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Dipeptidyl Peptidase-4 Inhibition Potentiates Stimulated Growth
Hormone Secretion and Vasodilation in Women
Jessica R. Wilson, MD, MSCI; Nancy J. Brown, MD; Hui Nian, PhD; Chang Yu, PhD; Martin Bidlingmaier, MD; Jessica K. Devin, MD, MSCI

Background—Diminished growth hormone (GH) is associated with impaired endothelial function and fibrinolysis. GH-releasing
hormone is the primary stimulus for GH secretion and a substrate of dipeptidyl peptidase-4. We tested the hypothesis that
dipeptidyl peptidase-4 inhibition with sitagliptin increases stimulated GH secretion, vasodilation, and tissue plasminogen activator
(tPA) activity.

Methods and Results—Healthy adults participated in a 2-part double-blind, randomized, placebo-controlled, crossover study. First,
39 patients (29 women) received sitagliptin or placebo on each of 2 days separated by a washout. One hour after study drug, blood
was sampled and then arginine (30 g IV) was given to stimulate GH. Vasodilation was assessed by plethysmography and blood
sampled for 150 minutes. Following a washout, 19 of the original 29 women received sitagliptin alone versus sitagliptin plus
antagonist to delineate GH receptor (GHR)— (n=5), nitric oxide— (n=7), or glucagon-like peptide-1 receptor— (n=7) dependent
effects. Sitagliptin enhanced stimulated GH secretion (P<0.01 versus placebo, for 30 minutes) and free insulin—like growth factor-1
(P<0.001 versus placebo, after adjustment for baseline) in women. Vasodilation and tPA increased in all patients, but sitagliptin
enhanced vasodilation (P=0.01 versus placebo) and increased tPA (P<0.001) in women only. GHR blockade decreased free insulin—
like growth factor-1 (P=0.04 versus sitagliptin alone) and increased stimulated GH (P<0.01), but decreased vascular resistance
(P=0.01) such that nadir vascular resistance correlated inversely with GH (rs=—0.90, P<0.001). GHR blockade suppressed tPA.
Neither nitric oxide nor glucagon-like peptide-1 receptor blockade affected vasodilation or tPA.

Conclusions—Sitagliptin enhances stimulated GH, vasodilation, and fibrinolysis in women. During sitagliptin, increases in free
insulin—like growth factor-1 and tPA occur via the GHR, whereas vasodilation correlates with GH but occurs through a GHR-
independent mechanism.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT01701973. (J Am Heart Assoc. 2018;7:
€008000. DOI: 10.1161/JAHA.117.008000.)
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The growth hormone (GH) insulin-like growth factor-1
(IGF-1) axis regulates vascular function and fibrinolytic
capacity in adults. GH is secreted in a pulsatile fashion from
the pituitary gland and acts directly or indirectly through IGF-
1, which is secreted by the liver in response to hepatic GH
receptor (GHR) activation. GH and IGF-1 receptors are
ubiquitously present on human endothelial cells and the
myocardium."? In healthy patients, acute systemic and intra-

arterial GH infusion increases GH without affecting IGF-1, and
increases endothelium-dependent vasodilator function.®*
Patients with GH deficiency demonstrate altered fibrinolytic
balance, characterized by elevated plasminogen activator
inhibitor-1 (PAI-1) antigen levels and lower tissue plasmino-
gen activator (tPA) activity,” which resolves with GH
replacement therapy.® IGF-1 also exerts many favorable
endothelial effects via the IGF-1 receptor, including enhanced
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DPP4 Inhibition Increases Growth Hormone and Vasodilation

Clinical Perspective

What Is New?

Dipeptidyl peptidase-4 inhibition with the antidiabetic drug
sitagliptin increases growth hormone (GH) secretion,
vasodilation, and tissue plasminogen activator activity levels
in women.

During sitagliptin, increases in free insulin—like growth
factor-1 and tissue plasminogen activator activity occur
through the GH receptor, whereas vasodilation correlates
with GH but occurs independently of the GH receptor.

What Are the Clinical Implications?

These are the first data that suggest an off-target effect of
the antidiabetic drug sitagliptin on endogenous GH secre-
tion.

* Our findings suggest that one mechanism by which
sitagliptin affects the vasculature is by enhancing GH
secretion.

Dipeptidyl peptidase-4 inhibition may be a novel pharmaco-
logic mechanism to enhance endogenous GH and
insulin-like growth factor-1 secretion and thereby mitigate
cardiovascular risk in patients with attenuated GH secretion.

endothelium-dependent  vasodilation,  anti-inflammatory
effects, and maintenance of vascular integrity via activated
endothelial progenitor cells.”” Thus, the vascular effects of
GH may be mediated by either direct effects of GH or indirect
effects of increased IGF-1.

Adults with low GH or IGF-1 levels have elevated cardio-
vascular risk. Patients who have attenuated GH secretion
include those with abdominal obesity, physiologic aging, HIV
infection, polycystic ovarian syndrome, and pituitary and
hypothalamic disease.> '® In cardiovascular epidemiology
studies, individuals in the lowest IGF-1 quartile have a higher
risk of ischemic heart disease,'" heart failure,'? and all-cause
mortality."® Similarly, overweight and obese adults demon-
strate a decreased response to GH secretagogues, which
correlates with the presence of cardiovascular risk markers.'
For this reason, pharmacologic interventions designed to
increase GH and IGF-1 in deficient populations have been
developed in the past 2 decades in hopes of mitigating
cardiovascular risk. Recombinant GH therapy was the first
such therapy approved to increase GH and IGF-1 levels in
deficient patients; however, exogenous GH is not restrained
by physiologic negative feedback by IGF-1, does not restore
pulsatile secretion, and is limited by the side effect of
hyperglycemia.

