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Purpose: To assess the effect of adrenocorticotropic hormone (ACTH) on plasma
vascular endothelial growth factor (VEGF) levels in healthy children and adolescents
and to inform future work on the effects of ACTH on VEGF in bone.

Methods: An Institutional Review Board-approved prospective study of 10 healthy
subjects, ages 9-17, was conducted to assess the effect of ACTH on plasma VEGF
levels. VEGF levels were collected at baseline and every 30 minutes for 3 hours.
Cosyntropin (a synthetic ACTH analogue) was administered at a low-dose (1 pg)
given at t=0 minutes and a high-dose (250 ug) given at t=60 minutes. A Friedman
test was performed comparing baseline to peak VEGF levels after stimulation with
low-dose and high-dose cosyntropin.

Results: Peak plasma VEGF levels significantly increased after high-dose cosyntropin
compared with baseline (P=0.042). Peak plasma VEGF levels did not significantly
increase after low-dose cosyntropin compared to baseline.

Conclusion: To our knowledge, this is the first study to demonstrate that ACTH
administration causes a significant increase in plasma VEGF levels in humans. This
finding may have important implications in the protective effects of ACTH on bone.
Decreased bone mineral density and adrenal suppression are common side effects
of glucocorticoid use in pediatrics. VEGF increases vascularity and may play a role
in reducing glucocorticoid-induced bone disease. Animal studies have shown that
ACTH stimulates release of VEGF in osteoblasts, though this effect has yet to be
evaluated in humans.

Keywords: Bone density, Glucocorticoids, Adrenocorticotropic hormone, Vascular
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Highlights

This is the first study showing adrenocorticotropic hormone causes a significant increase in
plasma vascular endothelial growth factor in humans. This has important implications in the
protective effects of ACTH on bone.

Introduction

Glucocorticoids are used in the treatment of many pediatric diseases, and up to 10% of
children may require glucocorticoids in some formulation during childhood."” Long-
term glucocorticoid therapy is associated with significant side effects, including weight
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gain, growth failure, secondary adrenal insufficiency due to
adrenal suppression, and increased fracture risk with low bone
mineral density (BMD). Osteoporosis is a serious consequence
of chronic glucocorticoid therapy, leading to fractures in
30%-50% of patients, and 11%-40% of patients have some
degree of osteonecrosis.”” Glucocorticoids cause decreased
bone formation and an increase in bone resorption while also
reducing intestinal calcium absorption, increasing renal calcium
excretion, and diminishing sex steroid and growth hormone
production, which all contribute to decreased BMD and fragility
fractures.”*”

Glucocorticoid use also suppresses the hypothalamic-pitui-
tary-adrenal axis, which inhibits release of adrenocorticotropic
hormone (ACTH) from the pituitary gland and decreases
adrenal cortisol production.” In addition to its main steroi-
dogenic effect on the adrenal gland, like many of the pituitary
hormones, ACTH has a direct influence on bone mass
regulation, and steroid-induced suppression of ACTH may have
adverse effects on bone independent of the direct glucocorticoid
effect.*” Animal and in vitro cell studies have suggested that
ACTH plays a role in bone protection by promoting osteoblast
differentiation and release of vascular endothelial growth factor
(VEGF).*'"” VEGF plays an important role in angiogenesis
and bone ossification and remodeling.”"" Thus, ACTH-
induced stimulation of bone VEGF levels may help prevent
glucocorticoid-associated osteonecrosis.”'” Currently, it is
unknown whether ACTH stimulates VEGF release in humans.
The aim of this proof-of-concept study was to demonstrate
the acute effects of ACTH on systemic VEGF levels in healthy
humans.

Materials and methods

1. Subjects

Ten healthy subjects, 9-17 years old, participated in this study.
There were no sex, weight, or height criteria. Exclusion criteria
included taking any medications other than over-the-counter
medications (and nothing on the study day), any nontopical
steroid use (including intravenous, oral, inhaled, and intranasal)
or oral contraceptive pill use in the prior 6 months, or pregnancy
at the time of the study (screened by a urine pregnancy test in all
postmenarchal girls).

