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ABSTRACT

Objectives: The adipocyte-derived hormone leptin has been associated with the pathogenesis of
cardiovascular disease. The mechanisms underlying this association are unclear but may relate to effects
on the vascular endothelium. Our aim was to explore the effects of leptin on endothelial vasomotor and
fibrinolytic function in healthy volunteers and patients with coronary artery disease. Design: The vascular
effects of leptin were assessed infusing recombinant human leptin in healthy volunteers during
measuring vasomotor response by venous occlusion plethysmography. Additionally, circulating levels of
leptin were analysed in relation to endothelial dysfunction in patients with established coronary artery
disease. Results: In healthy male volunteers, intra-arterial infusion of recombinant human leptin (80, 800
and 8,000ng/min; n=10) did not affect basal forearm blood flow, plasma tissue plasminogen activator
(tPA) or plasminogen activator inhibitor type 1 concentrations (all p>0.05). However, during concomitant
co-infusion with leptin (800ng/min; n=10), drug-induced vasodilatation was reduced (p=0.001), and tPA
activity increased (p=0.002). In patients with coronary artery disease, those with the high plasma leptin
levels had reduced drug-induced vasodilatation (p<0.001), and increased net release of tPA antigen and
activity (p<0.001 and p=0.03, respectively) compared to those with low levels. The study has been
registered retrospectively at Clinical Trials with number NCT04374500. Conclusion: Intrabrachial leptin
infusion did not affect the basal vascular tone, whereas acute and chronic hyperleptinemia was associated
with blunted vasoreactivity in healthy volunteers, and in patients with coronary artery disease.

ARTICLE HISTORY
Received 25 October 2024
Revised 5 February 2025
Accepted 7 March 2025

KEYWORDS
Hyperleptinemia;
endothelium; vascular
function; cardiovascular risk;
fibrinolysis

(NO) in endothelium [7] Empirically, leptin induces release
of NO [8] and elicits endothelium-dependent vasodilation
in mice [9] whereas some studies in humans indicates that
leptin infusion exerts vasodilatation [10,11]. In contrast, leptin
induced vasoconstriction in vitro and impaired vasodilatation
in dogs [6], increases peripheral vascular resistance and vas-
cular inflammation [12], exerts sympatho-excitatory effects on
the cardiovascular system [13], increases sympathetic nervous

Introduction

High body mass index (BMI) and fat mass index are associ-
ated with increased risk of cardiovascular disease [1,2] but
the underlying mechanisms are not well understood. The adi-
pose tissue is an active endocrine gland that synthesizes and
secretes numerous bioactive mediators called adipokines into
systemic circulation [3]. Circulating level of the adipokine
leptin positively relates with the amount of body fat, and

hyperleptinemia (high plasma leptin levels) associates with
the development of atherosclerosis [4], and cardiovascular
outcomes in patients with coronary artery disease [5]. Leptin
has pleiotropic effects through the activation of specific leptin
receptors expressed, among other many tissues, in the vascu-
lar cells [6], suggesting that leptin may participate in the
development of endothelial dysfunction and atherosclerosis.
Though, the net effect of leptin on vasomotor function
remains unclear, as both vasodilation and vasoconstriction
have been reported. Leptin exerts a dual influence on blood
pressure control, with its net effect depending on the balance
between the pressor action due to the sympathoactivation and
the vasorelaxant action due to the release of nitric oxide

system (SNS) activity [14], increases endothelin-1 (ET-1) pro-
duction [15], and decreases NO bioavailability [16].

Hyperleptinemia has been associated to states of altered
fibrinolysis [17], which is common in cardiovascular disease
[18] and obesity [19]. But whether leptin directly influences
the endogenous fibrinolytic function remains unclear.

The aim of these studies was to evaluate the role of
leptin on endothelial function in humans. For this purpose,
the vasomotor and the fibrinolytic functions were assessed
in healthy men during a state of pharmacologically induced
hyperleptinemia. In a parallel study, the endothelial function
was assessed in patients with established coronary artery
disease and related to plasma leptin levels.
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Material and methods
Subjects

Seventeen healthy non-smoking male volunteers not taking
any regular medication were recruited in Umed, Sweden (Table
1). Eighty-three patients with established coronary artery dis-
ease were recruited from the cardiology outpatient clinic at
the Royal Infirmary, Edinburgh, Scotland, and the characteris-
tics of this cohort have been reported previously [20].
These patients had stable angina and had a prior angiographic
documentation of >50% luminal stenosis of at least one major
epicardial coronary vessel (Table 2). Exclusion criteria were
coronary revascularisation within three months, diabetes mel-
litus, cardiac failure (New York Heart Association grade >2 or
left ventricular ejection fraction <35%), renal impairment
(serum creatinine >200pmol/L) or systolic blood pressure
<100 or >190mmHg.

