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Abstract

Neuropeptide Ys (NPYs) contribute to sympathetic-adreno stimulation: NPY1-
36 potentiates the effects of catecholamines (CATs), whereas NPY3-36 inhibits
CAT release. We sought to investigate whether inhibiting dipeptidyl-peptidase-4
(DPP4), cleaving NPY1-36 into NPY3-36, leads to increased NPY1-36 potentiating
effects and reduced NPY3-36 inhibitory effects on CATs, thereby improving endur-
ance performance. Seven male participants (age 27 +3years, BMI 23.1+2.4 kg/
m?) performed time-to-exhaustion cycling exercise at 95% of peak power output
with either placebo, or saxagliptin, a DPP4 inhibitor. Oxygen consumption (VO,),
heart rate variability, NPY1-36, NPY3-36, catecholamines, and lactate were meas-
ured at several time points before, during, and after exercise. With saxagliptin,
DPP4 activity (12.7+1.6 vs. 0.2+0.3 U/L, p = 0.001; d = 10.7) was decreased
at rest, while NPY3-36 (1.94+0.88 vs. 0.73+0.22 PM; p<0.001; d = 2.04) de-
creased and NPY1-36 increased during exercise (2.64 +2.22 vs. 4.59 +2.98 PM;
p<0.01; d = 0.19). CATs were unchanged. Time-to-exhaustion was 32% higher
with saxagliptin. The difference in time-to-exhaustion between placebo and
saxagliptin was correlated with NPY1-36 differences (R = 0.78, p<0.05). Peak
VO, and other cardio-respiratory values were not different, whereas peak NPY
concentrations were higher with saxagliptin. DPP4 blockade improved perfor-
mance, increased NPY1-36, and decreased NPY3-36 concentrations which may
have potentiating effects on the influences of CATs. However, DPP4 is involved
in many different actions, thus NPYs are one group of factors that may underly
its performance-enhancing effects; further studies are required to determine the

exact mechanisms.
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1 | INTRODUCTION

Since the Ancient Olympics Games, athletes have sought
to improve their performances using exogenic substances.
Recent scientific knowledge indicates a neuropeptide as
short as a few amino acids could be a candidate for the
next performance-enhancing drug. It is therefore im-
portant that the code to ban those drugs is continually
updated, to list the latest substances discovered (World
Anti-Doping Code, 2021).

Neuropeptide Y (NPY) is a 36-aminoacid peptide that
contributes to the effects of sympatho-adrenal stimulation
(Allen et al., 1983). It is co-secreted with norepinephrine
(NE) and epinephrine (E) in the adrenal medulla and co-
stored with NE in peripheral sympathetic nerve endings
(Ekblad et al., 1984). NPY operates as a neural and endo-
crine messenger and is associated with stress resilience
(Wagner et al., 2016).

Physical exercise causes release of NPY and catechol-
amines (CATs); (Lind et al., 1994) so that their plasma
concentrations rise simultaneously in an intensity-
dependent manner (Pedrazzini et al., 2003). During post-
exercise recovery, NE returns to basal values in less than
10 min whereas NPY concentrations remain high for at
least 15min (Lacroix et al., 1997).

NPY binds to Y1, Y2, Y4, and Y5 receptors; the effects
of NE are potentiated by post-synaptic Y1 receptor stim-
ulation (Wahlestedt et al., 1985), whereas the effects of
NE and acetylcholine are inhibited by pre-synaptic Y2
receptor stimulation (Westfall et al., 1987). Once released
from nerve endings, NPY1-36 mainly binds to the Y1 re-
ceptor. Under the action of dipeptidyl-peptidase-4 (DPP4)
(Wagner et al., 2016), NPY1-36 is cleaved into NPY3-36 a
Y2/Y5 agonist (Medeiros & Turner, 1996). In turn, NPY3-
36 is cleaved into NPY3-35, which is unable to bind to Y1,
Y2, and Y5 receptors and may represent the major meta-
bolic clearance product. NPY2-36 is a Y2 agonist but its
concentrations are minor in humans (Abid et al., 2009).
In summary, NPY1-36 potentiates the effects of CATSs
whereas NPY3-36 inhibits CAT release and NPY3-35 is
ineffective.

CATs have well-described ergogenic effects (Magkos &
Kavouras, 2004) and performance-enhancing effects and
taking exogenic CATs-agonists is a common doping strat-
egy (Davis et al., 2008). Although many stimuli influence
CAT release, the intensity of exercise is key. The highest
plasma concentrations of CATs are measured during exer-
cise at maximal intensity. Moreover, long-term adaptations
to high-intensity training include increases in plasma con-
centrations of CATs and NPY (Rdmson et al., 2012).

Given the ability of NPY1-36 to potentiate the effects of
CATs, we hypothesized that inhibiting the action of DPP4
would increase the potentiating effects of NPY1-36 and

reduce the inhibitory effects of NPY3-36 on CATSs; thereby
potentially enhancing physical performance during high-
intensity exercise.

The present study follow-up on our previous study
(Eugster et al., 2022) whose initial aims were to assess the
role of NPY1-36 during exercise and the role of NPY3-36
during recovery. The present study describes secondary
outcomes on performance improvement in young active
men who received a DPP4 inhibitor prior to maximal in-
tensity exercise to exhaustion (Grouzmann et al., 2007).

2 | METHODS

2.1 | Participants

Inclusion criteria were that participants should be aged
18 to 30years old, physically active, not overweight, non-
smokers, and medication free, no disease or injury at the
time of the study nor during the preceding month.

Eight healthy males, who trained at least 3 h per week
(running), volunteered for this study which was approved
by the local ethics committee (CER-VD, 2018-00569).
They provided informed written consent before participa-
tion. Seven participants completed this study, one dropped
out due to pill intake issues.

