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Context:Despite the apparent biological importance of sympathetic activity on bonemetabolism in
rodents, its role in humans remains questionable.

Objective: To clarify the link between the sympathetic nervous system and the skeleton in humans.

Design, Setting, and Patients: Among 620 consecutive subjects with newly diagnosed adrenal
incidentaloma, 31 patients with histologically confirmed pheochromocytoma (a catecholamine-
secreting neuroendocrine tumor) and 280 patients with nonfunctional adrenal incidentalomawere
defined as cases and controls, respectively.

Results: After adjustment for confounders, subjects with pheochromocytoma had 7.2% lower bone
mass at the lumbar spine and 33.5% higher serum C-terminal telopeptide of type 1 collagen (CTX)
than those without pheochromocytoma (P = 0.016 and 0.001, respectively), whereas there were no
statistical differences betweengroups in bonemineral density (BMD) at the femur neck and total hip
and in serumbone-specific alkaline phosphatase (BSALP) level. The odds ratio (OR) for lower BMDat
the lumbar spine in the presence of pheochromocytoma was 3.31 (95% confidence interval, 1.23 to
8.56). However, the ORs for lower BMD at the femur neck and total hip did not differ according to
the presence of pheochromocytoma. Serum CTX level decreased by 35.2% after adrenalectomy in
patients with pheochromocytoma, whereas serum BSALP level did not change significantly.

Conclusions: This study provides clinical evidence showing that sympathetic overstimulation in
pheochromocytoma can contribute to adverse effects on human bone through the increase of bone
loss (especially in trabecular bone), as well as bone resorption. (J Clin Endocrinol Metab 102:
2711–2718, 2017)

The bone remodeling process, a result of the concerted
actions of osteoclasts and osteoblasts, is essential for

maintaining bone mass and considered to be regulated
by many factors, including nutritional status, humoral

factors, and biomechanical stress (1–5). Many lines of
evidence in animal studies now indicate that the sym-
pathetic nervous system (SNS) plays a pivotal role in
bone metabolism as well, especially through targeting
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b2-adrenergic receptors (b2ARs). Knockout of the b2AR
in osteoblasts has been shown to increase bone formation
and decrease bone resorption, resulting in a high bone
mass phenotype (6). Likewise, pharmacological inter-
ventions with b-blockers and b-agonists in rodents have
been shown to increase and decrease bone mass, re-
spectively (7, 8). In addition, the lack of dopamine
b-hydroxylase, an enzyme required for the synthesis of
catecholamines, was shown to result in high bone mass in
mice (9).

Despite its apparent biological importance in rodents,
the role of sympathetic activity in bone metabolism in
humans remains questionable. Several epidemiological
studies on the association between b-blocker use and bone
health have yielded conflicting results showing positive,
negative, or no effects (10–14), whereas a recent meta-
analysis indicated that b-blockers were associated with a
reduced risk of fracture with a relatively small effect size
(15). For b-agonists, three cross-sectional studies failed to
demonstrate an effect on fracture risk in chronic ob-
structive pulmonary disease (16–18), and a prospective
study reported that selectiveb2 adrenergic agonists did not
affect human bone turnover (14). These inconsistent re-
sults may be attributable to the highly heterogeneous
characteristics of the included populations in terms of the
selectivity, dose, duration, and delivery route of b-ad-
renergic receptor modulators. Therefore, to overcome
these methodological limitations and to adequately assess
the role of the SNS on human bone metabolism, a human
disease model implicating the SNS is necessary.

Pheochromocytoma is a catecholamine-secreting
neuroendocrine tumor that arises from chromaffin
cells of the adrenal medulla (19). Because catecholamines
are themain neurotransmitters of the SNS, Veldhuis-Vlug
et al. (20) hypothesized and demonstrated that increased
sympathetic stimulation in patients with pheochromo-
cytoma could contribute to increased bone resorption.
Although the authors did not present the effects on bone
mass, this case-control study has an important implica-
tion in that it provided evidence supporting the concept of
regulation of bone remodeling by the SNS in humans. By
the extension of this background, to further clarify the
role of sympathetic activity in human bone health, we
investigated the association of catecholamine excess with
osteoporosis-related phenotypes, especially focusing on
bone mineral density (BMD), in a Korean cohort con-
sisting of patients with pheochromocytoma and controls.