An alternative and previously unexplored method to
enhance GH and downstream IGF-1 secretion in humans is
to inhibit the degradation of endogenous GH-releasing
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hormone (GHRH) by dipeptidyl peptidase-4 (DPP4). GHRH is
the primary stimulus for pituitary GH secretion and determi-
nes GH pulsatility. Endogenous GHRH has a half-life of
~6 minutes in humans as it is degraded and inactivated by
DPP4."® Sitagliptin was the first DPP4 inhibitor approved by
the US Food and Drug Administration in 2006 for the
management of hyperglycemia in patients with type 2
diabetes mellitus. Sitagliptin decreases the degradation of
the incretin hormone, glucagon-like peptide-1 (GLP-1), and
thereby improves postprandial hyperglycemia in patients with
diabetes mellitus in a glucose-dependent manner.

In this study, we tested the hypothesis that inhibition of
DPP4 activity by sitagliptin would enhance stimulated GH
secretion and thereby increase vasodilation and plasma tPA
activity in healthy young men and women. To further elucidate
the mechanism by which stimulating the GH-IGF-1 axis
influences vascular function and fibrinolysis, we then inves-
tigated the contribution of nitric oxide, GHR activation, and
GLP-1 receptor activation to the vascular changes observed
with stimulated GH secretion during DPP4 inhibition.

Methods

Anonymized data and analytic methods will be made publicly
available (NCT01701973 at www.clinicaltrials.gov).

Study Protocol

Healthy, lean (body mass index <25 kg/m?), nonsmoking
adults, aged 18 to 40 years, participated in a 2-part double-
blind, randomized, placebo-controlled, crossover study. (See
Table 1 for patient characteristics.) The study adhered to the
principles of the Declaration of Helsinki and Title 45, US Code

Table 1. Patient Characteristics

Parameter N=39
Age, y 2545
Race, No. (%)

White 31 (80)
Black 2 (5
Hispanic 4 (10)
Asian 2 (5
Sex, No. (%)

Women 29 (74)
Men 10 (26)
Weight, kg 65.4+9.3
Body mass index, kg/m? 22.9+1.8

Values are expressed as mean+SD unless otherwise indicated.
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of Federal Regulations, Part 46, Protection of Human
Subjects, and was approved by the Vanderbilt University
Medical Center’s institutional review board. All patients
provided written informed consent before initiation of study
procedures. Patients with a history of chronic illness,
including diabetes mellitus, hypertension, cardiovascular
disease, and chronic renal or hepatic insufficiency, were
excluded. Medication use other than a multivitamin was
prohibited at the time of study; oral contraceptive use was not
permitted in women. Pregnancy was excluded in women of
child-bearing age by serum pregnancy testing.

In the first half of the study (Figure S1A), 39 patients
underwent 2 study days separated by a washout period to
determine the effect of DPP4 inhibition on stimulated GH
secretion. Patients were assigned to treatment order
(sitagliptin or matching placebo) using a block randomization
algorithm. On each study day, patients reported to the
Vanderbilt Clinical Research Center in the morning after an
overnight fast. All patients were studied in the supine position
in a temperature-controlled room. Participants were given oral
study drug (sitagliptin or matching placebo), and a peripheral
intravenous line was placed in the antecubital fossa of their
nondominant arm. Sitagliptin dose was 200 mg in the first 14
patients (7 women) to achieve >80% inhibition of DPP4
activity within 1 hour. We changed to sitagliptin 100 mg daily
for 4 days in the remaining 25 patients to achieve steady-
state dosing and to be consistent with the current Food and
Drug Administration—approved dose. Study days were sepa-
rated by a 1-week washout for the first 14 participants and a
2-week washout in the remaining 25 participants. Vasodila-
tion was assessed via strain-gauge plethysmography (Data
S1) and venous blood samples were obtained 60 minutes
following study drug. Patients then received arginine (30 g)
intravenously over 30 minutes to stimulate endogenous GH
secretion in a GHRH-dependent manner, as previously
described.'® Vasodilation was assessed and venous blood
samples were obtained for 150 minutes after completion of
arginine infusion. On the second study day, the protocol was
repeated using the opposite study drug (sitagliptin or
matching placebo). Blood pressure and heart rate were
monitored throughout each study day.

Following at least an 8-week washout period, 19 of the 29
women from the first half of the study participated in 2
additional study visits designed to elucidate the mechanism
by which sitagliptin potentiated vasodilation and tPA release
(Figure S1B). We studied women only based on the results of
the first part of the study. Each patient’s sitagliptin dose and
washout period was the same as in the first half of the
protocol. Patients were divided into 3 subgroups. In the first
subgroup, 5 women were randomized to a single double-
blinded subcutaneous injection of saline vehicle or pegviso-
mant 80 mg (Pfizer Inc) administered 72 hours before the
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study day to block the GHR. This dose of pegvisomant
produces peak drug levels 72 hours following administration
with a reduction in free IGF-1 indicative of efficient GHR
blockade.'” In the second subgroup, 7 women were random-
ized to either double-blinded saline vehicle infusion or the
nitric oxide synthase inhibitor, L-N-monomethylarginine
(LNMMA [acetate]; Clinalfa; Bachem Americas, Inc), adminis-
tered as a 3-mg/kg 15-minute intravenous infusion preceding
arginine followed by an additional 6 mg/kg infused over
120 minutes. This dose demonstrates peak hemodynamic
effects 20 minutes after the start of the infusion and does not
affect arginine-stimulated GH secretion.'®'? In the third
subgroup, 7 women were randomized to either double-blinded
saline vehicle infusion or Exendin 9-39 (Exendin 9-39 Acetate;
Clinalfa; Bachem Americas, Inc), administered as an intra-
venous bolus infusion of 7500 pmol/kg over 1 minute
preceding arginine followed by a continuous infusion of
750 pmol/kg per minute for 150 minutes, to block the GLP-1
receptor.20

