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Abstract

Sleep restriction is now considered to be a worldwide epidemic, as over 20% of people around
the world are sleep deprived. Although sleep deprivation is now an overlooked feature of modern
societies, it entails considerable adverse effects on physiological systems, one being energly
homeostasis. A corpus of research has demonstrated that leptin, a key hormone that conveys the
body’s energy status to the brain, decreases after sleep restriction, which may partly account for
the associated alteration in body metabolism; however little information is available regarding
the underlying physiological mechanisms. The aim of the present study was to investigate the
diurnal serum profile of both leptin and its soluble receptor - SOB-R - before and after acute
sleep restriction. Five healthy adult females (20-30 years old; BMI 22-26) were maintained on
an 8-hour sleep/wake schedule (bedtime at 12:00 AM) for one week [baseline or control (C)
period]. This was followed by 2 consecutive nights of a 4.5-hour nocturnal sleep opportunity
[sleep restriction (SR), bedtime at 3:30 AM]. Throughout the duration of the study, sleep
parameters were objectively measured using wrist actigraphy and participants were asked to keep
a food and sleep diary. For the determination of circulating free hormone and soluble receptor
levels, blood and saliva samples were collected from each subject at 4-hour intervals (starting
8:00 AM) on the days before and following SR. Results showed that the diurnal serum levels of
free leptin and sOB-R were out-of-phase (discordant) with respect to each other before and
following SR. Leptin levels were significantly elevated in the early morning, mid-afternoon, and
midnight; while sOB-R levels were high around noontime and late evening. SR did not affect
the diurnal serum pattern of both free hormone and its receptor, but rather altered their average
daily concentrations. That is, SR caused a significant decrease in circulating free leptin levels

(SR, 20.94 + 1.71 ng/ml vs. C, 25.71 + 1.71 ng/ml; P <0.01) and a concomitant increase in



sOB-R levels relative to baseline (SR, 24.39 + 1.21 ng/ml vs. C, 19.79 + 1.643 ng/ml; P <0.01).
These findings may suggest that SR works on modulating circulating free leptin levels, and thus
its regulatory role on body metabolism (or jenergy homeostasis), via regulating sOB-R levels.
The putative regulatory role of leptin on its soluble receptor may have valuable implications on
therapeutic approaches that may consider sOB-R as a potential target for countering body weight

disorders and metabolic disturbances associated with disturbed sleep.

Key words: adult females, circadian rhythnj, energy homeostasis, leptin, metabolism, sleep

deprivation, sOB-R. !
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I. Introduction



Energy homeostasis is a crucial yet delicate process modulated by several systems and
hormones. It is defined as the coordination between energy input, mainly food intake, and energy
output or expenditure. A recent study conducted by Penev put forward the notion that sleep loss
incurs additional metabolic costs, an expenditure previously not emphasized [8]. Therefore, any
alteration in sleeping patterns, such as sleep restriction, might disturb the energy balance of the
body and, subsequently, the levels of hormones involved in tissue metabolism. Sleep restriction,
as defined by the National Sleep Foundation, is less than 7 hours of sleep per night for the
average adult. Driven by the demands of daily life, most people find it challenging to sleep for
more than 6 hours, making most adults at risk of developing metabolic diseases due to the
jeopardized energy homeostatic system. One of the main hormones which convey the status of
the body’s energy stores is leptin, a 16kDa adipokine mainly secreted by white adipose tissue in
response to increased energy intake and which is pleiotropic in nature [9]. Leptin is also referred
to as a satiety hormone as it suppresses appetite [2]. A corpus of scientific literature has
demonstrated that leptin levels decrease after sleep restriction [8,42 ]. However, the cause of
such dampening of hormone concentration has not been elucidated. Although leptin regulators
are many, one main regulator is its own soluble receptor (sSOB-R) [25]. sOB-R, a product of the
alternative splicing of the diabetes gene-db-, was recently identified as the main leptin-binding
protein in human blood and is crucial for leptin’s biological action [30]. Previous studies have
shown that sOB-R followed a significant circadian rhythm inverse to that of leptin [27] and that
it modulates the bioavailability of leptin by stabilizing this 16 kDa protein and preventing its
clearance from the blood. sOB-R may also bind leptin in order to prevent its attachment to
membrane-bound receptors, thereby restricting the initiation of a full cell signaling pathway [7].