Materials and Methods

Study participants and protocol
The study population was based on the AsanMedical Center

cohort, which is a subset of the “Co-work of Adrenal Research”

study (clinicaltrial.gov no. NCT01382420), a randomized,
parallel-group, multicenter, open-label trial conducted at three
medical centers in Korea. From July 2011 to June 2014, we
recruited 620 consecutive patients with newly diagnosed ad-
renal incidentaloma (AI). The diagnosis of AI was based on the
detection of an adrenal mass (size $1 cm) on computed to-
mography performed for an unrelated disease. Among these,
536 subjects had BMD information and thus were eligible for
inclusion in this study. After excluding 225 subjects who were
suspected to have hypercortisolism, primary aldosteronism,
congenital adrenal hyperplasia, adrenal carcinoma, adrenal
metastasis, or adrenal tuberculosis, we identified 31 patients
with histologically confirmed pheochromocytoma after adre-
nalectomy, and these were defined as the case group. The
remaining 280 subjects with nonfunctional AI were defined as
the control group.

The following patient information was obtained by using an
interviewer-assisted questionnaire: smoking habits (current
smoker), alcohol intake ($3 units/d), regular outdoor exercise
($30 min/d), history of medication use, previous medical
or surgical procedures, and reproductive status including
menstruation.

This study was approved by the institutional review board of
Asan Medical Center. Written informed consent was provided
by all enrolled participants.

BMD measurement
Areal BMD (g/cm2) was measured at the lumbar spine

(L1–L4) and proximal femur by using dual-energy x-ray
absorptiometry with Lunar equipment (running software ver-
sion 9.30.044; Prodigy, Madison, WI). The precision values of
the equipment, in terms of the coefficients of variations (CVs),
were 0.67% and 1.25% for the lumbar spine and femur neck,
respectively, which were determined with measurements in 17
volunteers who were not enrolled in this study. Each volunteer
underwent five scans on the same day and were required to get
on and off the table between examinations.

To categorize the subjects, we adopted the recommendations
by the International Society for Clinical Densitometry (21). For
premenopausal women and men aged,50 years, BMD “below
the expected range for age” was defined by a z score of #22.0
standard deviation (SD) and BMD “within the expected range
for age” was defined by a z score of .22.0 SD. For post-
menopausal women andmen aged$50 years, osteoporosis was
defined by a T score of #22.5 SD, osteopenia by 21.0 .
T . 22.5 SD, and normal as $21 SD. From this background,
in the analyses of this study, “lower BMD” was defined by
z score #–2.0 for premenopausal women and men aged
,50 years, or T score #–1.0 for postmenopausal women and
men aged $50 years.

Hormonal and biochemical measurements
Urine fractionated metanephrine levels were measured with a

high-performance liquid chromatography assay by using a
commercially available kit (Chromsystems, Munich, Germany)
on an Agilent 1100 high-performance liquid chromatography
system (Agilent Technologies, SantaClara,CA). The lower limit of
detection of the kit was 5 to 11mg/L, and the intra- and interassay
CVs were less than 3% and 4.4%, respectively.

To measure biochemical bone turnover markers (BTMs),
fasting blood samples were obtained in the morning. Serum

2712 Kim et al Pheochromocytoma and Bone Mass J Clin Endocrinol Metab, August 2017, 102(8):2711–2718

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/102/8/2711/3861373 by guest on 20 M
arch 2024



C-terminal telopeptide of type 1 collagen (CTX) levels were
measured by means of an electrochemical luminescence im-
munoassay (Roche Diagnostics GmbH, Mannheim, Germany),
with intra- and interassay CVs of 1.0% to 4.6% and 1.6% to
4.7%, respectively. The reference mean 6 SD values were
0.299 6 0.137 ng/mL for premenopausal women, 0.556 6
0.226 ng/mL for postmenopausal women, 0.3006 0.142 ng/mL
for men aged 30 to 49 years, 0.304 6 0.200 for men aged 50
to 69 years, and 0.3946 0.149 ng/mL for men aged 70 years or
older. Serum bone-specific alkaline phosphatase (BSALP) levels
were determined by using the Metra BAP immunoassay kit
(Quidel Corp., San Diego, CA), with inter- and intraassay CVs
of 4.4% and 3.6%, respectively. The reference ranges were 11.6
to 29.6 U/L for women aged 22 to 44 years, 14.2 to 42.7 U/L for
women aged 45 years or older, and 15.0 to 41.3 U/L for men
aged 25 years or older.