Laboratory Analyses

All samples were obtained after the first 3 mL of blood were
discarded. Blood samples were collected on ice, centrifuged
immediately, and plasma-stored at —80°C in prespecified
aliquots until time of assay. Venous DPP4 antigen concentra-
tion was determined by ELISA (eBioscience). Venous DPP4
activity was assayed by incubating 20 pL of serum sample in
80 plL assay buffer (0.1 mol/L Tris at a pH of 8.0; Bachem)
for 30 minutes at 37°C with colorimetric substrate (2 mmol/
L L-glycyl-L-prolyl p-nitroanilide hydrochloride [Sigma Aldrich])
for a total reaction volume of 200 pL, as previously
described.?’ The enzyme activity was assessed by measuring
the increase in specific absorbance at 405 nm at 0, 15, and
30 minutes and was expressed as nmol/mL per minute. GH
levels were determined using the Access Ultrasensitive hGH
Assay (Beckman Coulter), while GH levels after pegvisomant
administration were analyzed using the IDS-iSYS hGH assay;
both assays were calibrated against National Institute for
Biological Standards and Control World Health Organization
International Standard 98/574. Free IGF-1 was determined
using a commercially available ELISA (R&D systems). IGF-1
was analyzed by Luminex assay (EMD Millipore), which is
calibrated against the National Institute for Biological Stan-
dards and Control World Health Organization International
Standard 02/254. tPA activity and PAI-1 antigen levels were
measured in blood collected in acidified citrate anticoagulant
(TriniLIZE Stabilyte tubes, Tcoag; Bray Co). tPA activity was
analyzed using a biofunctional immunosorbent assay cali-
brated against National Institute for Biological Standards and
Control World Health Organization International Standard 86/
670 (TriniLIZE tPA Activity, Tcoag, Co) in the first 14 patients.
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Following discontinuation of this assay, the remaining sam-
ples were analyzed using an ELISA calibrated against National
Institute for Biological Standards and Control World Health
Organization International Standard 98/714 (Oxford Biomed-
ical Research). Samples from each patient were assayed using
the same method. PAI-1 antigen was analyzed using a
TintElize PAI-1 antigen assay (Tcoag, Co). Plasma cGMP was
determined using a competitive enzyme immunoassay (GE
Healthcare Bio-Sciences Corp). Samples for analysis of active
GLP-1 were collected in aprotinin and analyzed using the
MILLEPLEX MAP Human Metabolic Hormone Magnetic Bead
Panel (EMD Millipore Corporation). Insulin and estradiol were
analyzed by double-antibody radioimmunoassay. Bedside
blood glucose was determined by YSI bedside glucose
analyzer (YSI Life Sciences).

Statistical Analysis

Data are presented as mean+SD, unless otherwise noted. We
tested for carryover effect using the ¢ test approach proposed
by Jones and Kenward.?? Wilcoxon signed-rank test was used
to compare baseline variables between treatment conditions
as well as GH levels (untransformed) between treatment
conditions at each time point. Wilcoxon rank-sum test was
used to compare percent DPP4 inhibition before GH stimu-
lation, peak GH during placebo, and peak GH during sitagliptin
between men and women. Percent DPP4 inhibition was
determined by the equation: [1—(DPP4 activity during
sitagliptin/DPP4 activity during placebo)]x 100. Spearman
correlation was used to evaluate the association between
continuous variables. Mixed effect models were used to
analyze the data with a random subject effect and with fixed
effects of treatment (sitagliptin versus placebo or

Table 2. Initial Biochemical Parameters Before GH Stimulation
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sitagliptin+antagonist versus sitagliptin+placebo), time, and
treatment xtime interaction. The baseline measurement was
also included in each model. Interaction terms were removed
from the final model when the P value from the corresponding
overall test for interaction was >0.2. Results from mixed
effect models are presented as the mean difference between
treatments with 95% confidence interval. The end points GLP-
1, insulin, and GH were log transformed to satisfy model
assumptions. Statistical analyses were performed using IBM
SPSS software version 23.0, GraphPad Prism 5 and R 2.15.0
(www.r-project.org). Sample size calculations are included in
Data S1.

Results

Effect of Sitagliptin on DPP4 Activity and GLP-1

Sitagliptin significantly decreased DPP4 activity (P<0.001
versus placebo) and increased GLP-1 levels both at baseline
and throughout stimulated GH secretion (P<0.0001 versus
placebo) (Table 2). Sitagliptin did not affect insulin levels
(P=0.45 versus placebo) or blood glucose levels (P=0.58
versus placebo) during stimulated GH secretion or at baseline
(Table 2). Sitagliptin (200 mg) reduced DPP4 activity similarly
in men and women (percent DPP4 inhibition 784+13% in 7
women versus 80+6% in 7 men, P>0.999). Safety data are
summarized in Data S1.