2. Testing protocol

Subjects were admitted to Clinical Research Services, which
is part of the Nationwide Childrens Hospital Research Institute.
Testing started about 8:30 AM, and fasting was not required. An
intravenous catheter without tubing was placed in one arm for
cosyntropin administration and blood sampling. At t=0 minutes,
after baseline ACTH, cortisol, and VEGF levels were obtained,
and 1 pg (low dose) cosyntropin (ACTH-[1-24], Cortrosyn,
Amphastar Pharmaceuticals, CA, USA) was administered
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intravenously. Cortisol and VEGF levels were obtained at t=30
and 60 minutes. After the 60-minute blood draw, 250 pg (high
dose) cosyntropin was administered intravenously. At t=90,
120, 150, and 180 minutes, cortisol and VEGF levels were again
obtained.

The effect of 1-ug cosyntropin on VEGF was evaluated for 1
hour per the low-dose ACTH stimulation test protocol, followed
by high-dose cosyntropin, to asses the VEGF responses to both
physiological and supraphysiological doses of ACTH. The
1-ug dose is more physiologic and may reflect a more realistic
amount of stimulation of VEGF and cortisol in response to
normal daily stressors, while the 250-g dose is supraphysiologic
and can maximally stimulate the ACTH receptor response.”"”

3. Laboratory analysis

Serum cortisol and ACTH were measured at our institutional
clinical laboratory using a chemiluminescent microparticle
immunoassay (Architect i2000SR, Abbott, Abbott Park, IL, USA)
and a competitive chemiluminescent enzyme immunoassay
(Immulite XPi, Siemens, Munich, Germany), respectively. The
cortisol cutoff for the ACTH stimulation test is assay-specific,
with new literature suggesting lower thresholds for newer
assays than the classic threshold of 18 ug/dL (497 nmol/L)
used by many institutions.""” Internal validation performed
by our institution's laboratory established lower thresholds of
cortisol levels as compared with a reference laboratory with a
new a peak cortisol cutoff of 15.5 ug/dL (428 nmol/L) (personal
communication; Amy Pyle-Eilola, PhD). The precision of the
cortisol assay is reflected by a coefficient of variation between
2.8%-3.3% for quality control materials with values between
4,0-32.2 pg/dL (110-888 nmol/L).

VEGF samples were drawn in ethylenediaminetetraacetic acid
tubes and placed on ice for up to 90 minutes. They were then
centrifuged at 2,500 g for 10 minutes (at 4 C). The supernatant
was removed and centrifuged at 10,000 g for 10 minutes (at
room temperature). The supernatant plasma was then removed
again and stored at -80C until processed as a batch sample.
Once all subject samples were completed, VEGE-A levels were
measured by enzyme-linked immunosorbent assay via V-Plex
Human VEGF Kit (Mesoscale Discovery, Rockville, MD, USA).
The precision of the VEGF-A assay is reflected by a coefficient
of variation between 2.3%-3.4% (intrarun) and 16.4%-17.8%
(interrun) for quality control materials, with values between
18.8-294 pg/mL. Sensitivity of the assay is demonstrated with a
lower limit of detection of 1.12 pg/mL with a range of 0.55-6.06
pg/mL."®

4. Statistical analysis

Data analyses were performed using IBM SPSS Statistics
ver. 22.0 (IBM Co., Armonk, NY, USA) and Systat 13 (Systat
Software, Inc., San Jose, CA, USA). We performed a power
calculation based on a study by Dassan et al."” that showed
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median baseline serum VEGF levels at 466 pg/mL with an
interquartile range of 392-649 pg/mL and peak VEGF levels
at 1,700 pg/mL with an interquartile range of 1,500-1,900 pg/
mL. A 1-way within-subjects analysis of variance (a priori) with
9 participants across 3 time points would be sensitive to effect
size=0.5 (medium effect size) with 80% power (alpha=0.05). For
sample size calculation, G*Power 3.1.9.2 was employed.