Statistical analysis
Continuous variables are reported as the mean and SD or the

median and interquartile range, and categorical variables as the
number and percentage, unless otherwise specified. The baseline
characteristics of the cases and controls were compared by using
Student t tests for continuous variables and x2 tests for cate-
gorical variables. The association of urinary fractionated
metanephrines with BMD and BTM was investigated through
multiple linear regression analyses after adjustment for potential
confounding factors including age; sex; menopause status; body
mass index (BMI); current smoking; alcohol intake; regular
outdoor exercise; diabetes; and medication use including cor-
ticosteroids, antihypertensive agents, bisphosphonates, and
replacement hormones. In these analyses, the levels of urinary
fractionated metanephrines and BTMs were log transformed
because of the skewed distribution. To generate the odds ratios
(ORs) [95% confidence intervals (CIs)] per log-unit increase of
urinary fractionatedmetanephrines or according to the presence
of pheochromocytoma for “lower BMD,” multiple logistic
regression analyses were performed after adjustment for con-
founders. The multivariable-adjusted least-square mean levels

(95% CIs) of BMD and BTM in terms of the presence of
pheochromocytoma were estimated and compared by using
analysis of covariance (ANCOVA). Differences in BTM before
and after adrenalectomy were assessed with the Wilcoxon
signed-rank test. All statistical analyses were performed by
using SPSS statistical software (SPSS Inc., Chicago, IL). P, 0.05
was considered statistically significant.

Results

The baseline characteristics of the 311 study subjects are
listed in Table 1. Of the 280 controls without pheo-
chromocytoma, 168 (60.0%), 34 (12.1%), and 78
(27.9%) were men, premenopausal women, and post-
menopausal women, respectively. Of the 31 cases, 12
(38.7%), 12 (38.7%), and 7 (22.6%) were men, pre-
menopausal women, and postmenopausal women, re-
spectively. The mean ages of controls and cases were
54.5 6 10.0 years (range, 22 to 78 years) and 50.2 6
11.5 years (range, 31 to 76 years), respectively (P =
0.029). The BMI values were significantly lower in
subjects with pheochromocytoma, whereas the levels
of urinary metanephrine and normetanephrine were
markedly higher in subjects with pheochromocytoma
than in those without. There were no significant differ-
ences in current smoking, alcohol intake, regular outdoor
exercise, diabetes, and medication use (including corti-
costeroids, antihypertensive agents, bisphosphonates,
and replacement hormones) between groups.

When we tested whether any association between
urinary fractionated metanephrines and BMD values
might be modified by sex and menopause status, we
found no interactions between the levels of urinary meta-
nephrine or normetanephrine (expressed as a continuous

Table 1. Baseline Characteristics of the Study Participants According to the Presence of Pheochromocytoma

Variables
Subjects Without

Pheochromocytoma (n = 280)
Subjects With

Pheochromocytoma (n = 31) P

Sex and menopause status, no. (%) <0.001
Male 168 (60.0) 12 (38.7)
Female
Premenopause 34 (12.1) 12 (38.7)
Postmenopause 78 (27.9) 7 (22.6)

Age (y), mean 6 SD 54.5 6 10.0 50.2 6 11.5 0.029
BMI (kg/m2), mean 6 SD 25.6 6 3.6 23.3 6 3.8 0.001
Current smoker, no. (%) 82 (29.3) 6 (19.4) 0.244
Alcohol intake $3 U/d, no. (%) 72 (25.7) 5 (16.1) 0.241
Regular exercise $30 min/d, no. (%) 141 (50.4) 12 (38.7) 0.218
Diabetes, no. (%) 50 (17.9) 5 (16.1) 0.811
Medication use, no. (%)
Corticosteroid 1 (0.4) 1 (3.2) 0.190
Antihypertensive agent 105 (37.5) 11 (35.5) 0.826
Bisphosphonate 7 (2.5) 0 (0.0) 0.999
Replacement hormone 5 (1.8) 0 (0.0) 0.999