Effect of Sitagliptin on Stimulated GH Secretion
and Free IGF-1

Arginine infusion stimulated GH secretion to a greater extent
in women (n=29) than in men (n=10), as previously

Variable Placebo Sitagliptin No.* P Value
DPP4 activity, nmol/mL per minute 25.44+6.5 (24.8, 9.7) 8.1+4.5 (7.0, 5.6) 39 <0.001
DPP4 antigen, ng/mL 458.1+158.1 (458.4, 191.7) 431.2+149.4 (423.8, 250.7) 38 0.22
Blood glucose, mg/dL 86.6+5.8 (86.0, 8.4) 85.4+7.8 (85.1, 7.9) 39 0.24
Insulin, pU/mL 6.8+3.2 (6.6, 4.1) 7.3+4.0 (7.0, 6.0) 39 0.30
GLP-1, pg/mL 2.7+2.8 (2.0, 0.8) 19.1+£12.5 (19.1, 16.6) 39 <0.001
Estradiol, pg/mL* 252.94+256.6 (177.6, 145.7) 250.9+173.9 (238.4, 195.8) 29 0.67
tPA activity, IU/mL 0.19+0.18 (0.14, 0.18) 0.24+0.26 (0.14, 0.31) 36 0.13
PAI-1 antigen, ng/mL 44+4.1 (3.0, 4.6) 3.54+2.7 (2.9, 4.0) 36 0.26
Total IGF-1, ng/mL 108.3+30.4 (102.3, 46.6) 104.6+30.5 (106.8, 38.6) 39 0.11
Free IGF-1, ng/mL 0.65+0.31 (0.61, 0.45) 0.65+0.24 (0.66, 0.39) 37 0.67

Results are presented as mean=+SD (median, interquartile range). DPP4 indicates dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; IGF-1, insulin-like growth factor-1; PAI-1,

plasminogen activator inhibitor-1; tPA, tissue plasminogen activator.
*Results were analyzed in patients with data available on both days.
WLAnaIyzed in women only.
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described,?® during both placebo (peak GH 9.8+5.0 ng/mL
women versus 5.74+3.2 ng/mL men, P=0.02) and sitagliptin
(11.6+5.7 ng/mL women versus 5.1+4.6 ng/mL men,
P<0.01). Sitagliptin significantly enhanced GH secretion
following arginine infusion in women (P=0.01 versus placebo
at arginine completion, P=0.02 versus placebo 15 minutes
after arginine, and P=0.09 versus placebo 30 minutes after
arginine) but not men (P=0.49 versus placebo at arginine
completion, P=0.77 versus placebo 15 minutes after arginine,
and P=0.70 versus placebo 30 minutes after arginine)
(Figure 1A). The effect of treatment on In(GH), as determined
by linear model, was significant in women for 30 minutes
following arginine (P<0.01 versus placebo, after adjustment
for baseline GH). Similarly, sitagliptin increased free IGF-1
levels during stimulated GH secretion in women (P<0.001
versus placebo, after adjustment for baseline free IGF-1) but
not in men (P=0.39 versus placebo, after adjustment for
baseline free IGF-1). Figure 1B shows change in free IGF-1
from baseline to 90 minutes after arginine. Sitagliptin also
shortened the time to peak GH in women (P<0.01 versus
placebo) but not men (P=0.62 versus placebo) (Figure 1C).

Effect of Sitagliptin on Vasodilation and cGMP
Levels During Stimulated GH Secretion

DPP4 inhibition did not significantly affect blood pressure,
pulse rate, or vasodilation before arginine infusion, as
compared with placebo (Table 3). Vasodilator response is
presented as the change in both forearm blood flow (FBF) and
forearm vascular resistance (FVR) following arginine infusion.
FBF increased (P<0.001 effect of time) and FVR decreased
(P<0.001 effect of time) following stimulated GH secretion.
Sitagliptin enhanced the increase in FBF (P=0.01 versus
placebo) and decrease in FVR (P=0.003 versus placebo) in
women only (Figure 2). Sitagliptin also increased pulse rate
(P=0.03 versus placebo) following stimulated GH secretion in
women. Sitagliptin increased cGMP levels during stimulated
GH secretion in both women (increase of 98.57 fmol [95%
confidence interval, 33.18—-163.96], P=0.003 versus placebo)
and men (increase of 116.39 fmol [95% confidence interval,
43.33-189.33], P=0.002 versus placebo).

Effect of Sitagliptin on tPA Activity During
Stimulated GH Secretion

tPA activity increased following stimulated GH secretion
(P<0.001). Acute inhibition of DPP4 activity with 200 mg of
sitagliptin increased tPA activity levels in women (P<0.001
versus placebo, n=7) but decreased tPA activity in men
(P=0.02 versus placebo, n=7) (Figure 3). This effect of DPP4
inhibition on tPA activity levels was not observed following
100 mg of sitagliptin. PAI-1 antigen levels during stimulated
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GH secretion were unaffected by sitagliptin in men and
women (P=0.33 versus placebo).

Effect of GHR Blockade on Vasodilation and tPA
Activity During Stimulated GH Secretion in
Women

Pegvisomant significantly decreased free IGF-1 during sita-
gliptin (P=0.04 versus sitagliptin alone, n=5) and increased
GH levels (P<0.01 versus sitagliptin alone), consistent with
effective GHR blockade (Figure 4A). The addition of GHR
blockade significantly increased vasodilation (P<0.01 versus
sitagliptin alone for change in FVR) throughout stimulated GH
secretion. Moreover, at the nadir in vascular resistance, GH
levels correlated inversely with vascular resistance (r,==—0.90,
P<0.001) (Figure 4B). Pegvisomant suppressed tPA activity
before  (0.244+0.12  after sitagliptin  alone  versus
0.10+0.08 IU/mL after addition of pegvisomant, P=0.04)
and during stimulated GH secretion (P<0.001 versus
sitagliptin alone) (Figure 4C).