2.2 | Experimental design

This study was randomized, double-blinded, and placebo
controlled. Participants underwent one familiarization
and two experimental sessions with a standardized break-
fast in the laboratory at 7AM on each occasion. The famil-
iarization session was performed 1week prior to the first
experimental trial.

During familiarization, a maximal incremental test
to exhaustion was performed on a cycle ergometer
to determine peak power output, maximal heart rate
(HRmax), and maximal oxygen consumption (VO,...),
as detailed elsewhere (Eugster et al., 2022). Briefly, the
participants were equipped with a heart rate monitor
(Polar H7, Polar electro, Kempele, Finland) to measure
R-R intervals from which the heart rate variability indi-
ces were computed. This heart rate monitor is reliable
and has been validated previously (Hernandez-Vicente
et al., 2021; Plews et al., 2017) and a facial mask (Hans
Rudolph Inc.,) connected to a gas analyzer (Jaeger
Oxycon Pro, Acertys Healthcare Ltd) for oxygen con-
sumption (VO,), carbon dioxide production (VCO,),
and minute ventilation (VE) measurements. The partic-
ipants remained seated for 5 min on the ergometer at
rest before warming up and pedaling at 60 W for 3 min.
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Then, increments of 1 W every 2 s were applied until the
participant could no longer sustain a cycling frequency
of 70 rpm despite the investigators' strong verbal encour-
agement, a plateau in VO, was observed and the respira-
tory exchange ratio was above 1.1.

For the two experimental sessions performed in a
random order, the participants received either 5 mg of
saxagliptin (Onglyza, AstraZeneca) or placebo (man-
nitol) per os, administered the night before and on the
morning of the two experimental sessions, separated by
a two-week washout period. Capsule preparation and
randomization was performed by the hospital phar-
macy before participants' recruitment. Capsule allo-
cation codes remained in a sealed envelope opened
after data collection ended. The experimental session
under saxagliptin is denoted Gliptin whilst the pla-
cebo session is denoted Placebo. The dose of 5 mg of
saxagliptin is recommended in diabetes treatment, this
drug is commonly prescribed worldwide with negligible
known side effects (Ali & Fonseca, 2013; Subrahmanyan
et al., 2021). Special precautions were taken on the po-
tential breach of antidoping regulations by asking the
LAD - Antidoping Laboratory of Lausanne, as well as on
the potential health risks or side effects of the adminis-
tered dose.

2.3 | Procedures

All procedures are described elsewhere (Eugster
et al.,, 2022). The two experimental sessions were per-
formed similarly, except for drug ingestion. The partici-
pants wore the same equipment as during familiarization.
They remained seated on the ergometer for 5 min before
pedaling at 95% of their PPO until exhaustion despite the
investigators' verbal encouragements. Time-to-exhaustion
was the main cycling performance criterion (Hopkins
et al., 2001).

Upon exercise cessation, the participants recovered
in a supine position for 90 min. Data from the gas ana-
lyzer and the HR monitor were averaged over 30-s suc-
cessive windows during exercise and 1-min successive
windows during recovery. Root mean square of the suc-
cessive R-R interval differences (RMSSD) was computed
on each window as an indicator of parasympathetic
vagal modulation of HR (Force, 1996). Rate of perceived
exertion (RPE) was evaluated at rest and upon exercise
cessation (Borg, 1982).

The insertion of a peripheral venous catheter allowed
the collection of blood samples for assay of DPP4, NPYs,
and CATs (Bergmann et al., 2017; Eugster et al., 2022;
Vocat et al., 2020) of 2.6 ml each. The first blood sample
of each experimental session was collected in the supine
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position for determination of DPP4 activity expressed as
unit (U) per L of plasma (1U was 1pumol of substrate
cleaved per min). All other blood samples were collected
in Li-Hep Monovette tubes containing a mixture of pro-
teases inhibitors to prevent ex-vivo peptide degradation.
Concentrations of NPYs and CATs were measured in
each of these samples drawn at 1 and 5 min in the seated
position on the ergometer, each minute during exercise
and at 1, 2, 5, 10, 20, 30, 40, 50, 60, and 90 min during
recovery.

All sessions were performed in an air-conditioned
room where average temperature was 25.3°C and humid-
ity was 32.3%.

2.4 | Statistics

Time-to-exhaustion in the Gliptin and Placebo condi-
tions were compared using a pairwise Student's t-test.
Correlations between Gliptin-to-Placebo differences in
time-to-exhaustion and in NPY concentrations changes
were performed using Pearson's R coefficient. A two-way
ANOVA (time X condition) was performed to assess possi-
ble interactions between the effects of saxagliptin and the
rest-exercise-recovery sequence. In all cases, the signifi-
cance level was set at 0.05. p-values are presented <0.05,
<0.01, and <0.001. All results are presented mean + SD ex-
cept on the figures where data are plotted as mean + SEM
for better clarity. Cohen's d are given when possible for
effect size assessment (negligible <0.2, medium >0.2
and <0.8, large >0.8). All analyses were performed using
MATLAB (v.R2021a, The MathWorks Inc).

A priori computations of sample size were performed
for two-way ANOVA with interaction on NPY concentra-
tions, using an effect size of 0.8 (large), an alpha of 0.05,
and a power of 0.8 which resulted in a sample size of 6 and
an actual power of 0.83 (G*Power v3.1.9.7).

3 | RESULTS

Table 1 summarizes participants’ data from the incremen-
tal exercise test (familiarization).