Urine MN (mg/d), median (IQR) 103.3 (71.6–134.2) 325.1 (123.7–999.6) 0.003
Urine NM (mg/d), median (IQR) 231.4 (178.1–298.5) 825.8 (365.4–2291.8) <0.001

Bold numbers indicate statistically significant values. IQR, interquartile range; MN, metanephrine; NM, normetanephrine.
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variable) and sex andmenopause status (coded as 0, 1, and
2 for premenopausal women, postmenopausal women,
and men, respectively, and expressed as a categorical
variable) for the association with BMD values at the
lumbar spine, femur neck, or total hip (P for tests of in-
teraction = 0.601 to 0.944). Therefore, instead of sepa-
rating premenopausal women, postmenopausal women,
and men, we performed further analyses together after
adjustment for sex and menopause status.

Multiple linear regression analyses were performed to
examine the independent association of urinary frac-
tionated metanephrines with BMD and BTM (Supple-
mental Table 1). After adjustment for all potential
confounders, including age, sex, menopause status, BMI,
current smoking, alcohol intake, regular outdoor exer-
cise, diabetes, and medication use, a higher urinary
metanephrine level was significantly associated with
lower BMD at the lumbar spine, whereas this association
was not observed at the femur neck and total hip. Sim-
ilarly, the urinary normetanephrine level was inversely
associated with BMD at the lumbar spine, but not at the
femur neck and total hip. Interestingly, both urinary
metanephrine and normetanephrine levels were posi-
tively associated with serum CTX, a bone resorption
marker. However, both urinary metanephrine and nor-
metanephrine had no correlation with serum BSALP, a
bone formation marker.

The ORs per log-unit increase in urinary metanephrine
and normetanephrine for lower BMD at either the lumbar
spine, femur neck, or total hip were 1.35 and 1.89, re-
spectively, after considering potential confounders (Sup-
plemental Table 2). However, the statistical significance in
the case of urinary metanephrine was only marginal (P =
0.091). When the risk for lower BMD was separately
analyzed at various skeletal sites, each log-unit increase in
urinary metanephrine and normetanephrine was signifi-
cantly associated with a 1.60-fold and 2.08-fold higher OR
for lower BMD at the lumbar spine, whereas this associ-
ation was not observed at the femur neck and total hip.

The subjects were then categorized into four groups
according to each level of urinary fractionated meta-
nephrines. Multiple logistic regression analyses revealed
that the ORs for lower BMD at either the lumbar spine,
femur neck, or total hip had an increased tendency with
increasing urinary metanephrine quartiles with a mar-
ginal significance (P for trend = 0.056), and the odds for
lower BMD at the lumbar spine were 2.42-fold higher in
subjects in the highest metanephrine quartile in com-
parison with those in the lowest metanephrine quartile
[Fig. 1(a)]. However, the odds for lower BMD at the
femur neck and total hip did not differ among urinary
metanephrine quartiles (P for trend = 0.457 and 0.858,
respectively). Similarly, the odds for lower BMD at any site

and the lumbar spine were 4.19- and 3.94-fold higher,
respectively, in subject in the highest urinary normeta-
nephrine quartile than in those in the lowest normeta-
nephrine quartile [Fig. 1(b)],whereas therewas no statistical
difference among urinary normetanephrine quartiles in
terms of the odds for lower BMD at the femur neck and
total hip (P for trend = 0.721 and 0.991, respectively).

Differences in BMDand BTMbetween subjects without
and with pheochromocytoma were assessed by using
ANCOVA. After adjustment for confounding factors,
subjects with pheochromocytoma had 7.2% lower bone
mass at the lumbar spine than those without pheochro-
mocytoma (Fig. 2). However, there were no statistical
differences between the groups in terms of BMD values at
the femur neck and total hip. Importantly, the serum CTX
level was 33.5% higher in subjects with pheochromocy-
toma than in controls, whereas serum BSALP level was not
significantly different between the groups.

