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Abstract

Background and Objective: Hyperleptinemia is supposed to play a causal role in the devel-
opment of obesity-associated hypertension, possibly via increased sympathetic tone. Hence
patients with congenital leptin deficiency should be hypotensive and their low blood pressure
should increase under leptin substitution. Subjects and Methods: To test this assumption, we
examined ambulatory blood pressure, resting heart rate, Schellong test results, cold pressor
test results, heart rate variability, catecholamine metabolites, and aldosterone levels in 6 pa-
tients with congenital leptin deficiency before as well as 2-7 days and 7-14 months after the
start of leptin substitution. Ambulatory blood pressure was also examined in 3 patients with
biallelic disease-causing variants in the leptin receptor gene. Results: Contrary to our expec-
tations, even before leptin substitution, 1 patient with biallelic leptin receptor gene variants
and 4 patients with leptin deficiency had been suffering from hypertension. Short-term sub-
stitution with leptin increased blood pressure further in 3 out of 4 patients (from 127.0 £ 11.7
to 133.8 + 10.6 mm Hg), concomitant with an increase in resting heart rate as well as in heart
rate during the Schellong test in all patients (from 87.6 + 7.7 t0 99.9 + 11.0 bpm, p = 0.031, and
from 102.9 + 13.5t0 115.6 £ 11.3 bpm, p = 0.031, respectively). Furthermore, the systolic blood
pressure response during the cold pressor test increased in 4 out of 6 patients. Unexpect-
edly, catecholamine metabolites and aldosterone levels did not increase. After long-term
leptin substitution and weight loss, the resting heart rate decreased in 4 out of 6 patients
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compared to baseline, and in all patients below the heart rate seen immediately after the start
of therapy (from 99.9 + 11.0 to 81.7 £ 5.4 bpm; p = 0.031). Conclusions: These results show
that obesity-associated hypertension does not depend on the presence of leptin. However,
short-term leptin substitution can increase the blood pressure and heart rate in obese humans
with leptin deficiency, indicating that leptin plays at least an additive role in obesity-associat-
ed hypertension. The mechanisms behind this are not clear but might include an increase in

regional sympathetic tone. © 2019 The Author(s)
Published by S. Karger AG, Basel

Introduction

Along with the epidemic of obesity, obesity-related comorbidities have risen consid-
erably as well. One major concern is obesity-associated hypertension, which is an important
cause of cardiovascular morbidity and mortality [1].

Various mechanisms leading to the obesity-associated increase in blood pressure have
been suggested, including mechanical compression of the kidney [2], endothelial dysfunction
[3], overactivation of the renin-angiotensin system [4], elevation of aldosterone levels [5],
and increased sympathetic tone [6, 7]. Despite intensive research, it is not fully clear how
obesity triggers these changes. Several population studies have indicated that obesity-induced
hyperleptinemia might be an important mediator of some of these pathogenic processes, as
leptin levels have been shown to correlate closely to blood pressure [8, 9].

Leptin is an adipocyte-derived, circulating hormone with various endocrine and para-
crine effects mediated via a specific leptin receptor. Leptin levels depend on the nutritional
status, with higher plasma levels in obese persons than in lean subjects [10]. The most prom-
inent effect of leptin is appetite control [11], but it is has become increasingly clear that
leptin also influences sympathetic tone and blood pressure independently of food intake.
This has been shown not only in the abovementioned population studies but also in experi-
mental studies. Intravenous application of leptin to healthy normal-weight men leads to an
acute rise in muscle sympathetic nerve activity [12]. In lean rats, intravenous infusion of
leptin [13-15], selective injection of leptin into the brain [16-19], or site-specific activation
of leptin receptors in the dorsomedial hypothalamus [20] dose-dependently increases
sympathetic nerve activity in various tissues [14, 16-19] with a concomitant increase in
mean arterial blood pressure [13, 15, 17-20]. In addition to influencing blood pressure via
a rise in sympathetic nervous activity, leptin has been shown to also achieve this via an
increase in aldosterone levels and impaired endothelial function, especially in female mice
[21].