Effect of NO Synthase Inhibition on Vasodilation
and tPA Activity During Stimulated GH Secretion
in Women

LNMMA significantly decreased cGMP levels during sitagliptin
and stimulated GH secretion (decrease of 432.39 fmol [95%
confidence interval, —792.77 to —72.02], P=0.02 versus
sitagliptin alone, n=7). LNMMA did not affect the vasodilator
response to stimulated GH secretion during sitagliptin
(P=0.43 versus sitagliptin alone for change in FBF and
P=0.94 versus sitagliptin alone for change in FVR) (Figure 5A).
The addition of LNMMA to sitagliptin also had no effect on tPA
activity (P=0.64 versus sitagliptin alone) (data not shown).

Effect of GLP-1 Receptor Blockade on
Vasodilation and tPA Activity During Stimulated
GH Secretion in Women

GLP-1 receptor blockade with Exendin 9-39 increased fasting
GLP-1 (P<0.01), glucagon (P=0.09), and blood glucose levels
(P<0.001), as previously described.?®?*?* Exendin 9-39
briefly caused vasoconstriction immediately after arginine
infusion (P=0.02 versus sitagliptin alone for FBF and P=0.02
versus sitagliptin alone for FVR at 60 minutes, n=7) (Fig-
ure 5B). Following stimulated GH secretion, FBF increased
(P<0.001 effect of time) and FVR decreased (P<0.001 effect
of time). The addition of Exendin 9-39 to sitagliptin did not
prevent vasodilation following stimulated GH secretion
(P=0.88 versus sitagliptin alone for change in FBF and
P=0.57 versus sitagliptin alone for change in FVR). The
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Figure 1. Dipeptidyl peptidase-4 (DPP4) inhibition with sitagliptin enhances early stimulated growth
hormone (GH) secretion (A) and free insulin—like growth factor-1 (IGF-1) levels (B) and shortens the time to
peak GH (C) in women (n=29) but not men (n=10). Change in free IGF-1 levels from baseline to 90 minutes
following arginine. (Free IGF-1 data available in 28 women and 9 men.) Data are presented as mean£SEM.
*P<0.05; 'P<0.10 vs placebo at same time point by Wilcoxon signed-rank test. The effect of treatment on
free IGF-1, in the linear model, was significant in women (P<0.001 vs placebo, after adjustment for baseline
free IGF-1). The effect of treatment on In(GH), in the linear model, was significant in women for 30 minutes
following arginine (P<0.01 vs placebo, after adjustment for baseline GH).
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Table 3. Initial Hemodynamic Parameters Before GH Stimulation

Variable Placebo Sitagliptin P Value
Systolic BP, mm Hg 108.8+10.8 (110.0, 18.0) 109.94+10.7 (108.0, 12.0) 0.40
Diastolic BP, mm Hg 65.646.4 (65.0, 9.0) 65.6+6.5 (66.0, 6.0) 0.97
Mean arterial pressure, mm Hg 82.9+6.2 (84.0, 10.0) 83.24+5.9 (83.0, 6.0) 0.59
Pulse rate, beats per min 58.3+8.3 (57.0, 13.0) 59.3+8.1 (60.0, 11.0) 0.29
FVR, mm Hg/(mL/min/100mL) 36.94+11.4 (36.2, 19.4) 37.44+10.2 (35.6, 12.3) 0.58
FBF, mL/min per 100 mL 2.540.9 (2.2, 1.3) 2.440.6 (2.4, 0.8) 0.65

BP indicates blood pressure; FBF, forearm blood flow; FVR, forearm vascular resistance; GH, growth hormone. Results are presented as mean+SD (median, interquartile range).

addition of Exendin 9-39 to sitagliptin also had no effect on
tPA activity (P=0.58 versus sitagliptin alone) (data not shown).

Reproducibility of Stimulated GH Secretion
During DPP4 Inhibition

The reproducibility of the effect of DPP4 inhibition on
stimulated GH secretion was assessed by comparing GH
levels during sitagliptin alone with GH levels obtained during
sitagliptin plus saline vehicle infusion in the 19 women who
completed both crossover studies (Figure 6). There was a

significant correlation between stimulated GH secretion
following sitagliptin and stimulated GH secretion following
sitagliptin plus saline infusion (peak GH response: rs=0.65,
P=0.003; GH 30 minutes after arginine: rs=0.51, P=0.02).

Discussion

This study tested the hypothesis that DPP4 inhibition
potentiates arginine-stimulated GH secretion in humans. We
found that sitagliptin significantly enhanced stimulated GH
secretion and shortened the time to peak GH in healthy
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Figure 2. Dipeptidyl peptidase-4 inhibition with sitagliptin enhances vasodilation during arginine (Arg)
stimulated growth hormone secretion in women (n=29) but not men (n=10). The overall effect of treatment,
as determined by linear model, was significant in women (P=0.013 effect of treatment on percent change
[A] in forearm blood flow and P=0.003 effect of treatment on percent change in forearm vascular
resistance). Data are presented as mean+SEM. *P<0.05 vs placebo at specified time point in the linear

model.
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Figure 3. Dipeptidyl peptidase-4 inhibition with 200 mg sitagliptin increases tissue plasminogen activator
(tPA) activity levels in women (n=7 women) but decreases tPA activity levels in men relative to baseline
(n=7 men) during arginine stimulated growth hormone secretion. The overall effect of treatment on tPA
activity, as determined by linear model, was significant after adjustment for baseline tPA activity (P<0.001
effect of treatment in women and P=0.02 effect of treatment in men). There was no effect of 100 mg daily
of sitagliptin on tPA activity. Data are presented as mean+SEM. *P<0.05 vs placebo at specified time point

in linear model after adjustment for baseline tPA.