In multiple logistic regression analyses, the odds for
lower BMD at either the lumbar spine, femur neck, or
total hip was 2.54-fold higher with marginal significance
(P = 0.056) in subjects with pheochromocytoma than in
those without (Table 2). When the risk for lower BMD
was separately analyzed at various skeletal sites, the OR
for lower BMD at the lumbar spine in the presence of
pheochromocytoma was 3.31. However, the ORs for
lower BMD at the femur neck and total hip did not differ
according to the presence of pheochromocytoma.

Among 31 patients with pheochromocytoma, in-
formation about BTM after adrenalectomy was available
in 14 patients. The serum CTX levels were decreased by
35.2%after adrenalectomy (from 0.495 to 0.321 ng/mL),
whereas the serum BSALP levels were not significantly
different before and after adrenalectomy (Fig. 3).

Finally, although the major strength of this study is
that we enrolled consecutive patients with newly di-
agnosed AI to minimize selection bias, we investigated
whether the association of pheochromocytoma with
osteoporosis-related parameters could be changeable or
not after matching characteristics. The 31 controls in-
cluding 12 men and 19 women were randomly selected
among 280 subjects without pheochromocytoma and
matched 1:1 to cases in terms of sex, age, and menopause
status in women. As shown in Supplemental Figure 1,
both men and women with pheochromocytoma had
significantly lower bone mass at the lumbar spine and
higher serum CTX level than those without pheochro-
mocytoma, whereas there were no statistical differences
between groups in BMD at the femur neck and total hip
and in serum BSALP level, indicating that the results are
the exactly same direction with our original analyses.

Meanwhile, as expected, the partial correlation ana-
lyses after adjustment for confounders showed that
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higher serum CTX level was consistently associated with
lower BMD values at the lumbar spine (g =20.334, P,
0.001), femur neck (g =20.231,P, 0.001), and total hip
(g = 20.249, P , 0.001).

Discussion

This case-control study showed that subjects with pheo-
chromocytoma had slightly but significant lower bonemass
at the lumbar spine and markedly higher bone resorption
rate, which decreased after adrenalectomy. Consistently,
both urinary metanephrine and normetanephrine were
inversely correlated with the lumbar spine BMD and pos-
itively correlatedwith serumCTX level after adjustment for
potential confounders. These findings provide clinical evi-
dence showing that catecholamine excess and the resultant
sympathetic overstimulation in pheochromocytoma could
be associated with a higher probability of lower bone mass,
as well as increased bone resorption.

Because of the fundamental difficulty of controlling for
diverse confounding factors in human studies with
b-adrenergic receptor modulators, the question of
whether sympathetic activity can really affect human
bone metabolism, as observed in rodents, has remained.
In this viewpoint, pheochromocytoma, characterized by
excess secretion of catecholamines, could be an ideal
human model for elucidating the role of the SNS on the
pathogenesis of diverse diseases including osteoporosis.

In fact, a recent cohort study demonstrated the impor-
tance of the sympathetic control of human bone
remodeling by showing increased bone resorption in
patients with pheochromocytoma, which normalized
after adrenalectomy (20), and these findings were per-
fectly replicated in the current study. Furthermore, this
study reports significant lower bone mass in subjects with
pheochromocytoma than in those without this condition.
Because both lower BMD as a static marker and higher
bone resorption rate as a dynamic indicator are well
established predictors for osteoporotic fractures (22, 23),
and the risk of fracture is higher when these conditions
occur concurrently (24), all these results support the
detrimental effects of sympathetic overstimulation on
human bone metabolism. Further, they suggest that
pheochromocytoma could be a potential risk factor for
osteoporosis and related fractures, and thus should be
effectively treated to maintain bone health.