During the two experimental sessions, cycling exercise
was performed at 95% peak power output corresponding
to 309 +32W. DPP4 activity was lower at rest in Gliptin
than in Placebo (0.2+0.3 vs. 12.7+1.6U/L; p<0.001;
d = 10.7). As expected, DPP4 blockade resulted in an
NPY3-36 decrease at rest in Gliptin compared to Placebo
(—234%, p<0.001, d = 2.04, paired t-test).

Figure 1 shows a significant increase of 32% in time-to-
exhaustion in the Gliptin condition compared to Placebo
(d =0.88). Figure 2 shows a significant correlation between
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Age Height Weight VEmax VO,max Peak power HRmax
(year) (cm) (kg) (L/min) (ml/min/kg) output (W) (bpm)
27+3 178+6 73+9 160 +26 50.2+7.4 325+36 180+9

Abbreviations: HRmax, maximal heart rate; VEmax: maximal ventilation; VO,max, maximal oxygen

consumption.
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FIGURE 1 Time-to-exhaustion (in second) in placebo and
gliptin conditions, and scatter plot of individual datapoints.

R=0.78 p = 0.04 .
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FIGURE 2 Pearson's correlation between differences in

time-to-exhaustion and in NPY1-36 plasma concentration between
placebo and gliptin conditions.

the Placebo-to-Gliptin changes in time-to-exhaustion and
in peak NPY1-36 concentration.

Figure 3 illustrates the time course of VO,, HR, and
plasma NPY1-36, NPY3-36, NE, and E concentrations at
rest, during exercise, and recovery. Despite the increase
in time-to-exhaustion (Figure 1), maximal values in VO,
and HR were reached during exercise in both Placebo and

Gliptin. For better clarity, the significances are described
below rather than in Figure 3.

DPP4 blockade had no significant effect on VO,, VE,
or RMSSD, but slightly increased HR globally throughout
the Gliptin condition (+4%; p<0.05; d = 0.14 in Gliptin
vs. Placebo). There was no exercise x condition interac-
tion on any cardio-respiratory variables (VOZ, VE, HR, or
RMSSD).

In both Placebo and Gliptin, \702 and HR increased
rapidly during the first minute of exercise and then kept
increasing at a slower rate (p<0.001 for both). No pla-
teau was reached. During the first 3min of recovery VO,
and HR decreased rapidly (p <0.001 for both) before VO,
reached basal values, while HR remained higher than
basal values (p<0.05) and kept decreasing seemingly
linearly.

Both DPP4 blockade (p<0.01; d = 0.19) and exercise
(p<0.001; d = 1.70) increased NPY1-36 concentrations,
but there was no significant interaction (p = 0.07). The
highest concentration was consistently found at the first
minute of recovery, when NPY1-36 was significantly
higher in the Gliptin condition compared to Placebo
(+52%; d = 0.65). At other time points, any differences be-
tween Gliptin and Placebo were not significant. NPY1-36
remained significantly elevated for 10min (fourth blood
draw into recovery) after exercise cessation in both Gliptin
and Placebo conditions.

Exercise led to an increased NPY3-36 concentration
compared to resting values (p<0.001; d = 0.46) whilst
DPP4 blockade decreased it (p <0.001; d = 2.04), and there
was an exercise x condition interaction (p <0.001). During
rest, exercise and recovery, NPY3-36 concentrations were
lower in the Gliptin condition compared to Placebo.
During the first 20 min into recovery (first five blood draws
of recovery), NPY3-36 was higher than during rest and ex-
ercise in the Gliptin condition, but it was not as high as in
the Placebo condition. NPY3-36 concentrations returned
to basal levels after 20min in the Gliptin condition and
50min in the Placebo condition.

As expected, both NE and E increased during exercise
(p<0.001; d = 1.62 and 1.27, respectively), but there was
no effect of DPP4 blockade nor exercise x condition inter-
action. The highest concentrations in NE and E were mea-
sured 1 min into recovery. In both conditions, NE returned
to basal levels at the fifth minute while E returned at the
second minute into recovery.
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FIGURE 3 Time course of oxygen consumption (VO,), carbon dioxide production (VCO,), minute ventilation (VE), heart rate (HR),
root mean square of the successive RR differences (RMSSD), NPY1-36, NPY3-36, norepinephrine (NE), epinephrine (E) during rest, exercise
at 95% of peak power output and supine recovery. Panel a: NPY1-36, NPY3-36, VO,, and HR in the placebo condition. Panel b: NE, E, and
RMSSD in the placebo condition. Panel c: NPY1-36, NPY3-36, VOZ, and HR in the gliptin condition. Panel d: NE, E, and RMSSD in the
gliptin condition.

TABLE 2 VO,, HR, NPY1-36,

NPY3-36, NE, and E at rest and during Rest T

exercise in placebo and gliptin conditions. Placebo Gliptin Placebo Gliptin
VE (L/min) 12.8 +0.4 13.0+1.1 127.7 £18.0 132.0 £29.4
% VEmax - - 80.3 +£7.5 82.1+9.3
VO, (ml/min/kg) 6.2+0.9 6.2+1.2 50.6 +4.1 48.8 +10.2
% VO,max - - 98.6 +8.9 96.1 9.0
HR (bpm) 63 +7 64 +6 176 +12 181 +6
% HRmax - - 96.0 £3.0 96.9 +1.9
La (mM) 1.30.6 1.4 406 10.7 +2.4 11.9+1.8
RPE 6.1 +0.3 6.1 +£0.4 189 +£1.6 18.2 +£1.9
NPY1-36 (pM) 0.35+0.11 0.39 £0.11 2.64 £2.22 4.59 +2.98*
NPY3-36 (pM) 1.35+£0.78 0.41 £0.20 * 1.94 +0.88 0.73 +£0.22**
NE (nM) 2.00 £0.54 2.02 +0.64 8.43 +£5.29 9.79 +£5.23
E (nM) 0.23 +£0.09 0.19 £0.05 1.15 +0.96 1.37 £0.73

Note: Resting values are averaged over the 5min of rest. Exercise values are averaged over the last 30s of
exercise for VE, VOZ, and HR; and are the last blood sample before cessation of exercise for La, NPY1-36,
NPY3-36, NE, and E.