In rodents with diet-induced obesity, inhibition of leptin receptors or deletion of these
receptors significantly decreases the heart rate and systolic blood pressure [20, 22]. In accor-
dance with these data, leptin-deficient ob/ob mice [20, 23] and leptin-resistant db/db mice
[20] show a significantly lower mean arterial blood pressure than weight-matched diet-
induced obese mice. Similar observations have also been made in humans with congenital
leptin deficiency (CLD), who showed some evidence for sympathetic dysfunction [24] and
slightly lower spontaneous blood pressure compared to age- and BMI-matched controls [20].
However, in the latter study, no influence on spontaneous blood pressure was seen under
substitution with human recombinant leptin (data not provided) [20]. To our knowledge, no
further examinations in patients with CLD have been performed so far.

Based on the abovementioned experimental results, we hypothesized that obesity-asso-
ciated hypertension depends on sufficient leptin levels. We also hypothesized that leptin
substitution in humans with CLD will increase blood pressure, maybe via an increase in
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sympathetic tone. To test this, we performed detailed examinations with a wide panel of
methods in a cohort of patients with CLD before and after substitution with human recom-
binant leptin (metreleptin).

Subjects and Methods

Four patients with classic CLD [25, 26], which is characterized by absence of leptin in the
circulation, and 2 patients with CLD due to bioinactivity of the hormone [27] agreed to partic-
ipate in the study. As published previously, patients with bioinactive leptin are biologically leptin
deficient and hence show the same phenotype as patients completely lacking leptin [27, 28].
Therefore, they will all be subsumed under CLD in this report. All 6 patients were offered the
same examinations directly before substitution with metreleptin (Myalepta; Aegerion Pharma-
ceuticals, Cambridge, MA, USA) as well as 2-7 days (short-term) and 7-14 months (long-term)
after the start of substitution. Due to typical outpatient conditions, however, not all measure-
ments could be conducted on all patients, as some patients did not tolerate all examinations.

In addition, ambulatory blood pressure measurements were performed on 3 patients
with nonfunctional leptin receptor due to biallelic disease-causing variants in the leptin
receptor gene.

Anthropometric Assessment and Body Composition

The subjects were examined in light pants, a vest, and no shoes. Body weight was measured
to the nearest 0.1 kg on a calibrated balance beam scale (Seca, Hamburg, Germany). Body
height was measured to the nearest 0.1 cm (Ulmer Stadiometer; BUSSE Design+Engineering,
Ulm, Germany). Body mass index (BMI) values were calculated as weight (in kilograms)
divided by height (in meters) squared. BMI z-scores were calculated using German reference
values, because for these reference values, z-scores for adults can be calculated [29]. When
calculating World Health Organization BMI z-scores for the children [30], slightly lower
z-scores were obtained but with the same trend. Body fat mass was assessed by dual-energy
X-ray absorptiometry (Lunar Prodigy Primo; GE Healthcare, Munich, Germany).

Laboratory Measurements

Blood samples were obtained after an overnight fast by venous puncture. Blood plasma
for metanephrine and normetanephrine analysis was frozen directly after withdrawal and
analyzed later, whereas aldosterone analyses were performed directly. All examinations
were performed by standard methods. Age-related reference values were obtained from the
instructions of the commercial analysis.

Blood Pressure Measurements

Spontaneous blood pressure (mm Hg) was measured with a calibrated blood pressure
monitor (Dinamap™; Critikon, GE Healthcare) on the right arm while the patients were sitting
for at least 5 min. For continuous daytime ambulatory blood pressure measurements, blood
pressure was measured every 30 min during daytime with ABD monitors, version 2.6
(Spacelabs Healthcare, Snoqualmie, WA, USA), or GE TONOPORT V analysis CardioSoft v6.51
(GE Healthcare) on the right arm. The cuff widths amounted to at least 40% of the upper arm
circumference. The subjects were instructed to perform their daily activities as usual, but to
remain still with their arm extended and relaxed during each blood pressure measurement.
The results were evaluated according to the 2016 European Society of Hypertension guide-
lines for children and adolescents [31]. In case of hypertension, secondary hypertension was
ruled out according to these standards [31].
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Heart Rate during Resting

Both before the Schellong test and before the cold pressor test, the heart rate was
measured after 10, 12, and 15 min of resting. A mean was calculated for each patient from
these values.