All studies were undertaken with the approval of the
local research ethics committees at the Universities of Umea
and Edinburgh respectively  (Registration = numbers
2005-150 M, at Umea University, and 2001/8/40 at Edinburgh
University). Written informed consent was obtained from
each subject, and the studies were carried out in accordance
with the Declaration of Helsinki. The study was registered
retrospectively at Clinical Trials with number NCT04374500.

The results of this study have in some detail been pre-
sented by the first author (Dr Gonzalez) in a previously
published PhD thesis (2013) from Umea University,
Sweden [21].

Venous occlusion plethysmography

Subjects abstained from alcohol for 24h and from food,
tobacco and caffeine-containing drinks for at least 4h before
each study visit. All studies were carried out in a quiet
temperature-controlled room maintained at 22-25°C. A
17-gauge (G) venous cannula was inserted into the antecu-
bital vein of each arm and the brachial artery of the
non-dominant arm was cannulated with a 27-G needle

Table 1. Baseline characteristics of healthy volunteers.

Mean (SD)
Age (years) 26.4 (5.8)
Weight (kg) 80.2 (10.6)
Height (cm) 179.1 (6.4)
BMI (kg/m?) 24.9 (2.4)
Waist circumference (cm) 84.9 (8.9)
Hip circumference (cm) 100.6 (5.1)
Waist-to-Hip (ratio) 0.79 (0.19)
Heart rate (beats/min) 59.3 (6.3)
Systolic blood pressure (mmHg) 140.3 (14.8)
Diastolic blood pressure (mmHg) 69.2 (11.1)
tPA antigen (ng/mL) 8.7 (6.0)
tPA activity (IU/mL) 0.61 (0.37)
PAI-1 antigen (ng/mL) 28.9 (28.5)
PAI-1 activity (AU/mL) 1.3 (1.6)
Leptin (ng/mL) 4.7 (3.6)
1

Values shown are means and standard deviations (SD), n=17, all males
whereof 3 males participated in both protocol 1 (n=10) and in protocol 2
(n=10).

BMI - Body Mass Index, tissue Plasminogen Activator — tPA, and Plasminogen
Activator Inhibitor type 1- PAI-1.

(Cooper’s Needle Works Ltd, UK). Bilateral forearm blood
flow was measured by venous occlusion plethysmography
using mercury-in-silastic strain gauges as previously
described [22]. Blood pressure and heart rate were measured
using a semi-automated non-invasive sphygmomanometer.
To avoid acute vasomotor effects, all medications were with-
held on the morning of each study.

Study design

Protocol 1: Leptin infusion in healthy males

In 10 healthy male volunteers, recombinant human leptin
(Sigma-Aldrich, Saint-Louis, Missouri, USA) was infused
intra-arterially at ascending doses of 80, 800 and

Table 2. Baseline characteristics of patients with coronary heart disease strati-
fied by leptin concentration.

Tertiles of
leptin

Variable Low Middle High P
Age (years) 58+7 62+6 60+8 0.11
Sex (male/female) 271 24/4 15/12 <0.001*
BMI (kg/m?) 255+24 28.7+3.1 33.3x43 <0.001*
Heart rate (beats/min) 57+8 57+11 58+9 0.82
Systolic blood pressure 133120 129+18 13717 0.32

(mmHg)
Diastolic blood pressure 74+ 11 75+11 7711 0.63

(mmHg)
Cigarette smoking (n) 13 10 12 0.53
Co-morbidity (n)

Previous MI 15 9 8 0.13

Hypertension 1" 16 17 0.18

FHx CHD 7 1 9 0.52

Hypercholesterolaemia 27 27 23 0.18
Medical Therapy (n)

Aspirin 28 28 26 0.35

Lipid lowering therapy 27 27 23 0.18

ACEi, ARB 7 9 10 0.63
Extent of coronary

disease (n)

