a fetal lamb tibia (gestation ~18 wk). Column
void volume (Vo) and elution positions of molecular markers are shown by
arrows.

Table 1. Growth plate tissue, marrow and plasma levels of
NT-proCNP, CNP and ratios in 12 week-old ewe lambs (mean �

SEM, n � 4)

Tissue
NT-proCNP
(fmol/g)

CNP
(fmol/g)

Ratio
NT-proCNP/CNP

Tibia
Proximal 72 � 13 11 � 3 6.9 � 1.2
Distal 48 � 23 14 � 7 3.4 � 0.7

Metatarsal
Proximal 114 � 28 57 � 29 3.2 � 1.0
Distal 73 � 31 30 � 17 2.3 � 0.6

Metacarpal
Proximal 89 � 10 33 � 3 2.7 � 0.1
Distal 84 � 27 29 � 10 2.7 � 0.5

Marrow (metatarsal) 23 � 2 6.6 � 0.2 3.4 � 0.2
Plasma (pmol/L) 32 � 1 1.8 � 0.1 22.8 � 0.8
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level of the assay detection, and show relatively small changes
in pathologic states (2,16). By contrast, NT-proCNP is readily
detected and circulates at levels 10- to 50-fold those of CNP.
We show here that both NT-proCNP and CNP (despite the low
levels) vary inversely with age during the growing period.
Using a human chondrosarcoma line, it was shown recently
that processing of proCNP (yielding amino-terminal proCNP
1–50 and CNP 53) occurs intracellularly (17). Assuming that
equimolar concentrations of amino- and carboxyterminal forms
are secreted from cells, rapid uptake and degradation of CNP
53 (or CNP 22) by the natriuretic peptide clearance receptor
(NPR-C) and/or hydrolysis by tissue neutral endopeptidase
(NEP) (18) will limit access of CNP (but presumably not
NT-proCNP) to the circulation. In addition, both degradation
pathways will shorten the half-life of CNP in plasma (3).
Consistent with this view is the higher ratio of NT-proCNP/
CNP in plasma compared with those that we found in growth
plate cartilage (Table 1). This differential vulnerability of CNP
forms to degradation by NPR-C and NEP, both of which are
expressed in cartilage and skeletal tissue (19,20), increasing the
likelihood that plasma NT-proCNP will better reflect CNP syn-
thesis within tissues provided that renal function is normal (16).
To obtain more direct evidence that growth plate cartilage levels
were enriched (compared with jugular venous plasma), we sam-
pled a variety of growth plate cartilage tissue extracts in 12-wk-
old lambs. Although tissue levels were higher than found in
plasma, it should be noted that this study was undertaken at a time
when plasma levels were close to mature (adult) levels and when
linear growth was almost complete. Further studies are planned in
younger, rapidly growing lambs to define the linkage, if any,
among levels of NT-proCNP in growth plates, chondrocyte im-
munohistochemistry, and growth velocity. Presumably a number
of tissues contribute to circulating levels of NT-proCNP. CNP
gene expression in rodents is reported in a variety of extraskeletal
tissues, including brain, reproductive tissues, lung, and vascular
endothelium (21–24). All of these tissues are potential sources of
circulating NT-proCNP. However, our finding of strong associa-
tions of blood levels with growth velocity and markers of bone
growth, together with the close temporal relationship of NT-
proCNP with changes in metacarpal growth and ALP during
glucocorticoid treatment, point to an important contribution from
growing cartilage. Although we cannot exclude a placental con-
tribution to the very high levels of NT-proCNP found in cord
plasma, previous work (25) showing lower molar concentrations
of NT-proCNP in placental tissues than in cord plasma and
evidence that natriuretic peptides (ANP) do not cross the placenta
(26) make this unlikely. It remains to be seen whether cartilage,
bone, or other (possibly vascular) tissues contribute to the rela-
tively stable levels of NT-proCNP that we observe in mature
normal adults (humans) and sheep. However, the small fall in
levels (~17%) in adult sheep during short-term dexamethasone
treatment (0.25 mg · kg�1 · d�1) is consistent with some sustained
contribution from the skeleton even in the fully mature state.
Although the duration of linear growth is different in the two

species (~1.5 y in sheep, up to 18 y in humans), the pattern of
decrease in plasma NT-proCNP (from birth to maturity) seems
to be similar and is consistent with the progressive decrease in
hypertrophic and proliferative chondrocytes found in human

studies (27). It is interesting that higher levels were noted in
males [rams in current study and in humans (16)], in contrast
to the consistently higher levels of ANP/BNP and related forms
in females (28). Similar gender effects are reported for markers
of collagen 1 (29) and collagen 3 (30) synthesis, which have
been attributed to greater bone volumes in males. Our more
recent analysis of cord plasma NT-proCNP in preterm and term
infants (n � 23) shows a strong negative relationship of level
with gestational age (r � �0.49, p � 0.015). Similar negative
associations have been found for markers of collagen 1 and
collagen 3 turnover with gestational age (30). These relation-
ships are consistent with linkage of both cartilage activity and
bone turnover with growth velocity, which is maximum in the
human fetus during the third trimester and in the first year of
postnatal life. A much more defined database is now required,
relating NT-proCNP level to age and concurrent growth ve-
locity throughout the growing period in normal children and in
adolescents. Our study was not designed to examine changes in
the peripubertal growth phase, which would require more
frequent and focused sampling commencing at the onset of the
pubertal growth surge. Although nothing is known of changes
in CNP gene expression during this phase of growth, it is to be
noted that small increments in NT-proCNP and ALP were
found in both sexes at 20–25 wk in lambs. Conceivably, a short
period of increased CNP synthesis within key growth plates
underlies these changes. It is interesting that in rodent models
of impaired CNP gene expression (9), as well as in loss of
function mutations of the human NPR-B (10), linear growth
impairment is not fully expressed until after birth. It remains to
be seen whether plasma NT-proCNP levels during the first year
of life in humans predict final adult height and whether cord
plasma levels have an impact on growth rate or skeletal
development as previously reported for IGF-1 (31) or calcium
concentration (32).
The finding of very low levels of NT-proCNP (the lowest