Schellong Test

Blood pressure and heart rate were measured after 10, 12, and 15 min of resting. The
average results of these measurements were compared to measurements every minute while
standing for 10 min.

Cold Pressor Test

Blood pressure and heart rate were measured after 10, 12, and 15 min of resting. The
average results of these measurements were compared to measurements after 30-s and 60-s
immersion of the right arm (hand up to the elbow) in cold water (4 °C).

Heart Rate Variability

Heart rate variability (HRV) was recorded in the morning after an overnight fast in a
resting position during a 5-min ECG recording using BIOPAC MP150 data acquisition and an
analysis system with AcqKnowledge software (BIOPAC Systems Inc., Goleta, CA, USA). The RR
interval time series were extracted from the BIOPAC electrocardiogram data using Kubios
HRV software (Mindfield Biosystems Ltd., Gronau, Germany). This software provides
frequency domain parameters calculated by Welch’s/Lomb-Scargle periodogram and AR
spectrum estimates in absolute units or normalized (relative value of each power component
in proportion to the total power minus the VLF component; see instructions of the manufac-
turer). Time and frequency domain HRV analyses were realized with algorithms written in
MATLAB software (MATLAB release 2012b; MathWorks, Natick, MA, USA). The short-term
HRYV analysis was performed based on a standard approach [32] in both the time and the
frequency domain.

Statistical Analysis

For the descriptive statistics, means and standard deviations (SD) were used. The Quade
test was used as a pretest to identify significant changes under metreleptin substitution. This
test was only used if a complete data set for the variable per patient was available. If the result
of the Quade test was statistically significant, intrapatient differences before and after
metreleptin substitution were analyzed with a Wilcoxon signed-rank test. For both tests, a
p level <0.05 (two-sided) was considered as statistically significant. Statistical analysis was
performed using Excel and the software R 3.0.3 (March 6, 2014; R Core Team, 2014) and
RStudio version 0.98.982 (RStudio, 2014).

Results

Basic Data on the Patients with CLD

Patient 1 was of Austrian origin, patients 2-4 of Pakistani origin, and patients 5 and 6 of
German origin. The patients were 6.3-34.9 years old. They were all obese, but their BMI
z-scores varied from 2.3 to 4.7 before metreleptin substitution (Table 1). Three patients
presented with dyslipidemia, 3 patients had elevated transaminase levels consistent with
hepatic steatosis, and 2 patients had increased fasting insulin levels (Table 1). No patient
received any further medication prior to or during metreleptin substitution.
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Table 1. Participants’

0,
demographical data " %
Gender Male 20 10.0
Female 180 90.0
Marital status Single 64 32.0
Married 134 67.0
Others 2 1.0
Nationality Arab 15 7.5
Filipino 85 42.5
Indian 92 46.0
Others 8 4.0
Level of education Diploma 14 7.0
Bachelor’s 170 85.0
Master’s 16 8.0
Pain management education Yes 125 62.5
No 75 37.5
Age, years (mean * SD) 35.43+8.134
Experience, years (mean * SD) 11.88+6.289

All patients were treated with a metreleptin dose of 0.03 mg/kg lean body weight/day
(based on the results of dual-energy X-ray absorptiometry). Under substitution with
metreleptin, their eating behavior and satiety changed instantaneously [27]; however, the
change in BMI z-score within the first week was no more than 0.1 (Table 2). Over the follow-
ing 7-14 months of substitution, the overall decline in BMI z-score ranged from 0.4 to 1.8
(Table 2). For 3 patients (patients 1, 3, and 4) this led to a reduction in BMI z-score close to
or below 2 (World Health Organization cutoff for obesity; Table 2).

Continuous Daytime Ambulatory Blood Pressure Monitoring

Before metreleptin substitution, 2 patients (patients 1 and 2) showed a normal blood
pressure (Table 2). In the other 4 patients, more than 50% of the documented single systolic/
diastolic blood pressure measurements and also the average systolic and diastolic blood
pressure lay above the 95th percentile for height and gender indicating hypertension
(Table 2).