Given that sleep restriction affects leptin levels and alters energy homeostasis, the underlying






leptin-mediated mechanisms on tissue metabolism, such as body weight and metabolic syndrome
problems, associated with disturbed sleep remain to be elucidated. Therefore, the present study
investigated the effect of acute sleep restriction on circulating free leptin and sOB-R levels and
their diurnal serum patterns. This is to test the hypothesis that sleep restriction reduces the
bioavailability of free leptin at specific times of day via increasing the levels and diurnal
expression of its soluble receptor in the blood. This will add to our understanding of the adaptive
homeostatic mechanisms that may underlie the body's neuroendocrine response to changes in
energy needs incurred by extended wakefulness (i.e. diminished sleep duration). This may also
have valuable therapeutic implications, in tjllat it may place sOB-R as a potential drug target in

certain metabolic pathways, such as obesity, type 2 diabetes and metabolic syndrome.



II. Literature Review



The Biology of Leptin

Leptin is a key hormone of the body’s hunger-satiety system and is; therefore, a mediator of
long-term regulation of energy balance [2]. It is released primarily by white adipose tissue and
centrally, mainly on the hypothalamus, to inhibit food intake, hence its anorexigenic role [3].
Leptin was discovered in 1994 at Jackson’s laboratories after the identification of the 0b gene in
ob/ob mice [1]. This preceded a study by Coleman [2] at the same laboratory where obesity in
mice was reported in littermates at 4-6 weeks of age. Affected mice exhibited a continuous
increase in body weight (would weigh around 4 times more than their normal counterparts),
hyperglycemia, and sterility. The offspring of heterozygote mating marked a 3:1 ration,
indicative of a recessive gene which was called the 0b gene. Coleman used parabiosis, a
technique which allows animals with different physiologies or genetics to be conjoined and to
share their blood supply, to further elucidate the genetic metabolic basis underlying obesity in
the Jackson’s mice in order to determine the nature of the obese mice found in Jackson
Laboratories[3]. Accordingly, he showed that an 0b/0b mouse joined with a wild type mouse
would result in a significant decrease in the appetite and weight of the obese mouse without any
adverse effects on the normal mouse. Coleman’s study demonstrated that the ob mouse was
deficient in a “satiety” factor that was part of the metabolic pathways regulating energy balance.
This factor or hormone encoded by the 0ob gene was later designated by Friedmann et al. [1] as
leptin.

Leptin, a 16 kDa product of the 0b gene localized on chromosome 7q31, is a 167 amino acid o-
helical type 1 cytokine, mainly produced by adipocytes of white adipose tissue [4]. It is also
produced, to a lesser extent, by several other organs, such as brown adipose tissue, placenta,

ovaries, and stomach. This hormone is an important metabolic signal that has been implicated in



the central and peripheral regulation of energy homeostasis. In humans, circulating leptin
concentrations are responsive to acute changes in energy balance resulting from change in
caloric intake, fat mass, and sleep duration [8]. Leptin acts on the hypothalamus to convey
information regarding the body’s energy stores, the central effect of which is suppression of
appetite or hunger (thus limiting food intake) [9]. Specifically, the hormone binds to two
neuronal populations implicated in energy homeostasis and which are located in the arcuate
nucleus (ARC) that, in turn, projects axons to the lateral hypothalamic area (LHA). These ARC
cells include the pro-opiomelanocortin(POMC)/cocaine and amphetamine-related transcript
(CART) neurons. Leptin binding to these neurons increases the biosynthesis of their respective
neurotransmitters which, in turn, generates an anorectic signal through alpha-melanocyte
stimulating hormone (a-MSH) [10]. Leptin also binds to the agouti-related protein
(AgRP)/neuropeptide Y (NPY) neuronal populations in the hypothalamus to inhibit the
expression of the orexigenic signals NPY and AgRP, thus signaling satiety [10].