that we have observed in our laboratory) in two children who
recently started on chemotherapy and high doses of glucocor-
ticoids prompted study of dexamethasone’s action in lambs and
adult sheep. As expected from previous work showing glu-
cocorticoid-induced inhibition of chondrocyte proliferation
and differentiation (33), we noted prompt and significant de-
creases in both NT-proCNP and ALP with dexamethasone
administration, effects that were greater in lambs than in ma-
ture adult sheep in keeping with the larger content of growth
plate cartilage in lambs. That these changes are associated with
linear growth inhibition was shown by a longer period of
dexamethasone treatment in younger lambs. In both short- and
long-term studies, the onset and the offset of dexamethasone’s
effect on NT-proCNP preceded that observed in ALP. Al-
though plasma ALP in lambs is presumably sourced from
osteoblasts and other tissues, as well as cartilage, this differ-
ential effect is consistent with actions of dexamethasone early
in the cell cycle (e.g. on proliferating chondrocytes) with
consequential (delayed) effects on the later maturing hypertro-
phic zone from which ALP (in cartilage) is largely sourced
(34). It is to be noted that normal levels of plasma NT-proCNP
were restored within 24 h after cessation of dexamethasone,
whereas ALP did not attain “control” levels for an additional
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9 d, during which time the inhibitory effect on metacarpal
lengthening had abated. The precise mechanism whereby glu-
cocorticoids inhibit NT-proCNP was not addressed in our
study. Possibly, levels fall as a consequence of depletion of
proliferative chondrocytes (35) from which CNP is largely
sourced (9). Although a classic glucocorticoid response se-
quence has not been identified in the CNP gene (36), inhibitory
effects of glucocorticoids may be mediated by changes in
transcriptional factors acting at the level of the CNP promoter.
In this context, it is of note that in rat articular chondrocytes
(37), the signalling pathway of TGF-�, a potent stimulus to
CNP mRNA expression (22,38), is blocked by dexamethasone.
TGF-� is known to up-regulate CNP expression through the
transcriptional modulator TSC-22, which binds to GC-rich cis
elements within the CNP promoter (38). Similar inhibitory
effects of dexamethasone on TGF-� synthesis (39) or signal-
ling (40) have been described in other cell systems, raising the
possibility that the growth arrest results in part from loss of
CNP and its trophic action on chondrocytes (41) and on matrix
synthesis (42). If proved, then such a mechanism of action
could have important therapeutic implications, including the
prospect of interventions that restore (42) or maintain (43)
local levels of CNP within the growth plate and reduce the
deleterious effects of glucocorticoids on the growing skeleton.
The daily doses of glucocorticoid used here (approximately
equivalent to 35–40 mg/d prednisone in a 30-kg child) are less
than the doses received by children with ALL (45–75 mg/d
prednisone). Chemotherapy also has the potential to inhibit
chondrocyte proliferation and linear height (44) and also may
have contributed to the profoundly low values observed in the
two children. Clearly, the separate effects of glucocorticoid and
chemotherapies at a range of doses are required to clarify the
actions of these drugs.
Conclusions drawn from our findings need to be tempered in

light of several limitations. Although the associations of
plasma NT-proCNP with growth velocity and bone markers are
strong, proof that levels truly reflect changes in growth plate
activity requires further study, possibly using genetic models in
which the expression of CNP within cartilage is rendered
dysfunctional. Furthermore, it is well recognized that glucocor-
ticoids have profound inhibitory effects on protein synthesis in
many tissues, not just growth plate chondrocytes. Thus, it is
possible that the changes that we observed reflect inhibition of
CNP gene expression in several different tissues. Finally, our
studies in growing children were necessarily limited in several
respects: only a single value (cross-sectional study) was ob-
tained in any one child; a range of different morbid states and
treatments were represented in this study group (which did not
include children in the postnatal to 5 y age group), and the
numbers of children in whom it was possible to calculate
growth velocity was less than half the original study popula-
tion. Despite these limitations, the findings drawn from cord
blood samples and children in the 5- to 18-y group are con-
sistent with those observed in healthy growing lambs.
Should future studies confirm that plasma NT-proCNP is

largely sourced from cartilage in the developing skeleton,
monitoring the level could be a valuable aid to predicting

future growth potential as well as helpful in providing an early
warning of impaired growth plate activity in patients who
receive glucocorticoids or other agents that are known to affect
growth adversely. Conceivably, genetic disorders of CNP syn-
thesis and/or action may be identified by abnormality of plasma
NT-proCNP once an age-related reference range is established
and the contribution of other organ dysfunctions (e.g. renal
impairment) is more fully defined. In conclusion, NT-proCNP
levels in blood show a strong association with growth velocity
and markers of bone formation and may well serve as a useful
marker of cartilage growth plate activity and health.
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