1 vessel 12 13 9 0.60

2 vessels 7 7 6 0.96

3 vessels 8 6 1 0.29
Creatinine (umol/L) 922+11 95+15 93+15 0.83
Glucose (mmol/L) 56+0.6 57+0.8 59+1.2 0.48
Total cholesterol (mmol/L) 4.3+0.8 46+0.9 47+1.1 0.24
NT-pro-BNP (pg/mL) 140 (70-209) 223 (36-409) 154 (59-248) 036
C-reactive protein (mg/L) 1.5 (0.9-2.0) 2.0 (1.2-2.9) 2.2 (1.6-2.9) 0.06

Leptin (ng/mL) 4.1 (1.4-5.7) 9.2 (5.8-13.1) 26.3 (13.6-56.0) <0.001
Forearm blood flow (ml/100ml

tissue/min)

Infused arm 2.8+0.8 2711 27+1.0 0.99

Non-infused arm 2.8+1.1 26+1.0 26+1.1 0.98
tPA antigen (ng/mL)

Infused arm 72%25 11.5+4.7 10633 <0.001

Non-infused arm 73+23 11.6+4.5 109+3.6  <0.001
tPA activity (IU/mL)

Infused arm 0.7£0.3 0.6+0.4 0.5+0.4 0.93

Non-infused arm 0.7+0.3 0.5+04 0.6+0.4 0.93
PAI-1 antigen (ng/mL)

Infused arm 29.8+185 479%26.0 52.1+£253 0.002

Non-infused arm 326+£19.0 48.9+24.1 54.4+26.2 0.002

Values are mean=SD (95% confidence intervals) and frequencies (n).

BMI - body mass index, Ml — myocardial infarction, FHx - family history,
CHD - coronary heart disease,.

ACEi - angiotensin converting enzyme inhibitor, ARB - angiotensin receptor
blocker, BMI — Body Mass Index, tissue Plasminogen Activator — tPA, and
Plasminogen Activator Inhibitor type 1- PAI-1.

P values relate to ANOVA (continuous variables) or Chi-square (categorical vari-
ables) tests for differences between groups.

NT-pro-BNP and CRP were log transformed before analysis.



8,000ng/min (6 min each). Heart rate, blood pressure,
forearm blood flow, leptin, tissue plasminogen activator
(tPA) antigen and plasminogen activator inhibitor type
1(PAI-1) antigen concentrations were determined at the
end of each dose. Leptin infusion was well tolerated
with no detectable adverse events.

Protocol 2: Infusing vasodilators concurrently with either
leptin or saline infusion

In a double-blind randomized crossover study, ten healthy
male volunteers received intra-arterial infusions of either leptin
(800ng/min) or saline on two separate occasions with at least
2weeks between visits. Forearm blood flow was measured in
the infused and non-infused arms at baseline and at regular
intervals during the one-hour leptin/saline infusion. Thereafter
four vasodilators were infused concomitantly with intra-arterial
leptin/saline infusions; bradykinin (endothelium-dependent
vasodilator that releases tPA) at 100, 300 and 1,000 pmol/min
(Clinalfa AG, Switzerland), acetylcholine (endothelium-
dependent vasodilator that does not release tPA) at 5, 10 and
20pg/min (Clinalfa AG, Switzerland), sodium nitroprusside
(endothelium-independent vasodilator) at 2, 4 and 8pg/min
(David Bull laboratories, UK) and verapamil (endothelium-
independent vasodilator) at 10, 30, 100ug/min (Abbott UK
Ltd) for 6min at each concentration. Vasodilators were infused
in a randomized order with a 15-minute saline washout period
between each drug. Verapamil was always administered at the
end because of its long-lasting vasomotor effects. Venous blood
was obtained from the infused and non-infused arms at base-
line, before and during infusion of bradykinin, at 60min and
at the end of the study protocol. Leptin infusion was well tol-
erated with no detectable adverse events.