A particularly important observation in the current
study was that urinary fractionated metanephrines were
inversely associated with BMD only at the lumbar spine
(primarily composed of spongy, cancellous bone) but not
at the proximal femur (mainly composed of cortical
bone). Although we cannot determine the exact reason
for this finding in the current study, experts in this field
have speculated that the SNS may have dual actions on
different skeletal compartments owing to the differen-
tial innervation of these skeletal regions by sympathetic

Figure 1. Multiple logistic regression analyses for determining the ORs for lower BMD* according to the quartile categories of urinary
fractionated metanephrines. (a) Urinary metanephrine quartiles. (b) Urinary normetanephrine quartiles. *Lower BMD was defined by z score #

–2.0 for premenopausal women and men aged ,50 years, or T score # –1.0 for postmenopausal women and men aged $50 years. †“Any site”
includes the lumbar spine, femur neck, and/or total hip. The multivariable adjustment factors in these analyses were age; sex; menopause status;
BMI; current smoking; alcohol intake; regular outdoor exercise; diabetes; and medication use including corticosteroids, antihypertensive agents,
bisphosphonates, and replacement hormones.
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nerve fibers (25–27). This hypothesis was further sup-
ported by the human study of Farr et al. (25), which
showed that sympathetic activity, as measured with
microneurography, was inversely associated with tra-
becular microstructure but not with cortical bone pa-
rameters. Taken altogether, these findings indicate the
disparate responses to excessive sympathetic activity be-
tween trabecular and cortical bones, and additional in-
vestigations are necessary to clarify specific mechanism.

Under steady-state conditions, the balance between
bone resorption and bone formation is normally tightly
controlled in a local, coordinated, and sequentialmanner,
which is referred to as the “coupling phenomenon” (28),
and imbalance between these two processes leads to
metabolic bone disorders such as osteoporosis and
osteopetrosis (29, 30). In both a recent human study
(20) and our study, subjects with pheochromocytoma
showed a markedly higher bone resorption rate without
affecting the bone formation rate. This uncoupling in
pheochromocytoma can be adequately explained by an
animal study with b2AR-deficient mice showing that the
SNS favors bone resorption by increasing the expression

of the osteoclast differentiation factor RANKL in osteo-
blast progenitor cells (31). In addition, chronic stimulation
of the b-adrenergic receptor in mice induces bone loss
mainly through enhanced bone resorption without sup-
pressing bone formation (8). All these data indicate that
low bone mass associated with sympathetic overstimula-
tion could be attributable to an uncoupling between ex-
cessive bone degradation and inadequately balanced bone
formation, and subsequent ongoing bone loss.

To appropriately investigate the pathophysiological
links of the SNSwith bone health, we considered as many
confounding factors as possible. Despite this strength,
several potential limitations should be considered when
interpreting our results. First, although our study is
meaningful in that there have been no clinical studies
reporting the possible lower bone mass in pheochro-
mocytoma, serial bone mass changes, which need rela-
tively long periods to achieve the least significant change,
before and after adrenalectomy could not be assessed.We
expect that this study can be an important beginning and
background for future prospective studies. Second, central
dual-energy x-ray absorptiometry including lumbar spine
and proximal femur may not be enough to dissect the
different effects of SNS on trabecular and cortical bones.
Further researches using forearm BMD and/or computed
tomography can be necessary. Third, whereas control
group consisted of 280 subjects, only 31 patients with
pheochromocytoma were identified, half of which had
serum CTX measurements after adrenalectomy. This
limitation reflects the rare nature of the disease, as discussed
in other study (20). However, 31 cases are the largest
number in clinical studies relating pheochromocytoma to
bone health, and can yield enough statistical power to
generate the conclusion. Fourth, although a recent expert

Figure 2. Differences in BMD and BTMs between subjects without
and with pheochromocytoma. Values are presented as the
estimated means with 95% CI, from ANCOVA after adjustment for
age; sex; menopause status; BMI; current smoking; alcohol intake;
regular outdoor exercise; diabetes; and medication use including
corticosteroids, antihypertensive agents, bisphosphonates, and
replacement hormones.