Abbreviations: E, epinephrin; HR, heart rate; La, Lactate; NE, norepinephrine; NPY, neuropeptide Y;
RPE, rate of perceived exertion; VE, minute ventilation; VO,, oxygen consumption.

*p<0.05, **p < 0.01 compared to Placebo.

As expected RMSSD decreased after exercise onset, but As expected, lactate concentration increased post-
in a comparable way between Gliptin and Placebo. During  exercise, but no differences were observed between the
recovery, RMSSD increased but did not return to basal val- Gliptin and Placebo conditions (Table 2, p = 0.07;d = 0.21,
ues within 50 min of recovery, as shown in Figure 3. paired t-test).
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4 | DISCUSSION

The main result of the present study was that saxagliptin
ingestion induced an improvement in cycling performance
at maximal intensity. The positive correlation between
the Placebo-to-Gliptin changes in time-to-exhaustion and
in peak NPY1-36 suggests that NPY1-36, by potentiating
NE, may cause this performance improvement. However,
DPP4 is involved in numerous mechanisms beyond NPY,
and the current study cannot rule out that factors we did
not measure were involved. The specific assessments of
NPY1-36 and NPY3-36 during exercise were performed
using a unique newly validated technique (Eugster
etal., 2022; Vocat et al., 2020). The present study is the first
to report saxagliptin might be used as a potential doping
agent, but caution is required because the 32% increase in
time-to-exhaustion resulted in a smaller time-trial perfor-
mance improvement and may not translate into improved
performance for elite athletes.

4.1 | Effective blockade

The large reduction in DPP4 activity demonstrated that
the administration of saxagliptin achieved effective block-
ade. Moreover, the two-week wash-out period was suffi-
cient to restore basal DPP4 activity. This blockade resulted
in a major decrease in NPY3-36 concentrations, indicat-
ing that NPY1-36 cleavage was severely blunted. In addi-
tion, at peak concentration, NPY3-36 decreased by 68%
whereas NPY1-36 concentrations increased by 51%. To
our knowledge, it is the first time that such changes have
been observed during maximal intensity exercise when
NPY1-36 release is expected to be maximal.

4.2 | Performance, NPY1-36 and NPY3-36
Performance improvement was correlated with the change
in NPY1-36 concentration under DPP4 blockade, which is
consistent with our hypothesis that increasing NPY1-36
improves maximal-intensity performance by increasing
its potentiating influences on the post-synaptic effects of
CATs. However, the present study cannot rule out the
possibility that other mechanisms are involved in this im-
provement in performance. For example, there may also
be an effect of decreased NPY3-36 concentrations during
DPP4 blockade, because a decrease in NPY3-36 concen-
tration may limit its inhibitory effect on release of NE, E,
and NPY1-36. However, since there was no significant
increase in NE or E concentrations during DPP4 block-
ade, any NPY3-36-induced inhibitory effects are likely to
have been secondary to the effects of increased NPY1-36.

Another possibility is that NE and E on the one hand and
NPY1-36 on the other, are stored in different vesicles and
their respective release is differently affected by NPY3-36
binding to pre-synaptic Y2 receptors. This idea is sup-
ported by the different time courses of plasma CAT and
NPY concentrations at the onset of submaximal exercise
(Eugster et al., 2022).

During post-exercise recovery there was a faster return
to basal NPY3-36 concentrations in the Gliptin condition
(20 vs. 50min in Gliptin vs. Placebo). Further, in accor-
dance with previous studies, NE and E concentrations
returned to baseline earlier than NPY1-36 and NPY3-36
concentrations (Eugster et al., 2022; Pernow et al., 1986),
but there was no difference between Gliptin and Placebo
conditions. Thus, it seems unlikely that Gliptin-induced
blockade of a pre-synaptic inhibitory influence on CAT
release was important during recovery.

Overall, performance would benefit from faster recov-
ery from each bout of exercise in repeated sprints and in-
termittent sports (Dupont et al., 2010). However, since the
present study investigated only one period of continuous
aerobic exercise, further investigation on intermittent ex-
ercise will be required to test the potential ergogenic effect
of saxagliptin under these conditions.

Inaddition tosaxagliptin-induced effects on NPYs, other
potential effects of DPP4 inhibition must be considered.
In particular, the potential effects of an increase in insulin
blood concentrations are relevant because saxagliptin is
prescribed for its glucoincretin effect in patients with type
2 diabetes. A better use of glucose with gliptin might in
part explain the improved performance during strenuous
exercise. It should be noted that saxagliptin was used only
twice at the therapeutic dose before the onset of exercise
in the present study. Nevertheless, future studies should
examine the extent to which the effects of performance
we have identified might reflect effects of saxagliptin on
insulin.