Protocol 3: Analyzing vasodilatation capacity in patients
with coronary artery disease

In patients with coronary artery disease (n=83), bilateral
forearm blood flow was measured before and during
intra-arterial infusions of substance P (endothelium-dependent
vasodilator that releases tPA) at 2, 4 and 8 pmol/min (Clinalfa
AG, Switzerland), acetylcholine at 5, 10 and 20ug/min (as
above) and sodium nitroprusside at 2, 4 and 8ug/min (as
above) for 6min at each concentration. Bradykinin was not
administered because many subjects were being treated with
angiotensin-converting enzyme inhibition and this markedly
potentiates its vasodilator and fibrinolytic effects [23]. The
vasodilators were administered in a randomized order with a
15-minute saline washout period between each drug. Venous
blood samples were obtained before and during intra-arterial
infusion of substance P to measure fibrinolytic markers. This
study is a post-hoc analysis of previously published work by
one of the co-authors (Robinson et al.) [20].

Venous sampling and assays

Fasting venous blood samples were drawn into tubes con-
taining acidified buffered citrate or trisodium citrate. Samples
were collected immediately onto ice and centrifuged at
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2,000g for 30min. Platelet-free plasma and serum were
stored at —80°C before assay. N-Terminal Pro-B-Type
Natriuretic Peptide (NT-pro-BNP), cholesterol and glucose
concentrations were determined according to clinical rou-
tine, and high sensitivity C-reactive protein (hsCRP) with a
highly sensitive assay using particle-enhanced immunoneph-
elometry (Behring BN II nephelometer). Plasma leptin was
measured using a double-antibody radioimmunoassay
(Millipore, Billerica, MA, USA). Intra- and inter-assay coef-
ficients of variation were less than 5% at both low (2-4ng/
mL) and high (10-15ng/mL) leptin concentrations. Plasma
tPA and PAI-1 antigen concentrations were determined
using enzyme-linked immunosorbent assays (Coaliza®,
Chromogenix AB) and plasma tPA activity using a photo-
metric method (Coatest tPA, Chromogenix AB). The coeffi-
cients of variation for fibrinolytic assays were 5.9% and 12%
for tPA antigen and activity respectively, and 6.2% for PAI-1
antigen. Estimated net release of tPA (antigen and activity)
was calculated as previously described after each dose of
bradykinin or substance P, as the product of the infused
forearm plasma flow and the difference in plasma levels
between the infused and non-infused forearms [24].

Statistical analysis

Normal distribution assumptions were checked by formal
tests and graphically, and data were In-transformed when
necessary and presented as geometric means with 95% confi-
dence intervals. Normally distributed data were presented as
means with standard errors of the mean or standard devia-
tions. Patients in protocol 3 were divided in tertiles based on
plasma leptin concentrations and characteristics between ter-
tiles were compared using analysis of variance (ANOVA) for
continuous variables, and Chi-square tests for categorical vari-
ables. Forearm blood flow, fibrinolytic variables, plasma leptin
concentrations and blood pressure were analysed using
ANOVA with repeated measures, or with the non-parametric
Friedman or Wilcoxon rank sum tests where appropriate.
Changes in forearm blood flow in protocol 2 were further
analysed with a linear mixed model analysis, and the model
included a random intercept to correct for the dependency of
repeated measurements within subject, and the fixed factors
were time (increasing concentrations of the vasoactive sub-
stance), infusion (leptin or saline) and the time-by-infusion
interaction, and was adjusted for order of leptin and saline,
and for differences at baseline. The associations between
plasma leptin concentrations and baseline variables were
assessed with Spearman’s correlation analysis in protocol 3.
Data were analysed using SPSS v26 (IBM Corp, Somers,
NY, US) and GraphPad Prism (GraphPad Software, California,
USA) with statistical significance taken as two-sided p<0.05.

Results
Protocol 1: Leptin infusion in healthy males

Baseline plasma leptin concentrations in the infused arm
were 7.7 [1.8] ng/mL (mean [SEM]) and these increased
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to 11.4 [2.2], 32.9 [7.2] and 171.5 [15.0] ng/mL following
infusion of recombinant leptin at 80, 800 and 8,000ng/
min respectively (p<0.001; Supplementary Figure SI).
Plasma leptin concentrations in the non-infused arm
changed from 6.5 [1.4] ng/mL to 5.4 [1.3], 6.0 [1.5], and
11.7 [1.8] ng/mL respectively during contralateral leptin
infusion (p=0.004).

Heart rate, systolic blood pressure, and diastolic blood
pressure did not change during infusion of leptin (p=0.95,
0.86 and 0.14, respectively).