Short-Term Changes (n = 4)

After 2-4 days of metreleptin substitution, the average systolic and diastolic ambulatory
blood pressure increased in 3 out of 4 patients (Fig. 1A1, A2, B; Table 2). The maximum
daytime values of systolic blood pressure and heart rate increased in all 4 patients (the mean
max. systolic blood pressure for these 4 patients increased from 175 + 30 to 197 + 29 mm Hg;
the mean max. heart rate increased from 133 + 23 to 174 = 21 bpm; individual data not
shown).

Long-Term Changes (n = 4)

After 7-11 months of metreleptin substitution, the average systolic and diastolic blood
pressure rose above baseline in 2 patients (patients 2 and 5), despite a decrease in BMI
z-score of 0.5 and 1.1, respectively (Fig. 2A; Table 2). In the 2 patients whose BMI z-score was
lowered close to or below 2 within these 11 months (patients 3 and 4), the average systolic
and diastolic blood pressure values fell below baseline (Fig. 2B; Table 2).
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Fig. 1. Short-term changes under metreleptin substitution. The graphic shows intra-individual changes in
ambulatory BP measurements (A1, A2), resting heart rate (B), heart rate during the Schellong test (C), sys-
tolic BP response during the cold pressor test (D), and systolic BP during the Schellong test (E) under 2-7
days of metreleptin substitution. White circles represent the status before, and black squares represent the
status after, 2-7 days of metreleptin substitution. BP, blood pressure.

Heart Rate during Resting

Short-Term Changes (n = 6)

Within 3-7 days of metreleptin substitution, the resting heart rate measured prior to the
Schellong test and prior to the cold pressor test increased before both tests in all patients
(Fig. 1B; Table 2). The mean resting heart rate of the whole group increased significantly from
87.6 £7.7t099.9 + 11.0 bpm (p = 0.031; Table 2).
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Fig. 2. Long-term changes in ambulatory daytime systolic BP under metreleptin substitution. The graphic
shows intra-individual changes in ambulatory daytime systolic BP measurements compared to changes in
BMI z-scores in the patients who remained morbidly obese (BMI z-score >3 and BMI >35 kg/m? in the adult
patient; A) or in the patients who came close to or below a BMI z-score of 2 (World Health Organization cut-
off for overweight in children; B). The bars represent BMI z-scores, and points connected by lines represent
the mean ambulatory systolic BP. BP, blood pressure.

Long-Term Changes (n = 5 [Schellong Test], n = 6 [Cold Pressor Test])

After 7-14 months of metreleptin substitution, concomitant with a mean decrease in BMI
z-score 0f 0.9 £ 0.5 (Table 2), in 4 out of 6 patients the resting heart rate fell below the baseline
value (from 87.6 = 7.7 to 81.7 £ 5.4 bpm; p = 0.094; Table 2), and in all patients below the
heart rate seen immediately after the start of therapy (from 99.9 + 11.0 to 81.7 + 5.4 bpm;
p =0.031; Table 2).

Schellong Test

Before metreleptin substitution, patient 3 showed a true orthostatic dysregulation with
a fall in diastolic blood pressure greater than 10 mm Hg within the first 3 min after standing
up, and patients 2 and 4-6 had a pronounced systolic blood pressure drop of more than 20
mm Hg. Patient 1, however, had a normal response to the Schellong test (Table 3).

Short-Term Changes (n = 6)

Within 3-7 days of metreleptin substitution, the average heart rate while standing
increased in all 6 patients compared to baseline; however, this was not significant in the
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Quade test (Fig. 1C; increase in mean heart rate from 102.9 + 13.5 to 115.6 + 11.3 bpm; p >
0.05 in the Quade test; Table 3) and the average systolic blood pressure while standing
increased in 4 out of 6 patients (Fig. 1E) - again not significantly in the whole group (from
103.8 £9.7 to 104.5 £ 8.9 mm Hg; p > 0.05 in the Quade test; Table 3). There was no consistent
change in maximum blood pressure drop (Table 3).