women but not men. Similarly, sitagliptin increased free IGF-1
levels in women. Forearm vasodilation after peak GH was
potentiated by sitagliptin only in women. GHR blockade
further increased vasodilation during DPP4 inhibition in
association with increased GH levels. The latter indicates
that GH induces endothelium-independent vasodilation
through a GHR-independent mechanism.

Our study is the first to define an off-target effect of the
antidiabetic medication sitagliptin on GH and the first study of
the effect of DPP4 inhibition on the GH axis to include women.
An understanding of the effect of DPP4 inhibition on GH can
only be achieved by studying humans because of significant
interspecies variation in the neuroregulation of GH
secretion.?® Bergman et al*” examined the effect of 10-day
treatment with sitagliptin, in doses ranging from 25 mg daily
to 300 mg twice daily, on IGF-1 levels in 8 healthy young men.
Although IGF-1 increased in nearly every treatment group
after 10 days, the change was not statistically significant.
Schopman et al?® reported that sitagliptin decreased GH
levels after insulin-induced hypoglycemia in insulin-dependent
men with diabetes mellitus and attributed this to an inhibitory
effect of GLP-1 stimulation. GLP-1 is unlikely to contribute to
enhanced GH secretion in women in the present study, as
GLP-1 receptor blockade did not influence GH secretion.

We found an effect of sitagliptin in women but not in men,
consistent with the mechanism of known sexual dimorphism
in GH secretion. The observation that sitagliptin affects GH
secretion in women only may be explained by work of others,
which demonstrates that GHRH drives GH pulsatility in
women and that interpulse GH secretion in women is more
GHRH dependent and less susceptible to feedback inhibition

by free IGF-1.2°73" We also observed that arginine did not
stimulate GH secretion as effectively in men. This dose of
arginine may have been insufficient for us to detect a
significant effect of sitagliptin on stimulated GH secretion in
men. Given these known differences in GH secretion between
men and women, a separate adequately powered study is
needed to investigate what effect sitagliptin has on GH
secretion in men.

Our study is unique in that it investigates for the first time in
humans the specific contribution of GHR activation and IGF-1 to
the vasodilation observed after an increase in GH. The
vasodilator effects of GH and IGF-1 in humans are well
described. Napoli et al* demonstrated that intra-arterial GH
resulting in a 10-fold increase in GH levels in the human forearm
with no effect on IGF-1 doubles forearm blood flow several
hours later. IGF-1 causes relaxation in harvested human
internal mammary artery that is unaffected by removal of the
endothelium and NO inhibition but abolished by potassium
chloride, suggesting that IGF-1—induced vasorelaxation in
humans involves the potassium channels in vascular smooth
muscle cells.*? We are not aware of any studies evaluating the
effect of IGF-1 on the vasculature in the human forearm.

We found that GHR blockade paradoxically increased
vasodilation following arginine-stimulated GH release in
sitagliptin-treated women, even though IGF-1 concentrations
were decreased. Increased vasodilation correlated with GH
concentrations, which were increased as a result of loss of
feedback inhibition, consistent with a GHR- and IGF-1—
independent vasodilator effect of GH. Consistent with this
mechanism, chronic pegvisomant therapy in patients with
acromegaly improves flow-mediated dilation.®® GH treatment
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Figure 4. The addition of growth hormone (GH) receptor blockade (pegvisomant 80 mg administered SC
72 hours prior) to sitagliptin increases GH levels as a result of reduced negative feedback (n=5 women) (A)
and decreases free insulin—like growth factor-1 (IGF-1) (B). The addition of GH receptor blockade to
sitagliptin further decreases forearm vascular resistance (FVR) during stimulated GH secretion (C). At the
nadir in vascular resistance (arrow), a significant correlation between vascular resistance and GH levels was
found (D). Pegvisomant decreases tissue plasminogen activator (tPA) activity levels before and throughout
arginine (Arg)-stimulated GH secretion (E). Data are presented as mean+SEM. *P<0.05 vs placebo at
specified time point in the linear model. Linear model-based P values are: P<0.01 effect of treatment on
GH, P<0.01 effect of treatment on FVR percent change (A), and P<0.001 effect of treatment on tPA activity.

in hypophysectomized rats upregulates vascular smooth with primary GH resistance, characterized by elevated GH but
muscle ATP-sensitive potassium channel mRNA,** which defective GHR signaling and IGF-1 deficiency, demonstrate
could lead to depolarization and vasorelaxation. Lastly, adults normal conduit artery vascular function.®®
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Figure 5. L-N-monomethylarginine (LNMMA) did not affect the vasodilator response to arginine (Arg)-
stimulated growth hormone (GH) secretion during sitagliptin (A) (n=7 women). Glucagon-like peptidase-1
(GLP-1) receptor blockade (Exendin 9-39) did not affect the vasodilator response to stimulated GH secretion
during sitagliptin (B) (n=7 women). Data are presented as mean+SEM. *P<0.05 vs placebo at specified
time point in the linear model. The linear model-based P values for overall effect of treatment were not

significant.