Leptin infusions did not alter forearm blood flow in the
infused or in the non-infused arms (p=0.62 and p=0.49,
respectively; Supplementary Figure S2), nor did they affect
plasma tPA antigen (from 8.7 [0.9] to 8.0 [1.2] ng/mL,
p=0.71), tPA activity (from 0.55 [0.11] to 0.52 [0.11]
IU/mL, p=0.76) or PAI-1 antigen (from 26.8 [5.7] to 26.1
[5.9] ng/mL, p=0.90) concentrations.

Figure 1. Forearm blood flow responses during co-infusion of leptin.

Protocol 2: Infusing vasodilators concurrently with
either leptin or saline infusion

During continuous intra-arterial infusion of leptin at 800ng/
min, plasma leptin concentrations increased in the infused arm
from 4.1 [0.8] ng/mL at baseline to 32.6 [4.5] at one hour and
remained elevated at 13.1 [1.2] ng/mL by the end of the infu-
sion (p<0.001). Plasma leptin concentrations also increased in
the non-infused arm from 3.7 [0.9], ng/mL at baseline to 5.7
[1.1] and 5.8 [0.8] ng/mL, respectively (p<0.001).

Heart rate, diastolic blood pressure and systolic blood pres-
sure did not change during infusion of leptin (p=0.35 to 0.97)
or during infusion of arterial vasodilators (p=0.74 to 0.99).

Forearm blood flow in the infused arm was not affected by
leptin or saline over the first 60min (time p=0.39, infusion
p=0.89, interaction p=0.91), but increased in a dose-dependent
manner during infusion of both endothelium-dependent and
-independent vasodilators (p<0.001 for all; Figure 1). When

Infused (continuous) and non-infused (dashed) forearm blood flow during incremental doses of bradykinin, acetylcholine, sodium nitroprusside and verapamil with

co-infusion of leptin (®) and saline (o). Values shown are means+ SEM.

Dose response for all vasodilators (linear mixed model, p <0.001), bradykinin (ANOVA, p=0.07) leptin (e) versus saline (o), acetylcholine (ANOVA, p=0.64) leptin
(®) versus saline (o), sodium nitroprusside (ANOVA, p=0.009) leptin (®) versus saline (o), and verapamil (ANOVA, p=0.03) leptin (®) versus saline (o).
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Table 3. Fibrinolytic variables stratified for leptin/saline co-infusion.
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Saline Leptin
Baseline 1h 3h 6h Baseline 1h 3h 6h P1 P2 P3
tPA antigen 5.9 5.0 4.2 33 5.9 47 3.6 4.0 0.72 0.43 0.80
(ng/mL) (3.1-11.1) (2.7-9.1) (2.1-8.0) (1.6-6.8) (3.0-11.7) (2.2-10.1) (1.5-8.5) (2.1-7.5)
tPA activity 0.47 0.41 0.86 1.20 0.72 0.63 0.85 1.43 0.25 0.10 0.47
(IU/mL) (0.22-0.99)  (0.19-0.87) (0.57-1.30) (0.83-1.73)  (0.50-1.03) (0.48-0.83)  (0.69-1.05) (1.24-1.67)
PAI-1 antigen 253 13.6 8.6 8.8 12.8 11.5 6.1 5.9 0.06 0.03 0.27
(ng/mL) (13.4-48.0) (6.1-30.3) (4.8-15.5) (3.0-25.8) (6.4-25.6) (7.0-19.0) (3.9-9.6) (4.0-8.5)
PAI-1 activity 0.91 0.30 0.21 0.15 0.44 0.21 0.15 0.13 0.05 0.07 0.84
(AU/mL) (0.40-2.04)  (0.08-1.05) (0.09-0.49) (0.04-0.64) (0.16-1.17) (0.06-0.66)  (0.07-0.32)  (0.06-0.27)

Values shown are geometric means (95 % confidence intervals). Fibrinolytic variables were measured before and after 1 and 3 h of infusion of saline or leptin and
after 6h. In a 2-way ANOVA analysis, effect of time, infusion (saline or leptin) and interaction were tested. P1=P time, P2=P Infusion, and P3=P Interaction.
Plasminogen Activator Inhibitor type 1- PAI-1, and tissue Plasminogen Activator — tPA.

Table 4. Fibrinolytic variables and net-release during bradykinin infusion stratified for leptin/saline co-infusion.