Because of the small sample size, a related-samples Friedman
analysis of variance by ranks was conducted to evaluate
differences in medians among the 3 time points (baseline to
peak plasma VEGF levels after stimulation with low-dose
and high-dose cosyntropin). The low-dose peak VEGF level
is greater at the 30- and 60-minute levels and the high-dose
peak VEGEF is the greatest at the 90- through 180-minute
levels. Follow-up pairwise comparisons were conducted using
Dunn-Bonferroni post hoc tests. Results are expressed as the
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Fig. 1. Paired vascular endothelial growth factor (VEGF) levels at each time
point for every subject. Each subject’s plasma VEGF levels are shown at each
time point denoted by a different symbol for each subject. Baseline VEGF was at
t=0 minutes, the response to the low-dose (1 pg) cosyntropin was t=30 and 60
minutes, and the response to the high-dose (250 pg) cosyntropin was at t=90,
120, 150, and 180 minutes.

Table 1. Subject demographics
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mean + standard deviation (SD) or standard error (SE) of the
median. Pearson correlation coefficient was used to assess the
relationship between cortisol and VEGF levels.

Results

Eight female and 2 male subjects participated in the study
(Table 1). The mean+SD age at the time of the study was
13.2+2.9 years (range 9.9-17.8 years). Fig. 1 shows the VEGF
level at each time for every subject, and Fig. 2 shows the overall
mean plasma VEGF levels at each time point. The highest
peak VEGF level for each subject was at either the 150- or the
180-minute mark. The mean, median, and interquartile ranges
for baseline and peak VEGF are shown in Fig. 3. Median peak
VEGF levels at each time point were 10.55 pg/mL, 12.25 pg/
mL, and 14.17 pg/mL, at baseline and after low- and high-dose
cosyntropin, respectively. There was a significant difference in
medians among the 3 time points (XZ[Z, N=10]=6.20, P=0.045).
Follow-up pairwise comparisons were conducted and showed
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Fig. 2. Mean and peak vascular endothelial growth factor (VEGF) at each time
point. The solid line denotes the mean (+standard error) VEGF level of all of the
subjects at each time point. Cosyntropin was given right after the t=0 and t=60-
minute blood draws. The bars denote how many subjects had their highest peak
VEGF level at that time point.

Subject No. Sex Age (yr) Ethnicity Weight (kg) Height (cm) BMI (kg/mz) Pubertal status
Female 17 Caucasian 719 169.9 2491 Postmenarche
2 Female 12 Asian-American 53.0 169.7 18.40 Premenarche
3 Female 10 Asian-American 35.7 1444 17.12 Premenarche
4 Female 17 Caucasian 789 165.2 2891 Postmenarche
5 Female 15 African-American 60.0 155.7 27.22 Postmenarche
6' Male 15 Caucasian 704 181.2 2144 Pubertal
7" Male 13 Caucasian 66.8 178.1 21.06 Pubertal
8 Female 9 Caucasian 424 153.1 18.09 Premenarche
9 Female 14 Caucasian 474 162.9 17.86 Postmenarche
10 Female 10 Caucasian 36.3 142.0 18.00 Premenarche

Pubertal status based on patient report.
BMI, body mass index.

‘Subject numbers 2 and 3 are sisters. "Subjects number 6 and 7 are brothers.
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that the median high-dose peak plasma VEGF after high-dose
cosyntropin was significantly greater than the median VEGF for
baseline (P=0.042). The median peak plasma VEGF after low-
dose cosyntropin did not differ significantly from the median
VEGEF for baseline or the high-dose peak (P=1.000 and P=0.353,
respectively).