In addition to its role in the central regulation of the appetite-satiety system, leptin was also
found to act on hypothalamic excitatory neuropeptides, referred to as hypocretins or orexins,
which have potent wake-promoting effects [11]. The neuroendocrine relationship mediating
sleep/wake behavior and leptin secretion was further investigated by Simon et al. [12] who
showed that sleep per se affected circulating leptin levels; subjects put on enteral nutrition
exhibited an increase in nocturnal leptin levels, an increase which was previously attributed to
day-time meal ingestion. This pivotal finding triggered other studies in the field to examine the
physiological relationship between sleep and energy regulation. This is an intriguing area of
research given the fact that the worldwide sleep duration has decreased by one to two hours

during the second half of the 20™ century [34] and that the incidence of obesity has



concomitantly doubled [14].

Leptin has been also implicated in the endocrine control of peripheral tissue metabolism. It
binds to its receptors on pancreatic B-cells to regulate insulin secretion [35], namely through
inhibiting it [36]. Insulin regulates leptin, mainly by stimulating leptin’s synthesis and
secretion. These two hormones also have antagonistic effects: insulin acutely stimulates
lipogenesis while decreasing lipolysis, whereas leptin exerts opposite effects. The abnormal
accumulation of triglycerides in non-adipose tissues caused by excessive lipogenesis leads to
a detrimental state known as lipotoxicity. The latter may be reversed by leptin, making it a
potential therapeutic agent for lipodystrophy syndrome [43]. Leptin also acts on skeletal
muscles to stimulate free fatty acid oxidation [37]; on adipose tissue to inhibit insulin-
mediated glucose uptake, glycogen synthase activity, and lipogenesis[38]; and on the liver to

inhibit insulin binding to hepatocytes [39] and glucagon-activated cAMP production [40].

Leptin Receptors Mediate Leptin Action

Leptin acts on its different target tissues using different receptor isoforms. The discovery of
leptin receptor also came from studies on a mutant mouse strain and parabiotic experiments
[1,2]. In 1966, another mutation occurred in an inbred mouse strain [C57BLKS/J, a widely used
mouse model of non-insulin dependent (type 2) diabetes] at Jackson laboratories. In this study,
the mice (called db/db mice) were diabetic, hyperphagic, fat, and would not survive on a low
calorie diet . The results of the parabiotic experiments of the db/db mice were contradictory to
those of 0b/ob: when db/db mice were parabiosed to a normal mouse, the normal mouse lost a
dramatic amount of weight, became hypoglycemic, and died within fifty days of the surgery;

whereas, the mutant animal was resistant to the endogenous factor produced by the normal



mouse [2,3]. These experiments suggested that the 0b gene encodes a soluble factor that
circulates in blood, whereas the db gene encodes its receptor. Shortly after 0b sequencing and the
designation of its protein product as leptin, the leptin receptor gene in humans was identified
using an expression library, and then mapped to the db locus localized on chromosome 1p [16].
The leptin receptor is a member of the class I cytokine receptor family [17]. It is expressed in,
at least, four variants in human tissue and in, at least, five splice variants (ObRa-€) in mice, all of
which share the first 805 amino acids [18]. The longest and most ubiquitous form of these
receptors (ObRD) is the only one capable of initiating the full signaling pathways that involve
kinase-induced phosphorylation of proteins, including JAK2/STATS3, erbB2, ERK, IRS1 and
rho/rac, as it is the only receptor identified in humans that has an intact intracellular domain
[19,20]. The shortest form, Obre (or the soluble leptin receptor - SOB-R - as called in humans) is
a soluble binding protein that has no transmembrane or cytoplasmic domains and represents the
main leptin-binding activity in human blood. This soluble receptor, which circulates in two
different N-glycosylated isoforms (as a dimer or in an oligodimerized state) [21], is generated in
humans by ectodomain shedding of membrane-bound receptor forms via metalloprotease-
mediated cleavage [22]. Thus, no mRNA for a splice form encoding the sOB-R has been
detected to-date [23]. Serum leptin binds reversibly to its soluble receptor in a 1:1 ratio [24],
which is thought to modulate steady-state leptin levels by forming a complex with free leptin in
the circulation, thus preventing hormone degradation and clearance from the blood [25]. Given
that high sOB-R levels are present in the blood of lean individuals who [26], due to their
decreased amount of adipose tissue, have low levels of leptin, it reinforces the hypothesis that