Saline Leptin
Bradykinin (pmol/min) 0 100 300 1000 0 100 300 1000 P1 P2 P3
tPA antigen (ng/mL)
Infused arm* 5.0 (2.7-9.1) 58 6.4 9.9 4.7 (2.2-10.1) 5.8 6.1 9.4 0.22 0.61 0.99
(3.4-9.8) (3.7-10.9) (7.3-13.4) (3.3-10.3)  (3.5-10.4)  (5.5-16.3)
Non-infused arm* 4.8 (2.5-9.2) 4.8 4.1 5.7 4.7 (2.2-10.0) 44 44 4.7 0.97 0.54 0.77
(2.6-8.7) (2.0-8.3) (3.3-9.7) (2.3-8.5) (2.3-8.4) (2.4-9.1)
Net tPA antigen —0.1 3.8 11.2 28.2 —0.3 5.9 8.7 38.7 <0.0001 0.40 0.42
release (-21-19)  (-1.5-9.1) (-0.3-22.8) (15.8-40.7) (-1.6-1.0) (2.2-9.7) (2.6-14.7)  (11.9-65.6)
tPA activity (IU/mL)
Infused arm* 0.41 1.28 1.91 3.20 0.63 2.20 2.41 3.89 <0.0001 0.002 0.61
(0.19-0.87) (0.74-2.22) (1.38-2.65) (2.62-3.92) (0.48-0.83) (1.76-2.73)  (1.99-2.93) (3.05-4.96)
Non-infused arm* 0.63 0.60 0.88 1.44 0.74 0.99 1.16 1.51 0.009 018 0.72
(0.37-1.08) (0.25-1.47) (0.54-1.43) (1.09-1.91) (0.62-0.89) (0.84-1.17) (0.98-1.38) (1.30-1.74)
Net tPA activity -0.19 3.97 7.31 14.25 -0.14 5.21 7.44 2034 <0.0001 0.23 0.47
release (-0.52-0.14) (2.05-5.89) (4.10-10.32) (11.22-17.28) (-0.26-[-0.02]) (3.01-7.41) (4.50-10.39) (7.30-33.37)

Values shown are (*geometric) means (95 % confidence intervals).

Fibrinolytic variables were measured in infused and non-infused arm before and under increasing doses of bradykinin, and net release was calculated. In a 2-way
ANOVA analysis, effect of dose (bradykinin), infusion (saline or leptin) and interaction were tested. P1=P time, P2=P Infusion, and P3=P Interaction. Plasminogen

Activator Inhibitor type 1- PAI-1, and tissue Plasminogen Activator — tPA.

the responses during the four vasodilatators were considered
together and adjusted for differences at baseline, there was a
clear reduction in vasodilatation during leptin co-infusion
(p=0.001), although this response was not consistent across all
vasodilators [bradykinin (p=0.07), sodium nitroprusside
(p=0.009), acetylcholine (p=0.64) and verapamil (p=0.03)].

During the study, plasma concentrations of tPA antigen
and tPA activity did not change (p=0.72 and p=0.25 respec-
tively) and were unaffected by infusions (p=0.43 and p=0.10
respectively; Table 3). Plasma tPA activity concentrations
increased during bradykinin infusions in both infused and
non-infused arms (p<0.0001 and p=0.009 respectively) and
tPA activity was increased during co-infusion with leptin
compared to saline (p=0.002; Table 4). Net release of tPA
antigen and activity however did not differ between leptin
or saline co-infusions (p=0.40 and p=0.23 respectively).

Protocol 3: Analyzing vasodilatation capacity in patients
with coronary artery disease

Patients had a range of cardiovascular risk factors and med-
ications in keeping with their diagnosis of coronary artery
disease (Table 2). Body mass index and sex differed between
tertiles with more obese subjects and females in the highest
tertile. There were no differences in the distribution of

cardiovascular risk factors or in the severity of coronary
artery disease between tertiles. Plasma leptin concentrations
correlated with body mass index (r=0.73, p<0.001),
C-reactive protein (r=0.26, p=0.02) as well as with basal
concentrations of tPA (r=0.41, p<0.001) and PAI-1 antigen
(r=0.42, p<0.001).