Late vasodilation after arginine is believed to be mediated
by GH, as octreotide infusion blocks arginine-stimulated GH
secretion and prevents vasodilation.*® GH has also been
reported to cause vasodilation via NO-dependent mecha-
nisms. Prior studies indicate that coinfusion of LNMMA
decreases the vasodilator response to GH.* Li etal®

144 & Sitagliptin (peak GH 11.0 + SD 5.6 ng/mL)
12 & Sitagliptin + IV Saline (peak GH 10.5 + SD 5.3 ng/mL)

10+
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Figure 6. The increase in arginine (Arg)-stimulated growth
hormone (GH) secretion during dipeptidyl peptidase-4 inhibition
with sitagliptin is reproducible (n=19 women). Data are presented
as mean+SEM unless otherwise noted. There was a significant
correlation between stimulated GH secretion following sitagliptin
and stimulated GH secretion following sitagliptin plus saline
infusion (peak GH response: rs=0.65, P=0.003; GH 30 minutes
after arginine: rs=0.51, P=0.02).

corroborated these findings using an acute systemic GH
infusion and further demonstrated that GH increases phos-
phorylation and activity of endothelial NO synthase in human
aortic endothelial cells in vitro. Others have found that chronic
GH therapy, which also increases IGF-1 levels, increases
markers of NO bioavailability, decreases peripheral resis-
tance, and improves conduit artery vascular function.®”-*® Our
results do not support a contribution by NO to enhanced
vasodilation following arginine-stimulated GH secretion during
DPP4 inhibition, as vasodilation was not blocked by LNMMA
and thus was NO synthase independent.

Sitagliptin also increases levels of intact GLP-1 and insulin,
and intact GLP-1 has previously been reported to enhance the
vasodilator response to intra-arterial insulin in adults with
metabolic syndrome.*? It is unlikely that increased insulin and
GLP-1 receptor activation contributed to the enhanced
vasodilation during sitagliptin. Insulin levels were identical
across study days and the mechanism of vasodilation was NO
synthase independent. While sitagliptin increased fasting GLP-
1 levels, the addition of GLP-1 receptor blockade did not
prevent vasodilation. Furthermore, our group previously
demonstrated that intra-arterial infusion of GLP-1 in the
setting of sitagliptin has no effect on vasodilation in the
forearm of healthy adults.*® Ban et al*' demonstrated that
GLP-1 (9-36) increases endothelium-dependent vasodilation in
mice lacking a GLP-1 receptor. A GLP-1 receptor-independent
mechanism involving GLP-1 (9-36) is unlikely to explain the
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observed vasodilation in this study as sitagliptin prevents the
formation of GLP-1 (9-36). It is also possible that the
enhanced vasodilation which followed GHR blockade was
mediated in part by peripheral GHRH or GH activation of the
prolactin receptor. Prolactin and GHRH receptor antagonists
are not presently available for use in humans.

We observed an increase in tPA activity during stimulated
GH secretion that was potentiated by sitagliptin in women. We
previously demonstrated that adults with GH deficiency have
decreased tPA activity, along with a defective fibrinolytic
response to venous occlusion.® Miljic et al® also reported an
improvement in stimulated endothelial tPA release following
venous occlusion after 1 year of GH replacement aimed to
normalize IGF-1 in GH-deficient adults. We demonstrated that
GH mediates tPA activity levels through the GHR in women, as
the addition of GHR blockade suppressed tPA activity before
and during stimulated GH secretion. Muller et al*? found no
effect of pegvisomant on tPA activity in men, whereas we
detected a decrease in tPA activity.

Study Limitations and Strengths

Our findings are limited by a few study design considerations.
We studied healthy, lean individuals to avoid medications and
diseases that may affect stimulated GH secretion, endothelial
function, and fibrinolysis. We studied patients who fasted, while
sitagliptin exerts its incretin-specific effects in the postprandial
state. Because sitagliptin may influence GH secretion by
lowering postprandial blood sugar and free fatty acids,
sitagliptin could have a greater effect on GH secretion in the
postprandial state. We administered sitagliptin for a limited
duration to decrease the likelihood of an increase in IGF-1
influencing GH secretion through feedback inhibition. The
effect of chronic sitagliptin on GH secretion may be less
pronounced. Measurement of plasma GHRH levels was not
performed, given the several 1000-fold dilution of pituitary-
portal GHRH and the inability of assays to distinguish between
pituitary and peripheral GHRH. We used arginine as a stimulus
for endogenous GH secretion. Other currently available GH
secretagogues, insulin and glucagon, may be unsafe to
administer during sitagliptin and would cause hormonal
changes that would confound results. While arginine-stimu-
lated GH secretion is unaffected by phase of the menstrual
cycle,*® vasodilation is highest during the late follicular phase
when estradiol levels are highest.** We were limited in our
ability to coordinate all assessments to the same phase of the
menstrual cycle in our participants; however, we did not
observe a difference in estradiol levels across study treat-
ments. Similar to other researchers, we found low intraindivid-
ual variability in the GH response to arginine.** In fact, a
strength of our study is the highly reproducible stimulated GH
secretion profile during sitagliptin in women. We were not able

Wilson et al

to confirm complete blockade of the GHR. The resulting
increased GH levels may have been sufficient to stimulate an
incompletely blocked GHR albeit to a lesser degree. Our study is
also limited by our inability to define the mechanism by which
increased GH causes sex-specific vasodilation. Further study
using glibenclamide in an appropriate study population may
elucidate a contribution by the vascular smooth muscle ATP-
sensitive potassium channel. Lastly, our limited sample size in
the second half of the study limits our conclusions on the
impact of NO synthase inhibition and GLP-1 receptor blockade.