Long-Term Changes (n =5)

After 7-14 months of metreleptin substitution, compared to baseline there was no
consistent change in average heart rate while standing or in average systolic blood pressure
(Table 3). However, in 4 out of 5 patients, the maximum drop in blood pressure decreased
compared to baseline - though this change was not significant (mean systolic blood pressure
drop in those 5 patients before substitution: -21.3 # 12.4 mm Hg; after long-term substi-
tution: -13.0 = 7.8 mm Hg; p > 0.05 in the Quade test; Table 3).

Cold Pressor Test

Before substitution, 4 out of 6 patients (patients 1-4) with CLD showed a low response
to cold water, with a rise in systolic and diastolic blood pressure of less than 10 mm Hg (Table
3) [24, 33]. In contrast, patients 5 and 6 showed a normal or even exaggerated response to
the test, especially in diastolic blood pressure increase, as seen in other patients with hyper-
tension [33].

Short-Term Changes (n = 6)

In 5 out of 6 patients, the systolic blood pressure response (increase in systolic blood
pressure from resting to cold water exposure) increased (Fig. 1D; Table 3). However, in the
youngest patient, who hardly tolerated the test, a pronounced reduction in response was
seen, rendering the results nonsignificant (before substitution: 5.7 + 8.5 mm Hg; after substi-
tution: 7.2 £ 10.1 mm Hg; p > 0.05 in the Quade test; Table 3). The maximum heart rate during
exposure to cold water rose in 5 out of 6 patients, again without significant difference in the
whole study sample (mean max. heart rate: from 96.3 + 15.5to 107.3 + 18.2 bpm; p > 0.05 in
the Quade test; Table 3).

Long-Term Changes (n = 6)

After 7-14 months of metreleptin substitution, no consistent change in maximum heart
rate or blood pressure response compared to baseline was observed (Table 3), but the
maximum heart rate fell below the heart rate seen immediately after the start of substitution
in 5 out of 6 patients (after 3-7 days of substitution: 107.3 + 18.2 bpm; after 7-14 months of
substitution: 90.3 + 9.6 bpm; p > 0.05 in the Quade test; Table 3).

Heart Rate Variability

Short-Term Changes (n = 5)

In 4 out of 5 patients, total HRV - measured as the standard deviation of the normal-to-
normal interval (SDNN) - decreased, while it increased in patient 6 (mean SDNN: from 32.1 +
7.1 to 35.1 £ 13.1; p > 0.05 in the Quade test; Table 4). The (normalized) high-frequency
component (HFn(AR), HFn(Welch), HF(AR), and HF(Welch); Table 4) also decreased in 4 out
of 5 patients, while the (normalized) low-frequency component (LFn(AR), LFn(Welch),
LF(AR), and LF(Welch); Table 4) and also the quotient (LFHFn(Welch)) increased in 3 out of
5 patients (1.75 * 1.5 vs. 1.78 + 1.4; p > 0.05 in the Quade test; individual data not shown).

In general, vagal activity is the major contributor to the (n)HF component, and also
increases HRV. In contrast, sympathetic influence is associated with decreased HRV. The
(n)LF component is influenced by both parasympathetic and sympathetic nervous tone,

KARGER



10

© 2019 The Author(s). Published by S. Karger AG, Basel

www.karger.com/ofa

Obes Facts

Facts

The European Journal of Obesity

DOI: 10.1159/000501319

von Schnurbein et al.: Leptin Deficiency and Hypertension

‘[EAI9)UI [EULIOU-0}-[EULIOU 9} JO UOI}LIAIP PJepuels ‘NNJS ‘UOeIAdp paepuels ‘qs Juauodwod Aousanbaiy-mof pazijeuriou ‘U, usauoduwod Lousanbaay-ySiy pazijeuriou ‘ujy