Resting arterial pressure and basal forearm blood flow
did not differ between tertiles. All three vasodilators caused
dose-dependent increases in infused forearm blood flow
(p<0.001). However, patients with the highest leptin con-
centrations had lower responses to acetylcholine (p=0.004),
substance P (p<0.001) and sodium nitroprusside (p=0.02;
Figure 2).

Substance P caused a dose-dependent increase in the
plasma concentrations of tPA antigen and activity (both
p<0.001). The estimated net release of both tPA antigen
(p<0.001) and activity (p=0.03) was greatest in the highest
tertile of plasma leptin (Figure 3). These associations
remained when analyses were restricted to either male or
female subjects (data not shown).

Discussion

This study shows that acute and chronic hyperleptinemia
are associated with reduced vasodilatation in healthy
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Figure 2. Forearm blood flow responses across leptin tertiles.

Infused (continuous) and non-infused (dashed) forearm blood flow during
incremental doses of acetylcholine (top), substance P (middle) and sodium
nitroprusside (bottom) for the highest (), middle (x), and lowest (o), tertiles
of plasma leptin. Values shown are means+SEM.

*p=0.004, ANOVA (e) versus (o), tp<0.001, ANOVA (e) versus (o), and
$p=0.02, ANOVA (e) versus (o).

volunteers and in patients with coronary artery disease. But
an active involvement of leptin on the endogenous endothe-
lial system cannot be demonstrated, as increasing doses of
leptin did not evoke any vasomotor response. This is in
accordance with previous observations in animal models
(dogs), in which direct intracoronary infusion of leptin at
physiologic and supra-physiologic concentration ranges did
not affect coronary blood flow [6]. On the contrary, in vitro
studies [8,9], and in vivo studies in Japanese men, demon-
strated leptin-induced vasodilatation in coronary [10] and
peripheral (brachial) vessels at physiological levels represen-
tative for obese subjects (41ng/mL) [11]. In this study with
healthy Swedish males, similar and higher levels (protocol 1
and 2) did not evoke any vasodilatation. This discrepancy
could be related to ethnicity and leptin sensitivity, as basal
leptin levels were much lower in Japanese men (BMI 21.3kg/
m? leptin 2.6 ng/mL) than in Swedish men (BMI 24.9kg/m?%
leptin 4.7ng/mL). In the light of these results, we postulate
that the net hemodynamic effect of leptin at physiological
(and supraphysiological) conditions is neutral, supporting
the theory of the “counteracting effect of leptin” in which
the (in vitro) demonstrated vasodilatory effects of leptin
could be counterbalanced by simultaneous vasopressive
leptin-associated mechanisms [25].

In protocol 3, drug-induced vasodilation was diminished
in the highest leptin tertiles, a finding in line with earlier
research by Singhal et al. which demonstrated that elevated
leptin levels are associated with impaired vascular function,
independent of metabolic and inflammatory disturbances
[26]. This suggests that hyperleptinemia may contribute
directly to endothelial dysfunction. Mechanistic insights pro-
vide a potential explanation for this association. Korda et al.
showed that elevated leptin levels lead to a reduction in
nitric oxide (NO) bioavailability by inducing endothelial
nitric oxide synthase (eNOS) uncoupling, a process driven
by increased eNOS expression and reduced intracellular
l-arginine concentrations [16]. This imbalance promotes the
production of reactive oxygen species (ROS), such as super-
oxide (O,) and peroxynitrite (ONOO"), instead of NO, con-
tributing to oxidative stress and endothelial dysfunction.
Furthermore, eNOS uncoupling is recognized as a major
underlying mechanism of endothelial dysfunction in vascu-
lar diseases. By exacerbating oxidative stress and further
diminishing NO production, it significantly impairs vascular
function [27]. These findings align with our results and sup-
port the hypothesis that hyperleptinemia-induced eNOS
dysfunction underlies the vascular impairments observed in
this study.

In our interventional studies (protocol 1 and 2), the
effect of leptin on drug-induced vasodilation in healthy sub-
jects was limited to endothelium-independent responsive-
ness to SNP and verapamil, given that endothelium-dependent
responsiveness (in particular to acetylcholine) was not sig-
nificantly different during saline or leptin co-infusion. This
observation argues against a direct mechanistic role of acute
hyperleptinemia in endothelial dysfunction.