Baseline ACTH levels ranged from 6.5-34.0 pg/mL (1.43-
7.48 pmol/L), with a normal range of 6-48 pg/mL (1.32-10.6
pmol/L), except in subject 1 for whom the sample quantity
was insufficient. The mean+SE cortisol level at baseline was
7.5+1.0 pg/dL (207.1+27.6 nmol/L), after low-dose cosyntropin
was 16.5+0.8 pg/dL (455.6+22.1 nmol/L), and after high-dose
cosyntropin was 24.2+0.9 pg/dL (667.9+24.8 nmol/L). Baseline
VEGEF levels did not significantly correlate with baseline cortisol
levels (r=-0.113, P=0.756) nor did low-dose or high-dose peak
VEGEF correlate with low-dose and high-dose peak cortisol
levels, respectively (low dose: r=0.169, P=0.641; high dose:
r=0.158, P=0.663).

Baseline and peak cortisol levels after the low and high doses
of cosyntropin for each patient are shown in Fig. 4. Only 7 of
the 10 subjects had peak cortisol levels above 15.5 ug/dL (428
nmol/L) after low dose of cosyntropin. The 3 patients who
did not pass the low-dose test had peak cortisol levels of 14.4,
14.4,and 12.6 pg/dL (397, 397, 347 nmol/L). The increment in
cortisol levels following low-dose ACTH did not differ between
the latter 3 subjects and those with peak responses greater than
15.5 pg/dL (8.4+1.2 pg/dL vs. 9.2+1.0 pg/dL, P=0.630). All 10
subjects had peak cortisol levels above 15.5 pug/dL (428 nmol/
L) after high-dose cosyntropin. When comparing the mean
peak VEGF levels of the subjects that passed the low-dose
stimulation test to those that did not (due to a concern of false
negative tests, secondary to technical errors, resulting in patients
not receiving the full dose of 1-ug cosyntropin), there was no
significant between-subject differences, with a P-value of 0.569.
When the 3 subjects who did not pass the low-dose ACTH test
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Fig. 3. Baseline compared to peak vascular endothelial growth factor (VEGF)
level after cosyntropin administration. Mean, median, and interquartile ranges
for VEGF levels at baseline and peak after stimulation by low- and high-dose
cosyntropin. NS, not significant. " Statistically significant increase from baseline
(P=0.042). X denotes mean value.
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were excluded, however, there became no significant difference
in plasma VEGF levels of the other 7 subjects from baseline to
peak (16.1+1.5 pg/mL) after high dose (P=0.102).

Discussion

To our knowledge, this is the first study to demonstrate
the acute effect of ACTH on plasma VEGF levels in healthy
children and adolescents, as shown by a significant increase in
peak VEGF values from baseline after high-dose cosyntropin
administration. Studies to date have shown ACTH-induced
VEGF expression in bone cells in vitro or in animal studies,” "
but this had not yet been demonstrated in humans. This finding
may have important implications in maintaining bone health
in patients on chronic glucocorticoid therapy who are at high
risk for steroid-induced osteoporosis or osteonecrosis.>” Zaidi
et al.” reported that in a rabbit model, ACTH protects against
glucocorticoid-induced osteonecrosis of bone by inducing
VEGF production in osteoblasts, maintaining the fine vascular
network that surrounds highly remodeling bone. Another
animal study by Wang et al,,” showing lower VEGF levels
in femoral heads with osteonecrosis compared to controls,
also supports the critical role of VEGF in steroid-induced
osteonecrosis. Therefore, based on these positive effects of
ACTH on bone in animal studies, it has been postulated by
other authors that patients on chronic glucocorticoids may
benefit from exogenous ACTH."