sOB-R may act as a potential reservoir of bioactive leptin.



The Diurnal Blood Profile of Leptin and sOB-R: Relationship with Sleep Duration

Leptin and sOB-R show an out-of-phase circadian variation, with leptin levels being relatively
high during the later hours of the day night (as opposed to early hours) [8]. Furthermore, sOB-R
is shown to a follow a circadian rhythm identical to that of cortisol which tends to be relatively
high during daytime [27]. Sleep restriction studies on human subjects demonstrated an effect of
sleep duration on blood leptin levels. In one study, 6 days of sleep restriction 4 hours of sleep
resulted in an average decrease of leptin levels and daily rhythm amplitude by around 20% , and
a concomitant increase in cortisol levels [8]. The decrease of free leptin following sleep
restriction has been widely described in the literature, however the exact physiological
mechanisms by which sleep duration affects leptin levels and, hence, cellular metabolism,
remain unclear.

Sleep duration appears to affect the concentration of free leptin via several mechanisms. One
pathway employs the autonomic nervous system whereby increased sympathetic nerve activity
appears to mediate the effect of short sleep duration on decreased leptin levels [28]. This
proposed neural mechanism; however, is controversial since other related studies failed to
confirm the concept of regulatory feedback inhibition of the hormone’s release by the
sympathetic nervous system [29]. Another plausible mechanism considers the interaction
between sleep duration and the hypothalamus-pituitary-adrenal (HPA) axis activity as to affect
leptin release. This is manifested by the increased secretion of cortisol following sleep
restriction, which reflects an increased activity of the HPA-axis in response to stress (resulting

from short sleep duration) [41]. The endocrine changes (such as increased cortisol and decreased



leptin levels) that accompany the stress response have an important adaptive purpose: they favor
metabolic pathways that provide extra energy supplies to body tissues in anticipation of a fight-
or-flight response. It is well-documented that the HPA axis is leptin-sensitive; leptin appears to
act on the hypothalamus to inhibit cortisol release [31,32,33], despite findings on the effect of

cortisol on leptin secretion have not been consistent in the literature.

Many neuroendocrine pathways appear to be involved in leptin regulation which is quite intricate
and complex. Among these, the soluble leptin receptor (SOB-R) is the main regulator of leptin
levels and this regulation is bidirectional. An increase in blood leptin levels is accompanies by a
decrease in SOB-R and vice versa [33]. The increase in sOB-R that accompanies decreased leptin
levels serves to 1) delay the clearance of leptin from the circulation since unbound (free) leptin is
subject to quick degradation in the blood and 2) limit the transport of unbound leptin into the
brain tissue through the blood-brain barrier (BBB) [25]. These safeguarding mechanisms help
prevent the adverse physiological effects that may ensue as a result of low leptin levels knowing
that leptin is involved in the regulationand modulation of several biological processes. These
include energy homeostasis [34], angiogenesis [35], bone growth [36], cardiovascular function

[37], and inflammatory response {38].