Table 2. Multiple Logistic Regression Analyses for
Determining the ORs for Lower BMD According to
the Presence of Pheochromocytoma

Subjects With
Pheochromocytoma

OR (95% CIs) P

Lower BMDa at any siteb 2.54 (0.98–6.60) 0.056
Lower BMD at the lumbar spine 3.31 (1.23–8.56) 0.014
Lower BMD at the femur neck 1.18 (0.31–4.45) 0.806
Lower BMD at the total hip 0.80 (0.17–3.75) 0.772

Bold numbers indicate statistically significant values. The multivariable
adjustment factors in these analyses were age; sex; menopause status;
BMI; current smoking; alcohol intake; regular outdoor exercise; diabetes;
and medication use including corticosteroids, antihypertensive agents,
bisphosphonates, and replacement hormones.
aLower BMD was defined by z score # –2.0 for premenopausal women
and men aged,50 years, or T score# –1.0 for postmenopausal women
and men aged $50 years.
b
“Any site” includes the lumbar spine, femur neck, and/or total hip.
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panel proposed that amino terminal propeptide of type 1
procollagen becomes the reference marker of bone for-
mation (32), we used BSALP, which is also known to be
useful bone formationmarker, as the best alternative due to
unavailability of propeptide of type 1 procollagen in
clinical practice in Korea. Finally, despite our efforts, we
cannot exclude the possibility that the observed association
could be the result of uncontrolled factors that affect the
SNS and/or bone, such as 25-hydroxyvitamin D levels.

In summary, subjects with pheochromocytoma had
lower bone mass in the lumbar spine mainly consisting of
trabecular bone, and higher bone resorption that was
suppressed after adrenalectomy. The data presented here
provide important evidence that sympathetic overstimu-
lation can contribute to adverse effects on human bone
through the increase of bone loss, aswell as bone resorption,
and may have clinical implications justifying aggressive
treatment of pheochromocytoma in terms of bone health in
addition to cardiovascular risks. Additional experimental
studies are necessary to unravel the complex mechanisms
linking the SNS and bone metabolism in humans.

Acknowledgments

Address all correspondence and requests for reprints to: Jung-Min
Koh, MD, PhD, Division of Endocrinology and Meta-
bolism, Asan Medical Center, University of Ulsan College of
Medicine, 88 Olympic-ro 43-gil, Songpa-gu, Seoul 05505,
Korea. E-mail: jmkoh@amc.seoul.kr.

This article was supported by grants from the Korea Health
Technology R&D Project, Ministry of Health and Welfare,
Republic of Korea (Projects HI14C2258 and HI15C2792)
and a grant from the Asan Institute for Life Sciences, Seoul,
Republic of Korea (Project 2016-0254).

Disclosure Summary: The authors have nothing to disclose.

References

1. Burr DB, Robling AG, Turner CH. Effects of biomechanical stress
on bones in animals. Bone. 2002;30(5):781–786.

2. Clowes JA, Khosla S, Eastell R. Potential
role of pancreatic and enteric hormones in
regulating bone turnover. J BoneMiner Res.
2005;20(9):1497–1506.

3. Janssens K, ten Dijke P, Janssens S, Van Hul
W. Transforming growth factor-beta1 to the
bone. Endocr Rev. 2005;26(6):743–774.

4. Klein-Nulend J, Bacabac RG, Mullender
MG.Mechanobiology of bone tissue. Pathol
Biol (Paris). 2005;53(10):576–580.

5. Nakamura K. Vitamin D insufficiency in
Japanese populations: from the viewpoint of
the prevention of osteoporosis. J BoneMiner
Metab. 2006;24(1):1–6.

6. Kajimura D, Hinoi E, Ferron M, Kode A,
Riley KJ, Zhou B, Guo XE, Karsenty G.
Genetic determination of the cellular basis of
the sympathetic regulation of bone mass

accrual. J Exp Med. 2011;208(4):841–851.
7. Bonnet N, Laroche N, Vico L, Dolleans E, BenhamouCL, Courteix

D. Dose effects of propranolol on cancellous and cortical bone in
ovariectomized adult rats. J Pharmacol Exp Ther. 2006;318(3):
1118–1127.

8. Kondo H, Togari A. Continuous treatment with a low-dose
b-agonist reduces bone mass by increasing bone resorption with-
out suppressing bone formation. Calcif Tissue Int. 2011;88(1):
23–32.

9. Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL,
ArmstrongD,Ducy P, Karsenty G. Leptin regulates bone formation
via the sympathetic nervous system. Cell. 2002;111(3):305–317.