4.3 | Cardiovascular effects

Stimulation of B-adrenergic receptors in the cardiovascu-
lar and respiratory systems has well-described effects such
as increased heart rate and myocardial contractility and
blood flow redistribution toward skeletal muscle, as well
as bronchodilation. The present study evidenced a slight
chronotropic positive effect under DPP4 blockade with
saxagliptin which may result from the potentiating effect
of NPY1-36 on the post-synaptic effects of CATs. There
was no significant difference in RMSSD between Placebo
and Gliptin, as it would be expected because the effect on
RMSSD can be attributed to the effect of maximal exercise
intensity on vagal withdrawal (Fontolliet et al., 2018).
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There was no measure of a potential cardiac ino-
tropic effect or of changes in regional blood flow dis-
tribution in the present study, but DPP4 blockade may
have influenced these responses. Potentiation of the
post-synaptic effects of NPY1-36 on the action of CATs
on f-adrenergic receptors may have augmented cardiac
contractility, while increased potentiating effects of
NPY1-36 on the actions of CATs on vascular p-adrenergic
receptors in skeletal muscle and a-adrenergic receptors
in non-skeletal muscle vasculature may have improved
distribution to exercising muscle and away from renal
and splanchnic circulations by enhancing vasodilation
and vasoconstriction, respectively. This should be as-
sessed in future studies. On the other hand, \‘/O2 and
VCO, were unchanged under DPP4 blockade indicating
that if respiratory airflow were improved by enhanced
bronchodilation, the improvement in performance was
not due to increased VO,, which reached a plateau in
maximal intensity exercise under Placebo and Gliptin
conditions.

4.4 | Skeletal muscle effects

B-Adrenergic stimulation also improves exercise perfor-
mance through enhanced skeletal muscle contractility,
potentiation of peak force, and faster relaxation of some
muscles (Cairns & Borrani, 2015). Potential inotropic and
lusitropic effects of DPP4 blockade were not measured,
but as performance improved and VO, did not increase
during exercise, it can be speculated that increased NPY1-
36 concentrations may potentiate the inotropic effect of
CATs on skeletal muscles (Cairns & Borrani, 2015).

It is also possible that any effects of the blockade of
DPP4 we used in the present study on incretins, improved
glucose uptake and potentially increased glycolysis during
maximal exercise (Aroor et al., 2014). Oxidative phosphor-
ylation activity and mitochondrial efficiency may also be
improved although this latter point remains unexplored.
These effects would resemble the sport performance-
enhancing effects of B-adrenergic agonists such as salbu-
tamol or clenbuterol (Spann & Winter, 1995).

4.5 | Limitations

DPP4 inhibitors may have a pleiotropic action through
multiple peptides (Mulvihill & Drucker, 2014) whose
degradation blockade may not only increase NPY1-36
but also stimulate glucoincretin effects on insulin. While
insulin is a clearly identified doping agent (World Anti-
Doping Code, 2021), the present study cannot exclude
the possibility that the performance-enhancing effects we
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identified were due to effects of incretins or other mecha-
nisms rather than those attributed directly to NPYs. Thus,
future studies should assess each substrate in the context
of improved performance following gliptin ingestion.

Seven participants is a relatively small sample size but
was sufficient to demonstrate significant improvement in
performance and a significant correlation between NPY1-
36 concentration and performance. However, this pilot
study was conducted on male participants; future studies
should include female participants and larger groups at
different levels of training to test whether the presented
findings can be extrapolated.

4.6 | Clinical implication

The present study opens new perspectives about the role
of NPY1-36 and NPY3-36 during physical exercise, yet
many mechanisms remain to be elucidated. If confirmed
on elite athletes, with such diverse effects, saxagliptin
may be a potential doping agent for use in endurance
sports. From a clinical point of view, the cardiac effect of
increased NPY1-36 concentrations may open the way to
new cardiac therapy in patients with chronic heart failure
(Kalla et al., 2020).

5 | CONCLUSION

This study demonstrated that ingestion of the DPP4 antag-
onist saxagliptin, improved cycling performance at maxi-
mal intensity in healthy male individuals. This improved
performance was associated with increased plasma NPY1-
36 and decreased NPY3-36 concentrations and may be
explained by potentiating effects of NPY on the actions
of NE and E. However, future studies are needed to de-
termine the specific mechanistic effects of saxagliptin on
NPYs, incretins, and other substances that are important
in skeletal muscle and myocardium during and after exer-
cise and to confirm whether saxagliptin might be used as
a doping agent.

AUTHORS' CONTRIBUTION

Nicolas Bourdillon, Philippe J. Eugster, Céline Vocat, and
Grégoire P. Millet designed the study. Nicolas Bourdillon,
Philippe J. Eugster, Toan Nguyen, and Céline Vocat per-
formed data collection and analysis. NB prepared the fig-
ures and wrote the manuscript. Philippe J. Eugster, Eric
Grouzmann, Gregoire Wuerzner, and Grégoire P. Millet
revised the manuscript. All authors approved the final
version of the manuscript.

850807 SUOWWOD aA 8.0 (el (dde au Aq pausenob ae sejonme VO ‘@sn Jo Sa|ni Joj A%eiq)auljuO 8|1 UO (SUORIPUOO-pUe-SWLIR)AL00" A8 |Im Ae1q U [UO//:SANY) SUORIPUOD pUe SWe 1 8y} 88S *[2202/2T/zz] Uo Ariqiauliuo Ae|im ‘suuesre nog Aq STSST ZAUd/7 T8y T 0T/I0p/Wo A8 1M ARead 1 jeuljuo-00sAyd)/sdny wouy pepeoumoq ‘ez ‘Z20Z XLT8TS0Z



BOURDILLON ET AL.

8 of T .
i‘—Physwloglcal Reports g N\, Hymose
ACKNOWLEDGMENTS

Warm thanks to Carine Bardinet, Catherine Centeno,
Marielle Dunand, Dr. Erietta Polychronopoulou, and
Caroline Seghezzi for technical help, Dr. Jean-Luc
Magnin and Erwin Riedo for lactate measurements, and
Prof. Thierry Buclin for advising.