€0 T0 20 T'LIT 976 2'e6l q'Zs T'1g 5’89 LT0 020 220 LT0 020 220 't T'el 'L
FE0 ¥20 F€0 FLY8E FYILY F6'LT9 FLYIC FO0'161 F¥'SSC 9’0 FSS'0  FESO FYS'0 FSY0  FLYO ¥8'6v FI'SE FI'CE ds ¥ uesy
90 €0 7’0 S'L9¢C L'798 291 1'eee 150 870 890 670 Z2S0 €0 0'9% T°'LS 8'C¢ 9 juaned
00 <0 T0 8108 0’618 2°L9C Sv9€ 7E0 280 280 99°0 810 810 A 0'1¢ 6'LC G jusned
10 00 L9LE 0'SLY L6l  8€LC 920 950 970 YL 0 4\ S0 8¢S 1WA a4 ¥ yuaned
€0 20 9'009 ¥'09¢ 2827 T'19¢ 0 990 €970 850 ¥€0 LY'0 L0S 9°6¢ 7'8€ €uaned
10 S0 89¢r V29 TZST  97%ST LL0 €20 LT0 €20 LLO €80 9% 9'S¢ T'6C Zuaied
T usned
SUJUOWI }99M SY99M  SUIUOW  H99M SHI99M  SUIUOW  N99M  SYO9M  SUYIUOUWI  O9M SHI99M  SYIUOW  HI99M  SHo9M  SYIUOW  I9M  SYIam
YI-L 3IST 0 Y=L IsT 0 Y=L ST 0 Y1i-L ST 0 Y1i-L ST 0 Yi-L ST 0
7/10wu 1/1owd 1/1owd
‘du0.193s0p[e ‘sauriydauelauLiou ‘sauriydauelowt (yoremludt (yreMm)uiy NNAS
SjJUdWIINSEIW A10)BI0qE] Aj[iqeriea ajel 11esy syusned

uonmnsqns unds[aiow Jopun sjusaWLINSEIUW A103e10qE] pUR A)I[IqELIBA 9)BI 1IBaY Ul Saduey) & a|qel

KARGER



FQCZLS Obes Facts
The European Journal of Obesity DOI: 10.1159/000501319 © 2019 The Author(s). Published by S. Karger AG, Basel
www.karger.com/ofa

von Schnurbein et al.: Leptin Deficiency and Hypertension

and an increased LF/HF ratio indicates an increased sympathetic influence and a reduced
vagal influence [32].

Thus, although none of the changes reached significance, the results indicate a tendency
towards a lowering of the parasympathetic influence and an increase in the sympathetic
influence.

Long-Term Changes (n = 5)

After 7-11 months of metreleptin substitution, HRV — measured as the SDNN - increased
compared to baseline in all 5 patients; however, this was not significant (before substitution:
32.1 £ 7.2; after substitution: 49.8 + 3.2; p > 0.05 in the Quade test; Table 4). Both the high-
frequency and the low-frequency component increased compared to baseline in all patients -
however, this was confirmed neither in the normalized components (Table 4) nor in the LF/
HF ratio (data not shown).

Laboratory Changes

Short-Term Changes (n = 5)

The metanephrine values fell slightly in 2 out of 3 patients, and did not change in 1 patient
(Table 4). In normetanephrine levels and aldosterone levels, no consistent changes were seen
(Table 4).

In mice, leptin elicits a stronger increase in aldosterone levels in females than in males
[21]. However, the change in aldosterone levels in our cohort was not higher in the female
patients than in the male patients (-0.2 + 0.16 vs. 0.1 = 0.02 nmol/L; Table 4).

Long-Term Changes (n = 2)

Long-term values were only available for 2 patients (patients 5 and 6). The metanephrine
and normetanephrine levels went down in both patients (Table 4). There were no consistent
changes in aldosterone (Table 4).

Findings in Patients with Disease-Causing Leptin Receptor Gene Variants

At the time of the continuous daytime ambulatory blood pressure measurement, the
patients were aged 6 years (patient 1, male, BMI z-score 3.9, homozygous for a deletion of
exon 4-20 [NM_001003679.3]), 9 years (patient 2, male, BMI z-score 3.4, homozygous
for the established disease-causing variant NM_002303.5:c.2051A>C p.[His684Pro]),
and 15 years (patient 3, female, BMI z-score 5.3, compound heterozygous for an
ENST00000349533:¢.2227T>C p.[Ser743Pro] variant, and a novel 13-bp splice site
deletion ENST00000349533:¢.2598-3_2607delTAGAATGAAAAAG) [34].