10. Schlienger RG, Kraenzlin ME, Jick SS, Meier CR. Use of beta-
blockers and risk of fractures. JAMA. 2004;292(11):1326–1332.

11. Reid IR, Lucas J, Wattie D, Horne A, Bolland M, Gamble GD,
Davidson JS, GreyAB. Effects of a beta-blocker on bone turnover in
normal postmenopausal women: a randomized controlled trial.
J Clin Endocrinol Metab. 2005;90(9):5212–5216.

12. Bonnet N, Gadois C, McCloskey E, Lemineur G, Lespessailles E,
Courteix D, Benhamou CL. Protective effect of beta blockers in
postmenopausal women: influence on fractures, bone density,
micro and macroarchitecture. Bone. 2007;40(5):1209–1216.

13. deVries F, Souverein PC, Cooper C, LeufkensHG, van Staa TP. Use
of beta-blockers and the risk of hip/femur fracture in the United
Kingdom and The Netherlands. Calcif Tissue Int. 2007;80(2):
69–75.

14. Veldhuis-Vlug AG, Tanck MW, Limonard EJ, Endert E, Heijboer
AC, Lips P, Fliers E, Bisschop PH. The effects of beta-2 adrenergic
agonist and antagonist on human bone metabolism: a randomized
controlled trial. Bone. 2015;71:196–200.

15. Toulis KA, Hemming K, Stergianos S, Nirantharakumar K,
Bilezikian JP. b-Adrenergic receptor antagonists and fracture risk:
a meta-analysis of selectivity, gender, and site-specific effects.
Osteoporos Int. 2014;25(1):121–129.

16. de Vries F, Pouwels S, Bracke M, Leufkens HG, Cooper C,
Lammers JW, van Staa TP. Use of beta-2 agonists and risk of hip/
femur fracture: a population-based case-control study. Pharma-
coepidemiol Drug Saf. 2007;16(6):612–619.

17. Vestergaard P, Rejnmark L, Mosekilde L. Fracture risk in patients
with chronic lung diseases treated with bronchodilator drugs and
inhaled and oral corticosteroids. Chest. 2007;132(5):1599–1607.

18. Gonnelli S, Caffarelli C, Maggi S, Guglielmi G, Siviero P, Rossi S,
Crepaldi G, Nuti R; EOLO study group. Effect of inhaled gluco-
corticoids and beta(2) agonists on vertebral fracture risk in COPD
patients: the EOLO study. Calcif Tissue Int. 2010;87(2):137–143.

19. Lenders JW, Eisenhofer G, Mannelli M, Pacak K. Phaeochromo-
cytoma. Lancet. 2005;366(9486):665–675.

20. Veldhuis-Vlug AG, El MahdiuiM, Endert E, Heijboer AC, Fliers E,
Bisschop PH. Bone resorption is increased in pheochromocytoma
patients and normalizes following adrenalectomy. J Clin Endo-
crinol Metab. 2012;97(11):E2093–E2097.

Figure 3. Serum BSALP and CTX levels in subjects with pheochromocytoma before and after
adrenalectomy. Wilcoxon signed-rank test was performed for analysis. ADX, adrenalectomy.

doi: 10.1210/jc.2017-00169 https://academic.oup.com/jcem 2717

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/102/8/2711/3861373 by guest on 20 M
arch 2024

mailto:jmkoh@amc.seoul.kr
http://dx.doi.org/10.1210/jc.2017-00169
https://academic.oup.com/jcem


21. Binkley N, Bilezikian JP, Kendler DL, Leib ES, Lewiecki EM, Petak
SM. Summary of the International Society For Clinical Densi-
tometry 2005 PositionDevelopmentConference. J BoneMinerRes.
2007;22(5):643–645.

22. Marshall D, Johnell O, Wedel H. Meta-analysis of how well
measures of bone mineral density predict occurrence of osteopo-
rotic fractures. BMJ. 1996;312(7041):1254–1259.

23. Johnell O, Odén A, De Laet C, Garnero P, Delmas PD, Kanis JA.
Biochemical indices of bone turnover and the assessment of fracture
probability. Osteoporos Int. 2002;13(7):523–526.

24. Garnero P, Hausherr E, Chapuy MC, Marcelli C, Grandjean H,
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