FUNDING INFORMATION
No specific grant was received for this study.

CONFLICTS OF INTEREST
The authors declare that they have no competing interests.

CONSENT FOR PUBLICATION
Not Applicable.

ETHICS STATEMENT

This study was approved by the Swiss ethics commit-
tee of Vaud, Switzerland (CER-VD, 2018-00569). All
participants provided informed written consent before
participation.

ORCID
Nicolas Bourdillon
Grégoire P. Millet

https://orcid.org/0000-0001-6791-2002
https://orcid.org/0000-0001-8081-4423

REFERENCES

Abid, K., Rochat, B., Lassahn, P.-G., Stocklin, R., Michalet, S., Brakch,
N., Aubert, J.-F., Vatansever, B., Tella, P., De Meester, 1., &
Grouzmann, E. (2009). Kinetic study of neuropeptide Y (NPY)
proteolysis in blood and identification of NPY3-35: A new pep-
tide generated by plasma kallikrein. The Journal of Biological
Chemistry, 284, 24715-24724. https://doi.org/10.1074/jbc.
M109.035253

Ali, S., & Fonseca, V. (2013). Saxagliptin overview: Special
focus on safety and adverse effects. Expert Opinion on
Drug Safety, 12, 103-109. https://doi.org/10.1517/14740
338.2013.741584

Allen, J. M., Adrian, T. E., Polak, J. M., & Bloom, S. R. (1983).
Neuropeptide Y (NPY) in the adrenal gland. Journal of
the Autonomic Nervous System, 9, 559-563. https://doi.
0rg/10.1016/0165-1838(83)90013-9

Aroor, A. R., Sowers, J. R., Jia, G.,, & DeMarco, V. G. (2014).
Pleiotropic effects of the dipeptidylpeptidase-4 inhibitors on
the cardiovascular system. American Journal of Physiology.
Heart and Circulatory Physiology, 307, H477-H492. https://doi.
org/10.1152/ajpheart.00209.2014

Bergmann, M. L., Sadjadi, S., & Schmedes, A. (2017). Analysis of
catecholamines in urine by unique LC/MS suitable ion-pairing
chromatography. Journal of Chromatography. B, Analytical
Technologies in the Biomedical and Life Sciences, 1057, 118-123.
https://doi.org/10.1016/j.jchromb.2017.04.011

Borg, G. A. (1982). Psychophysical bases of perceived exertion.
Medicine and Science in Sports and Exercise, 14, 377-381.

Cairns, S. P., & Borrani, F. (2015). f-Adrenergic modulation of skel-
etal muscle contraction: Key role of excitation-contraction

coupling. The Journal of Physiology, 593, 4713-4727. https://
doi.org/10.1113/JP270909

Davis, E., Loiacono, R., & Summers, R. J. (2008). The rush to adren-
aline: Drugs in sport acting on the beta-adrenergic system.
British Journal of Pharmacology, 154, 584-597. https://doi.
org/10.1038/bjp.2008.164

Dupont, G., McCall, A., Prieur, F., Millet, G. P., & Berthoin, S. (2010).
Faster oxygen uptake kinetics during recovery is related to
better repeated sprinting ability. European Journal of Applied
Physiology, 110, 627-634. https://doi.org/10.1007/s0042
1-010-1494-7

Ekblad, E., Edvinsson, L., Wahlestedt, C., Uddman, R,
Hakanson, R., & Sundler, F. (1984). Neuropeptide Y co-
exists and co-operates with noradrenaline in perivascular
nerve fibers. Regulatory Peptides, 8, 225-235. https://doi.
0rg/10.1016/0167-0115(84)90064-8

Eugster, P. J., Bourdillon, N., Vocat, C., Wuerzner, G., Nguyen, T.,
Millet, G. P., & Grouzmann, E. (2022). Kinetics of neuropeptide
Y, catecholamines, and physiological responses during moder-
ate and heavy intensity exercises. Neuropeptides, 92, 102232.
https://doi.org/10.1016/j.npep.2022.102232

Fontolliet, T., Pichot, V., Bringard, A., Fagoni, N., Adami, A., Tam,
E., Furlan, R., Barthélémy, J.-C., & Ferretti, G. (2018). Testing
the vagal withdrawal hypothesis during light exercise under
autonomic blockade: A heart rate variability study. Journal of
Applied Physiology, 125(6), 1804-1811.

Grouzmann, E., Buclin, T., & Biollaz, J. (2007). Gliptins. The Lancet,
369, 269. https://doi.org/10.1016/S0140-6736(07)60135-4

Hernandez-Vicente, A., Hernando, D., Marin-Puyalto, J., Vicente-
Rodriguez, G., Garatachea, N., Pueyo, E., & Bailon, R. (2021).
Validity of the polar H7 heart rate sensor for heart rate vari-
ability analysis during exercise in different age, body compo-
sition and fitness level groups. Sensors, 21, 902. https://doi.
0rg/10.3390/521030902

Hopkins, W. G., Schabort, E. J., & Hawley, J. A. (2001). Reliability
of power in physical performance tests. Sports Medicine
(Auckland, N.Z.), 31, 211-234. https://doi.org/10.2165/00007
256-200131030-00005

Kalla, M., Hao, G., Tapoulal, N., Tomek, J., Liu, K., Woodward,
L., Oxford Acute Myocardial Infarction (OxAMI) Study,
Dall'Armellina, E., Banning, A. P., Choudhury, R. P., Neubauer,
S.,Kharbanda, R. K., Channon, K. M., Ajijola, O. A., Shivkumar,
K., Paterson, D. J., & Herring, N. (2020). The cardiac sym-
pathetic co-transmitter neuropeptide Y is pro-arrhythmic
following ST-elevation myocardial infarction despite beta-
blockade. European Heart Journal, 41, 2168-2179. https://doi.
org/10.1093/eurheartj/ehz852