Glucocorticoid use is the most prevalent cause of secondary
osteoporosis.”” Glucocorticoids cause decreased function
and apoptosis in osteoblasts, which leads to decreased bone
formation while simultaneously decreasing apoptosis of
osteoclasts causing increased bone resorption. Overall, this
results in decreased BMD and increased fracture risk.**”
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Fig. 4. Baseline and peak cortisol levels for each subject. Baseline compared
with peak cortisol for each patient after low-dose (LD) and high-dose (HD)
cosyntropin administration. Solid horizontal line denotes a value of 15.5 pg/dL
(428 nmol/L, passing cutoff for ACTH stimulation test). Subject numbers 2, 6, and
7 did not have a peak cortisol above 15.5 pg/dL (428 nmol/L) after the low-dose
stimulation, but all subjects had a peak above 15.5 pg/dL (428 nmol/L) after the
high-dose stimulation.
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Another adverse effect of chronic glucocorticoid therapy is
osteonecrosis, which is postulated to be caused by increased
marrow fat, fat emboli, hypercoagulability, cell apoptosis,
and vascular endothelial dysfunction.” Patients on chronic
glucocorticoids are also at risk for suppressed ACTH and
cortisol levels, secondary to negative feedback by the exogenous
glucocorticoids on the hypothalamic-pituitary-adrenal axis.”

ACTH has a direct effect on bone mass regulation that
is mediated through the melanocortin-2 receptor (MC2R)
expressed on osteoblasts and stimulates VEGF release and
osteoblast proliferation.”” VEGF consists of a family of glyco-
protein cytokines that are responsible for angiogenesis, with
VEGEF-A (measured using the assay in this study) being the
most abundant form.” VEGF maintains blood vessel density,
thickness, and permeability, and is vital for endothelial cell
survival."” The baseline VEGF levels in the subjects in our
study are similar to those in other studies."” VEGF is found
in the lungs, kidneys, heart, adrenals, bone, brain, and several
other organs.*"" Within the adrenal, VEGF is expressed in
both the zona glomerulosa and zona fasciculata. Its secretion
is stimulated by ACTH, and it may protect against cortical
adrenal atrophy in glucocorticoid use."” The chromaffin cells
of the adrenal gland also produce small amounts of ACTH that
can cause paracrine effects within the adrenal gland. VEGF is
released within the adrenal in response to both the endocrine
and paracrine effects of ACTH."”*”

Within bone, VEGF plays an essential role in skeletal develop-
ment, growth, remodeling, and repair through osteoblast
differentiation and osteoclast recruitment. During bone
formation and repair, osteogenesis and angiogenesis are tightly
coupled processes. VEGF-induced angiogenesis facilitates bone
formation by increasing delivery of oxygen, nutrients, and
growth factors to the bone cells. These effects may be protective
against osteonecrosis.”*” The potential positive effects of
ACTH-induced VEGF release on bone are clinically evident in
patients with ACTH-producing pituitary Cushing disease; these
patients have less BMD loss than those with adrenal Cushing
syndrome (with suppressed ACTH levels).”"* In addition,
ACTH concentrations in patients with pituitary Cushing disease
correlate with lumbar BMD.*” Moreover, due to feedback on
the hypothalamic-pituitary-adrenal axis, patients with familial
glucocorticoid deficiency with elevated ACTH levels have a
higher BMD than age-matched controls.”” While ACTH doses
as low as 3 pg have been shown to maximally stimulate the
adrenal gland,"” the supraphysiologic 250-pg cosyntropin is
the standard dose that is used for maximum stimulation of the
adrenal gland for the high-dose ACTH stimulation test."” The
significant VEGF increase to this high level of ACTH may be
clinically significant in cases like Cushing disease and familial
glucocorticoid deficiency. These clinical observations provide
evidence supporting the protective and anabolic effect of ACTH
on bone and suggest a theoretical benefit of ACTH replacement
to help preserve BMD in patients on chronic glucocorticoid
therapy.

Another potential implication of the ACTH-induced VEGF
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release shown in our study relates to the use of the ACTH
analogue, repository corticotropin injection (Acthar Gel) in
the treatment of nephrotic syndrome. Acthar has been used
in cases of nephrotic syndrome resistant to glucocorticoids
alone; therefore, ACTH must function by other mechanisms
than a supraphysiologic increase in cortisol levels leading to the
usual immune suppression and anti-inflammatory effects of
glucocorticoids.”**? ACTH has a direct effect on melanocortin
receptors in the kidneys™” and treatment with subcutaneous
Acthar has been shown to decrease proteinuria and increase
urinary VEGF levels in patients with diabetic nephropathy
(through activation of melanocortin receptors in the glomerular
cells).”” The antiproteinuric effect of VEFG is supported by the
fact that bevacizumab, an anti-VEGF monoclonal antibody
used in certain cancer treatments, causes proteinuria.”
Therefore, VEGF may also play a role in the mechanism of
ACTH treatment of nephrotic syndrome.