Despite the growing number of studies that have investigated the biological mechanisms that
mediate the effects of short sleep duration on leptin release, none has looked at a potential
accompanying change in sOB-R blood profile. Based on the knowledge that leptin regulates its
own soluble receptor as to maintain energy homeostasis, the aim of the present study was to

investigate the effect of acute sleep restriction on the diurnal variation of sOB-R blood levels and

10



to test the hypothesis that acute sleep restriction causes curtailment of blood leptin via altering
the diurnal rhythm (the phase and/or amplitude) of its soluble receptor - sOB-R-. Understanding
the impact of short sleep duration on the sOB-R levels may help elucidate, in part, the
physiological mechanisms by which sleep restriction alters energy homeostasis and mediates the

associated body weight and metabolic problems that emanate from insufficient sleep.
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I1I. Materials and Methods



Subjects

Five healthy females gave informed consen}t to participate in this study, approved by the
Institutional Research Board at Notre Daméc University-Louaize. All participants were recruited
from the Zouk Mikael area and met the following inclusion criteria: female; 2030 years of age;
non-smoker; non-alcoholic drinker; exhibitéd habitual daytime activity (i.e., no shift-work); had
not travelled over 3 or more time zones within 6 weeks prior to the study; had habitual sleep
duration of at least 7-8 h/night and no freqﬁent daytime naps; had no history of health disorders
(e.g. eating, sleep, metabolic, endocrine, reproductive disorders, or any other health/lifestyle
condition that is known to affect sleep pattérns), and had no ongoing hormone treatments.
Professional and semi-professional athletes%were, also excluded due to potential disruptions in
menstrual cycles. All participants did not sﬁffer from obesity and were all within the BMI range

22-26. Participants kept a food and sleep diary.

Experimental Protocol

Subjects were maintained on an 8-hour sleep/wake schedule (bed-wake times 12:00 AM - 8:00
AM, EST) for one week prior to the experilﬁental period. This week constituted the baseline
[control (C)] period before subjecting paﬂi(%ipants to 2 nights of restricted sleep [experimental
period (SR), bed-wake times 3:30 AM — 8:00 AM, EST]. Throughout the duration of the study,
all subjects followed a weight-maintaining diet consumed at the following average time points (+

30 min): breakfast, 9:00 AM; lunch, 3:00 PM; and dinner, 7:00 PM.

Blood and Saliva Sampling

Timed blood and saliva samples were collected from each subject on the days before and

following the 2 nights of sleep restriction [control or baseline (C) vs. sleep restriction (SR),

13



respectively). Fluid sampling occurred at the following time points: 8:00 AM, 12:00 PM, 4:00
PM, 8:00 PM, and 12:00 AM. Blood was drawn using a medium-flow BD Microtainer Contact-
activated Lancet(Microtainer Cat#366593) and drops were collected in 0.5 ml K2E K2EDTA
tubes (Minicollect Item # 450532), centrifuged at 1000g for 15 minutes and stored at -20°C for
later analysis of leptin and soluble leptin receptor (sOB-R) blood concentrations. Saliva samples
were collected upon awakening using the passive drooling technique and stored at -20°C for later

analysis of cortisol levels.

Sleep Recording and Body Fluid Analysis

Sleep was polygraphically recorded during the baseline night and the 2 nights of SR using the
Fitbit Charge 2. The recordings were scored at 20-sec intervals in stages wake, I, II, 111, IV, and
REM (rapid eye movement) according to standard criteria. Sleep onset and final awakening were
defined as the time corresponding to the first and last 20-sec interval scored II, III, IV, or REM.
The following parameters were determined: sleep period (i.e. time interval separating sleep onset
from rrllorning awakening), total sleep time (i.e. the total sleep episode less the awake time), sleep
efficiency (i.e. total sleep time/time spent in bed), duration of light non-rapid eye movement
(NREM) sleep (i.e. stages 1 and2), duration of slow wave sleep (SWS) (i.e. sleep stages III and

IV), duration of REM sleep, and duration of intra-sleep wakefulness.

Salivary cortisol levels were measured using electrochemiluminescence immunoassay (L.a Roche
Cobas® 6000). The blood levels of free leptin and its soluble receptor (sSOB-R) were measured
using specific enzyme-linked immunoassay kits (ELISA) (R&D Quantikine® ELISA Cat. #
DLPO00 and Cat. # DOBROO, respectively). Soluble leptin receptor (sOB-R) levels were

measured using ELISA kit (R&D Quantikine® ELISA)

14



To minimize assay variability, all samples collected from different subjects were assayed at the

same time.