Lacroix, J. S., Correia, F., Fathi, M., & Grouzmann, E. (1997). Post-
exercise nasal vasoconstriction and hyporeactivity: Possible in-
volvement of neuropeptide Y. Acta Otolaryngol (Stockh), 117,
609-613. https://doi.org/10.3109/00016489709113446

Lind, H., Brudin, L., Castenfors, J., Hedner, T., Lindholm, L., &
Edvinsson, L. (1994). The effects of alpha-trinositol on haemo-
dynamic variables and neuropeptide Y levels in a pilot study of
hypertensives and healthy volunteers. Blood Pressure, 3, 242—
247. https://doi.org/10.3109/08037059409102264

Magkos, F., & Kavouras, S. A. (2004). Caffeine and ephedrine:
Physiological, metabolic and performance-enhancing effects.
Sports Medicine (Auckland, N.Z.), 34, 871-889. https://doi.
0rg/10.2165/00007256-200434130-00002

850807 SUOWWOD aA 8.0 (el (dde au Aq pausenob ae sejonme VO ‘@sn Jo Sa|ni Joj A%eiq)auljuO 8|1 UO (SUORIPUOO-pUe-SWLIR)AL00" A8 |Im Ae1q U [UO//:SANY) SUORIPUOD pUe SWe 1 8y} 88S *[2202/2T/zz] Uo Ariqiauliuo Ae|im ‘suuesre nog Aq STSST ZAUd/7 T8y T 0T/I0p/Wo A8 1M ARead 1 jeuljuo-00sAyd)/sdny wouy pepeoumoq ‘ez ‘Z20Z XLT8TS0Z


https://orcid.org/0000-0001-6791-2002
https://orcid.org/0000-0001-6791-2002
https://orcid.org/0000-0001-8081-4423
https://orcid.org/0000-0001-8081-4423
https://doi.org/10.1074/jbc.M109.035253
https://doi.org/10.1074/jbc.M109.035253
https://doi.org/10.1517/14740338.2013.741584
https://doi.org/10.1517/14740338.2013.741584
https://doi.org/10.1016/0165-1838(83)90013-9
https://doi.org/10.1016/0165-1838(83)90013-9
https://doi.org/10.1152/ajpheart.00209.2014
https://doi.org/10.1152/ajpheart.00209.2014
https://doi.org/10.1016/j.jchromb.2017.04.011
https://doi.org/10.1113/JP270909
https://doi.org/10.1113/JP270909
https://doi.org/10.1038/bjp.2008.164
https://doi.org/10.1038/bjp.2008.164
https://doi.org/10.1007/s00421-010-1494-7
https://doi.org/10.1007/s00421-010-1494-7
https://doi.org/10.1016/0167-0115(84)90064-8
https://doi.org/10.1016/0167-0115(84)90064-8
https://doi.org/10.1016/j.npep.2022.102232
https://doi.org/10.1016/S0140-6736(07)60135-4
https://doi.org/10.3390/s21030902
https://doi.org/10.3390/s21030902
https://doi.org/10.2165/00007256-200131030-00005
https://doi.org/10.2165/00007256-200131030-00005
https://doi.org/10.1093/eurheartj/ehz852
https://doi.org/10.1093/eurheartj/ehz852
https://doi.org/10.3109/00016489709113446
https://doi.org/10.3109/08037059409102264
https://doi.org/10.2165/00007256-200434130-00002
https://doi.org/10.2165/00007256-200434130-00002

BOURDILLON ET AL.

. . 90f9
§é§E§§g;ogical -V Physiological ReportsJ—

Medeiros, M. d. S., & Turner, A. J. (1996). Metabolism and functions
of neuropeptide Y. Neurochemical Research, 21, 1125-1132.
https://doi.org/10.1007/BF02532423

Mulvihill, E. E., & Drucker, D. J. (2014). Pharmacology, physiology, and
mechanisms of action of dipeptidyl Peptidase-4 inhibitors. Endocrine
Reviews, 35,992-1019. https://doi.org/10.1210/er.2014-1035

Pedrazzini, T., Pralong, F., & Grouzmann, E. (2003). Neuropeptide
Y: The universal soldier. Cellular and Molecular Life Sciences:
CMLS, 60, 350-377. https://doi.org/10.1007/s000180300029

Pernow, J., Lundberg, J. M., Kaijser, L., Hijemdahl, P., Theodorsson-
Norheim, E., Martinsson, A., & Pernow, B. (1986). Plasma neu-
ropeptide Y-like immunoreactivity and catecholamines during
various degrees of sympathetic activation in man. Clin Physiol
Oxf Engl, 6, 561-578. https://doi.org/10.1111/].1475-097x.1986.
tb00789.x

Plews, D. J., Scott, B., Altini, M., Wood, M., Kilding, A. E., & Laursen,
P. B.(2017). Comparison of heart-rate-variability recording with
smartphone photoplethysmography, polar H7 chest strap, and
electrocardiography. International Journal of Sports Physiology
and Performance, 12, 1324-1328. https://doi.org/10.1123/
ijspp.2016-0668

Riamson, R., Jiirimie, J., Jirimie, T., & Miestu, J. (2012). The effect
of 4-week training period on plasma neuropeptide Y, leptin and
ghrelin responses in male rowers. European Journal of Applied
Physiology, 112, 1873-1880. https://doi.org/10.1007/s0042
1-011-2166-y