All 3 patients showed elevated ambulatory blood pressure measurements with an
average systolic blood pressure and/or at least 50% of the single systolic blood pressure
measurements above the 90th percentile for gender and height (mean systolic blood pressure
of all patients: 136.9 + 10.8 mm Hg; data not shown).

In patient 1, the average systolic and diastolic blood pressure and more than 50% of the single
systolic and diastolic blood pressure measurements lay even above the 95th percentile for gender
and height indicating hypertension (mean blood pressure of this patient: 152/100 mm Hg).

Discussion
In this study, we examined in a detailed analysis the influence of leptin deficiency and

leptin substitution on blood pressure and heart rate in humans with CLD. Our first hypothesis
was that leptin is an essential driver of obesity-associated hypertension. In patients with
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common obesity, leptin levels correlate positively with increased blood pressure [8, 9].
Because patients with common obesity are resistant to the anorexic effect of leptin, the
concept of a selective leptin resistance has been developed in parallel to the idea of a selective
insulin resistance [35, 36], implying that rising leptin levels continue to increase blood
pressure while exerting no effect on satiety. Consistent with this idea, it has been observed
that intracerebroventricular injection of leptin in diet-induced obese mice fails to suppress
appetite while causing a dose-dependent increase in renal sympathetic nerve activity and
blood pressure comparable to that in lean mice [37]. Similar observations have been made in
genetically leptin-resistant Agouti Yellow mice [36]. The mechanisms behind this selective
leptin resistance might entail site-specific selective leptin sensitivity in differential brain
regions [20] and/or selective in/activation of distinct leptin signal transduction pathways
[38, 39].

If a selective leptin resistance exists also in obese humans, elevated leptin levels could be
responsible for obesity-associated hypertension. In that case, we would expect our patients
with a complete lack of functionally active leptin to have low blood pressure despite their
obesity. Contrary to our expectations, however, 4 out of the 6 patients displayed hypertension
at baseline. In addition to our cohort with CLD, we had the chance to examine 3 patients with
a nonfunctional leptin receptor, and also of these patients, 1 patient fulfilled the criteria for
hypertension. To our knowledge, this is the first report proving - via the gold standard of
ambulatory blood pressure examination - that patients with CLD or a nonfunctional leptin
receptor can in fact have hypertension. This finding is important, as it contradicts the idea
that leptin signaling is necessary for obesity-induced increases in blood pressure [20]. None-
theless, our finding is in accordance with a study by Brown et al. [40], who, in a cohort of 107
patients with lipodystrophy, found that one-third of them suffered from hypertension while
having very low leptin levels.

Since we can show that hyperleptinemia is not essential for obesity-associated hyper-
tension, other mechanisms must play an important role. As stated above, various pathways
have been suggested, such as mechanical compression of the kidney [2], endothelial
dysfunction [3], overactivation of the renin-angiotensin system [4], elevation of aldosterone
levels [5], and increased sympathetic tone [6, 7], all of which might occur independently of
hyperleptinemia.

Our next hypothesis was that even if leptin is not essential for hypertension, substitution
might still be able to raise the blood pressure, possibly via an increased sympathetic tone.
Here, the effect of short-term metreleptin substitution is of special interest, since the results
of these examinations are not yet confounded by the weight loss seen in the long-term exam-
inations. In all patients, the mean resting heart rate and the mean heartrate during a Schellong
test increased after short-term metreleptin substitution. In addition, in 4 out of 5 patients,
HRVand the HF componentof HRV (both parameters of parasympatheticinfluence) decreased,
whereas the maximum heart rate during a cold pressor test increased in 5 out of 6 patients.
These indicators of increased sympathetic influence were accompanied by an increase in
maximum daytime systolic and diastolic blood pressure in all the examined patients, as well
as in mean systolic and diastolic ambulatory blood pressure in 3 out of 4 patients.