Conclusions

In this study, we tested a previously unexplored method to
enhance endogenous pulsatile GH secretion in humans using
the oral antidiabetic DPP4 inhibitor sitagliptin. Our data are
the first to support an off-target effect of DPP4 inhibition on
GH secretion in women. This is clinically relevant for 2
reasons. First, the cardiovascular effects of DPP4 inhibition
and how these differ from the effects of GLP-1 analogues is an
active area of investigation. Our findings suggest that DPP4
inhibition influences vasodilation by influencing GH secretion
in women. Second, while current strategies to increase GH
cause hyperglycemia, oral DPP4 inhibitor therapy offers an
attractive, novel mechanism to enhance endogenous GH
secretion while also improving glucose metabolism. It was
previously well established that increases in GH and IGF-1
improve fibrinolytic capacity, vasodilator function, and lower
inflammation. Medications that potentiate GH secretion may
thus prevent atherosclerosis through these mechanisms. Last,
an enhanced understanding of the specific effects of GH, GHR
activation, and IGF-1 on cardiovascular risk and how they are
modified by sex is critical to how we incorporate somatotropic
medications in the management algorithms for patients with
impaired GH secretion and elevated cardiovascular risk.
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SUPPLEMENTAL MATERIAL



Data S1.

Supplemental Methods

Forearm Blood Flow Measurements

Forearm blood flow (FBF) was measured using mercury-in-silastic strain-gauge
plethysmography. The wrist was supported in a sling to raise the level of the forearm to above
the level of the atrium, and a strain gauge was placed around the widest part of the forearm of
the non-dominant hand. The strain gauge was connected to a plethysmograph (model EC-6,
D.E. Hokanson; Issaguah, WA) connected to a chart recorder to record flow measurements.
For each measurement, a cuff placed around the upper arm was inflated to 45 mmHg with a
rapid cuff inflator (model E-20 rapid cuff inflator and AG 101 cuff inflator air source, Hokanson;
Issaquah, WA) to occlude venous outflow from the extremity. The hand was excluded from the
measurement of blood flow by inflation of a pediatric sphygmomanometer cuff to 200 mmHg
around the wrist. Flow measurements were recorded for approximately seven seconds, and a
minimum of 6 readings were analyzed using Non-Invasive Vascular Program (Hokanson NIVP3
version 5.40; Bellevue, WA) software to obtain each mean. Forearm vascular resistance (FVR)

was calculated as mean arterial pressure (MAP) divided by FBF.

Sample Size Calculation

Our preliminary data in women demonstrated a difference in mean peak GH following arginine
stimulation of 6.79 ng/mL. Sample size was calculated with PS Software using the design for a
paired t-test with a 0.05 two-sided significance level.! A sample size of 28 women provided 80%
power to detect a difference in means of 6.79 ng/mL, assuming a 12.25 ng/mL SD of the
differences. Our preliminary data in men demonstrated a difference in mean peak GH in the

opposite direction. Pre-menopausal women are more responsive to GHRH and secrete more



GH per pulse, a GHRH-mediated phenomenon, than men.?* Given the known sexual
dimorphism in pulsatile GH secretion, we chose to study only enough men to permit us to
estimate the difference in males. A sample size of 11 men provided a half-width of the 95%
confidence for the difference to be 7.6 ng/mL. Accounting for 10% drop-out, we enrolled 31

women and 12 men.

Supplemental Results

Safety

Thirty-nine subjects (29 women) completed all study procedures in the first half of the study
protocol; four subjects completed only one study day and their data was excluded from the
analyses. Non-serious adverse events reported during the first half of the study included
bruising related to placement of the intravenous catheter (3 subjects), palpitations after
sitagliptin (1 subject), nausea after sitagliptin (3 subjects), nasal congestion after sitagliptin (1
subject) and reflux after sitagliptin (1 subject). Nineteen women completed all study procedures
in the second half of the study protocol. One subject completed only one study day and her
data was excluded from the analysis. Non-serious adverse events reported during the second
half of the study included dizziness and paresthesias in lips during arginine infusion (1 subject)
and 24 hours of abdominal cramping and diarrhea following subcutaneous injection of
pegvisomant (1 subject). There were no symptoms observed during LNMMA or Exendin 9-39

infusions. There were no instances of hypoglycemia. There were no serious adverse events.



Figure S1. Subjects participated in a two-part double-blind, randomized, placebo-

controlled, crossover study.

STUDY DAYS 1and 2 (N=38)|
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L

3. Exendin9-39infusicn through aach study day (7 women)

In the first half of the study (A), thirty-nine subjects underwent two study days in which they
were randomized to sitagliptin or placebo. Sitagliptin was given as a single 200 mg dose one
hour prior to arginine in the first 14 subjects (7 women), in order to achieve greater than 80
percent inhibition of DPP4 activity within one hour. We changed to sitagliptin 100 mg daily for
four days in the remaining 25 subjects to achieve steady-state dosing and to be consistent with
the current FDA-approved dose. The washout period was one week in the first 14 subjects and
two weeks thereafter. In the second half of the study (1B), 19 of the 29 women from the first
half of the study were given sitagliptin on each of two identical study days. The dose of
sitagliptin given was identical to that in the first half of the study. Subjects were divided into
three subgroups, in which they were randomized to treatment with placebo or one of three
antagonists in a crossover fashion.
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