Spann, C., & Winter, M. E. (1995). Effect of clenbuterol on athletic
performance. The Annals of Pharmacotherapy, 29, 75-77.
https://doi.org/10.1177/106002809502900114

Subrahmanyan, N. A., Koshy, R. M., Jacob, K., & Pappachan, J. M.
(2021). Efficacy and cardiovascular safety of DPP-4 inhibitors.
Current Drug Safety, 16,154-164. https://doi.org/10.2174/15748
86315999200819150544

Task Force. (1996). Heart rate variability. Standards of measurement,
physiological interpretation, and clinical use. Task Force of
the European Society of Cardiology and the north American
Society of Pacing and Electrophysiology. European Heart
Journal, 17, 354-381.

physiological
Sodiety

Vocat, C., Dunand, M., Hubers, S. A., Bourdillon, N., Millet, G. P.,
Brown, N.J., Wuerzner, G., Grouzmann, E., & Eugster, P. J. (2020).
Quantification of neuropeptide Y and four of its metabolites in
human plasma by micro-UHPLC-MS/MS. Analytical Chemistry,
92, 859-866. https://doi.org/10.1021/acs.analchem.9b03505

Wagner, L., Kaestner, F., Wolf, R., Stiller, H., Heiser, U., Manhart,
S., Hoffmann, T., Rahfeld, J.-U., Demuth, H.-U., Rothermundt,
M., & von Horsten, S. (2016). Identifying neuropeptide Y (NPY)
as the main stress-related substrate of dipeptidyl peptidase 4
(DPP4) in blood circulation. Neuropeptides, 57, 21-34. https://
doi.org/10.1016/j.npep.2016.02.007

Wabhlestedt, C., Edvinsson, L., Ekblad, E., & Héakanson, R. (1985).
Neuropeptide Y potentiates noradrenaline-evoked vasocon-
striction: Mode of action. The Journal of Pharmacology and
Experimental Therapeutics, 234, 735-741.

Westfall, T. C., Carpentier, S., Chen, X., Beinfeld, M. C., Naes, L.,
& Meldrum, M. J. (1987). Prejunctional and postjunctional
effects of neuropeptide Y at the noradrenergic neuroeffector
junction of the perfused mesenteric arterial bed of the rat.
Journal of Cardiovascular Pharmacology, 10, 716-722. https://
doi.org/10.1097/00005344-198712000-00016

World Anti-Doping Code. (2021). World Anti-Doping Agency
Stock Exchange Tower 800 Place Victoria (Suite 1700) PO Box
120 Montreal, Quebec Canada H4Z 1B7. https://www.wada-
ama.org/en/resources/world-anti-doping-program/world
-anti-doping-code

How to cite this article: Bourdillon, N., Eugster,
P.J., Vocat, C., Nguyen, T., Wuerzner, G.,
Grouzmann, E., & Millet, G. P. (2022). Saxagliptin:
A potential doping agent? A randomized, double-
blinded, placebo-controlled, and crossover pilot
study in young active men. Physiological Reports,
10, e15515. https://doi.org/10.14814/phy2.15515

850807 SUOWWOD aA 8.0 (el (dde au Aq pausenob ae sejonme VO ‘@sn Jo Sa|ni Joj A%eiq)auljuO 8|1 UO (SUORIPUOO-pUe-SWLIR)AL00" A8 |Im Ae1q U [UO//:SANY) SUORIPUOD pUe SWe 1 8y} 88S *[2202/2T/zz] Uo Ariqiauliuo Ae|im ‘suuesre nog Aq STSST ZAUd/7 T8y T 0T/I0p/Wo A8 1M ARead 1 jeuljuo-00sAyd)/sdny wouy pepeoumoq ‘ez ‘Z20Z XLT8TS0Z


https://doi.org/10.1007/BF02532423
https://doi.org/10.1210/er.2014-1035
https://doi.org/10.1007/s000180300029
https://doi.org/10.1111/j.1475-097x.1986.tb00789.x
https://doi.org/10.1111/j.1475-097x.1986.tb00789.x
https://doi.org/10.1123/ijspp.2016-0668
https://doi.org/10.1123/ijspp.2016-0668
https://doi.org/10.1007/s00421-011-2166-y
https://doi.org/10.1007/s00421-011-2166-y
https://doi.org/10.1177/106002809502900114
https://doi.org/10.2174/1574886315999200819150544
https://doi.org/10.2174/1574886315999200819150544
https://doi.org/10.1021/acs.analchem.9b03505
https://doi.org/10.1016/j.npep.2016.02.007
https://doi.org/10.1016/j.npep.2016.02.007
https://doi.org/10.1097/00005344-198712000-00016
https://doi.org/10.1097/00005344-198712000-00016
https://www.wada-ama.org/en/resources/world-anti-doping-program/world-anti-doping-code
https://www.wada-ama.org/en/resources/world-anti-doping-program/world-anti-doping-code
https://www.wada-ama.org/en/resources/world-anti-doping-program/world-anti-doping-code
https://doi.org/10.14814/phy2.15515

	Saxagliptin: A potential doping agent? A randomized, double-­blinded, placebo-­controlled, and crossover pilot study in young active men
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Participants
	2.2|Experimental design
	2.3|Procedures
	2.4|Statistics

	3|RESULTS
	4|DISCUSSION
	4.1|Effective blockade
	4.2|Performance, NPY1-­36 and NPY3-­36
	4.3|Cardiovascular effects
	4.4|Skeletal muscle effects
	4.5|Limitations
	4.6|Clinical implication

	5|CONCLUSION
	AUTHORS' CONTRIBUTION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICTS OF INTEREST
	CONSENT FOR PUBLICATION
	ETHICS STATEMENT
	REFERENCES