Leptin is a pro-inflammatory cytokine that modulates the
production of pro-inflammatory cytokines, such as tumor
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Estimated net release of tissue plasminogen activator (tPA) antigen (left), and tPA activity (right), for the highest (), middle (x), and lowest (o), tertiles of plasma

leptin. p<0.001, dose response for substance P. Values shown are means+ SEM.
*p<0.001, ANOVA (e) versus (o), and Tp=0.03, ANOVA (e) versus (o).

necrosis factor-alpha and interleukin-6, primarily regulating
the production of C-reactive protein (CRP) in the liver [28].
CRP has been independently associated with decreased
endothelium-dependent and -independent vasodilation in
the elderly [29]. In our study, circulating CRP neither dif-
fered among leptin tertiles (Table 2, protocol 3), nor
increased following leptin infusion in protocol 2.

Leptin evokes an early activation of the sympathetic ner-
vous system (SNS) [30], leading to reduced vascular reactiv-
ity, increased vasoconstrictor tone or decreased NO
availability [31]. Recently, obesity induced hypertension has
been explained through leptin-mediated activation of sym-
pathetic ganglia and carotid body glomus cells [14]. In our
study, acute leptin infusion in healthy subjects and patients
with chronic hyperleptinemia was associated with blunted
vasodilatation without changes in blood pressure or heart
rate. This absence of such changes does not necessarily rule
out a sympathetic involvement. In rodents, acute leptin infu-
sion increased overall sympathetic outflow with no increase
in blood pressure or heart rate [32] and, in mice, Wang
et al. demonstrated significant impairment of endothelium-
dependent vasorelaxation mediated by SNS activity [33].
Furthermore, Machleidt et al. showed that vasoconstrictor
muscle sympathetic nerve activity in healthy men increased
within 20min after an intravenous bolus of leptin without
any effects on blood pressure and heart rate [34].

Another possible mediator of leptin-induced vasocon-
striction is endothelin-1 (ET-1). Schinzary et al. demon-
strated that leptin stimulates both ET-1 and nitric oxide
activity in lean subjects but not in obese subjects. As in our
study, exogenous leptin infusion did not alter basal forearm
blood flow. But, a concomitant administration of BQ-123
(an ET-1 receptor antagonist) and leptin increased vasodila-
tation, indicating a possible role of ET-1 in leptin-mediated

impaired vasodilatation [35]. This effect was absent in obese
individuals suggesting leptin resistance.

Hyperleptinemia has been associated with high levels of
PAI-1 and tPA antigen in combination with low tPA activity
[17], i.e. a state of dysfibrinolysis. In our study, patients with
chronic hyperleptinemia and cardiovascular showed increased
levels of endothelial net tPA release (a marker of endogenous
fibrinolysis capacity). This reflects a state of endothelial “acti-
vation” and vascular inflammation [36] that can trigger local
thrombus formation [12]. In contrast, this finding was not
demonstrated in healthy men, and acute pharmacologically
induced hyperleptinemia did not alter the local net tPA release.

Limitations of this study

The results of protocol 3 might have been influenced by the
different sex composition of the 3 tertiles. Thus, the highest
tertile of leptin plasma concentration included significantly
more women (Table 2) and this imbalance might have
affected the results. However, the prevalence of traditional
cardiovascular risk factors including glucose and cholesterol
levels, medications, and the extent of coronary heart disease
did not differ between tertiles.

Furthermore, increased sympathetic activity and ET-1 could
explain the blunted drug-induced vasodilation following leptin
infusion, but we did not investigate these pathways in our stud-
ies. Finally, leptin levels were significantly higher in the
non-infused arm following the highest dose of exogenous leptin,
indicating a possible systemic spillover of the peptide that may
have affected the results through sympathetic activation.

These studies were performed in 2006, but the to the
best of our knowledge, similar studies exploring the effects
of leptin on vasodilatation have not been presented.
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Conclusion

Acutely induced hyperleptinemia did not affect basal vascu-
lar tone, whereas in healthy men drug-induced vasodilata-
tion was reduced and tPA activity increased. High leptin
levels associated with blunted drug-induced vasodilatation
and increased net tPA release in men and women with cor-
onary artery disease. Taken together, these findings suggest
that hyperleptinemia is associated with indirect effects on
endothelial function possibly by sympathetic activation. This
may be one mechanism explaining the increased risk for
coronary artery disease associated with obesity. However, we
cannot infer a causal association between hyperleptinemia
and endothelial dysfunction.
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