Taken together, our results indicate that metreleptin substitution in patients with CLD
can increase the heart rate and blood pressure (at least in some patients). Theoretically, this
might be due to an increased sympathetic tone, as has been demonstrated for leptin-deficient
ob/ob mice [20], but we did not see a concomitant increase in plasma catecholamine metabo-
lites - on the contrary, those tended to decrease. This does, however, not completely rule out
an increased sympathetic influence, since not in all population studies, weight gain with
increased leptin and blood pressure values has been accompanied by increased plasma cate-
cholamine levels [40]. Based on this observation, it has been suggested that regional sympa-
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thetic nervous activity (e.g., of the kidney) might be more important for leptin’s influence on
blood pressure than a systemic increase in catecholamines [41] - data which are supported
by the fact that renal denervation can lower blood pressure in treatment-resistant hyper-
tension [42].

[t is also conceivable that leptin increases the heart rate and blood pressure by mecha-
nisms independent of sympathetic tone. One possible mechanism could be a direct effect of
leptin on the heart, since it has been shown that at least in rats, myocytes (including those of
the sinus node) express leptin receptors [43]. However, low-dose leptin [43] or leptin infusion
under adrenergic blockade [15] leads to a lowering of the heart rate instead of an increase.

Ithas also been proposed that for blood pressure regulation by leptin there exists a sexual
dimorphism. For female mice, it has been shown that, in contrast to male mice, the leptin-
mediated increase in blood pressure is more strongly influenced by increased aldosterone
levels than by raised sympathetic tone [21]. However, in our results we did not see any female-
specific rise in aldosterone levels under metreleptin substitution. Taken together, we do not
know by which mechanism short-term leptin substitution increased the resting heart rate in
all of our patients, and blood pressure in some of them.

Under long-term treatment, a considerable weight loss was achieved. Concomitant with
this weight loss, the increased heart rate sank; the average heart rate during resting even
decreased below baseline values in 4 out of 6 patients. Despite the weight loss, the blood
pressure of those patients who remained morbidly obese increased further, thereby indi-
cating that leptin may indeed have an additive effect on obesity-associated hypertension.
Since this increase in blood pressure was accompanied by a decrease in heart rate, it seems
unlikely that this blood pressure increase is mediated via an increased sympathetic tone.

In contrast to this increase in blood pressure in the 2 severely obese patients, the blood
pressure of the 2 patients who came close to being only overweight, or even normal weight,
remained stable or decreased - despite the fact that the metreleptin substitution remained
unchanged in all patients (0.03 mg/kg lean body weight). The same effect has been observed
in ob/ob mice, in which metreleptin substitution initially leads to increases in blood pressure
and heart rate, which diminish over time in accordance with a normalization of their body
weight [20]. Since neither in CLD patients nor in ob/ob mice leptin levels are regulated by
body adiposity, the link between improved weight and diminished blood pressure cannot be
attributed to falling leptin levels, implying that other factors translate reduced weight into
reduced blood pressure levels.

Strengths and Limitations

The main strength of our study is that we were able to examine changes in blood pressure
and heart rate in a cohort of patients that was fairly large given the extreme rarity of CLD. In
addition, we applied a wide panel of methods to be able to detect even a subtle influence of
metreleptin.

Limitations of our study include that all examinations were performed under outpatient
clinic conditions and we were, for example, unable to measure breathing rate during HRV. In
addition, not all examinations were tolerated by all patients. Furthermore, because most of
the patients were children, measurement of muscle sympathetic nerve activity was considered
too invasive. These pediatric patients may also have been more excited during the beginning
of their visit with us (hence, before metreleptin substitution), which might have increased
theirheartrateand blood pressure prior to metreleptin substitution. Itis therefore remarkable
that in most patients we still see an increase in heart rate and blood pressure after the
beginning of metreleptin substitution.
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Conclusions

Our results indicate that short-term metreleptin substitution can raise the heart rate and
blood pressure not only in mice but also in obese humans lacking functional leptin. Therefore,
it seems possible that leptin indeed plays a relevant role in human obesity-associated hyper-
tension. This effect might be mediated via a regional sympathetic influence or by yet unknown
mechanisms. More importantly, however, we were able to demonstrate that the development
of hypertension in obese patients does not depend on the presence of leptin. This suggests
that obesity-associated hypertension is caused by an intricate interwoven network of regu-
lators among which leptin seems to have only an additive effect.
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