In this study, all 10 subjects were healthy adolescent
volunteers and all 10 passed the high-dose ACTH stimulation
test with a peak cortisol value of greater than 15.5 pug/dL (428
nmol/L), which confirms that none of them had primary
adrenal insufticiency. However, the low-dose ACTH stimulation
test produced false positive results in 3 healthy subjects who
would have been misdiagnosed with secondary adrenal
insufficiency had this test been performed for diagnostic
purposes. Although the low-dose test is very sensitive in
diagnosing cortisol deficiency secondary to steroid-induced
adrenal suppression or ACTH deficiency, it has several technical
limitations.” * Cosyntropin is dispensed in 250-pg vials, which
is used for the high-dose test but must be diluted to 1 pg for
the low-dose. The dilution process may cause dilution error or
loss of ACTH due to binding to intravenous tubing,”*” and
the ACTH administered may not be truly given to the patient;
this can lead to false positive results, which have been reported
in approximately 10%-20% of healthy adults.”*” However,
although 3 subjects did not have “passing” low-dose peak
cortisol levels, the incremental rise in cortisol in these subjects
did not differ from the response in those who did surpass the
15.5 pg/dL (428 nmol/L) threshold. This change in cortisol is
sufficient to rule out underlying adrenal insufficiency and to
ensure that the proper dose of cosyntropin was both given and
reached the patient. Further studies with a larger sample size
could be used determine whether the increase in plasma VEGF
after low-dose cosyntropin could be used to reflect a properly
performed ACTH stimulation test (i.e., that the cosyntropin
reached the patient).

Even though our study was limited by the small sample size, it
is a proof-of-concept study demonstrating the effects of ACTH
on systemic VEGE, which may inform future work on the
effects ACTH has on VEGF in bone. Another limitation was the
sequential ACTH stimulation tests, which may have obscured
the peak VEGF after the low dose. VEGF could have continued
rising after low-dose ACTH administration beyond 1 hour,
but the high dose was given at 60 minutes. This also may have
resulted in synergistic effects from both doses on peak VEGF
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levels. However, since cosyntropin has a half-life of about 15
minutes,” there should not have been much carry-over effect
after one hour when the high dose was given, especially since
all subjects  peak VEGF levels were at 150 or 180 minutes. Since
VEGF can be stimulated in many different tissues, follow-up
studies will be needed to assess the site-specific VEGF response.
In addition, the supraphysiologic high-dose cosyntropin was
shown to cause a statistically significant increase in VEGF levels,
but future studies could also be done to determine the minimal
dose of ACTH needed to stimulate VEGF release. Finally,
cosyntropin was used in this study due to its ready availability
and low cost, but it has a short half-life. Longer lasting ACTH
preparations (Acthar, Synacthen) could be used in future studies
to assess prolonged effects of ACTH on VEGF levels.” Further
studies are also needed to elucidate the ACTH effect on VEGF
in nephrotic syndrome.

In summary, this study was the first to demonstrate increased
plasma VEGF levels in response to ACTH administration
in humans. This finding may help elucidate the mechanism
of bone-protective effects of ACTH. Future studies to assess
whether ACTH can stimulate VEGF in patients taking chronic
glucocorticoids and determine any relationship to BMD
before and after ACTH administration in these patients will
be an important next step to further evaluate the protective
effects of ACTH on bone health. By showing early evidence
that ACTH can stimulate VEGF release in humans, this study
provides groundwork for future studies in this area and will be
paramount for patients on chronic glucocorticoids.
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