Statistical Analysis

All statistical analysis were run on SPSS Statistics Version 25.0.

Repeated measure one-way ANOVA with pairwise comparison was used for multiple
comparisons within a group (i.e. to compare hormone or soluble receptor concentrations at
different time points within a group - C or SR); paired s-test was used for paired comparisons
between groups (i.e. to compare hormone or soluble receptor concentration at a given time point
between C and SR). In both comparisons, a p-value <0.05 was considered significant.

Results are presented as mean = SEM.

15



II1. Results



1. Sleep parameters

Sleep efficiency significantly increased by 4.2% following 2 nights of sleep restriction compared
to control (92.09 % vs. 88.39 %, respectively; p < 0.01). Significant differences in the sleep
stages were also observed: subjects spent lesser time in both the light and deep stages of NREM
sleep in the SR than the C periods (light sleep: 2.43 + 0.04 hrs vs. 4.43 £ 0.03 hrs, respectively; P
<0.001; deep sléep: 0.83 £ 0.02 hrs vs. 1.33 + 1.03 hrs, respectively; P < 0.01). Similarly, the
time spent in REM sleep was shorter following SR than the C periods (0.99 + 0.02 hrs vs. 1.42 +
0.05 hrs, respectively; P <0.01). Table 1 summarizes the different sleep parameters which were
measured before and after acute sleep restriction.

Table 1. Sleep parameters in subjects during the control period and following two nights of
sleep restriction.

C SR P-value
Time in bed 8h 26mn £ 3.5mn 4h 38mn £ 2.5mn <0.01
Time awake 58.75mn +2.7mn 22mn £1.21mn <0.01
REM 1h 25mn £2.85mn  59.25mn £0.92mn <0.01
Light Sleep 4h 26mn 21.75mn  2h 25.6mn £2.13mn  <0.01
Deep Sleep 1h 20mn £1.85mn  49.75mn +1.56mn <0.01
Sleep Duration 7h 27mn £2.25mn  4h 15mn +1.34mn <0.01
Sleep efficiency (SE)  88.39% 92.09% <0.01

Results represent mean + SEM. Comparisons between groups are based on paired t-test.
C, control or baseline; SR, sleep restriction.

2. The effect of acute sleep restriction on serum free leptin levels.

The average diurnal serum leptin concentration in C was 25.71 + 1.71 ng/ml. Hormone
concentration varied across the times of day, fluctuating every 4 hours, and there appeared to be
significant differences between the different time points (one -way repeated measures ANOVA:
F (4, 16) = 4.063, P <0.05). Based on post hoc analysis, hormone levels were significantly higher

early in the morning as opposed to later times of day (refer to table 2). Restricting nocturnal

17



sleep to 4 hours over 2 nights did not alter the diurnal 'baseline' pattern of the hormone, but
rather blunted it. That is, the average diurnal serum leptin levels were significantly lower in SR
than C (20.94 + 1.71 ng/ml vs. 25.71 £ 1.71 ng/ml, respectively; P < 0.01). In SR, there were
highly significant differences in hormone concentration at different times of day (one-way
repeated measures ANOVA: F (4, 16) = 10.03, P <0.01), with circulating free leptin being

significantly lower in the late evening (refer to table 2).

Except for 8:00 AM, the mean free leptin concentrations were higher in C than SR at all
measured time points: 12:00 PM (23.18 + 6.52 ng/ml vs. 17.28 + 4.32 ng/ml, respectively; P
<0.05 ), 4:00 PM (25.78 + 6.69 ng/ml vs. 19.67 + 4.48 ng/ml respectively, P<0.05), 8:00
PM(21.56 + 4.4 vs. 18.76 + 3.98 ng/ml, respectively; P<0.01), and 12:00 AM (28.23 + 5.62
ng/ml vs. 23.48 + 5.1 ng/ml, respectively; P<0.01). Figure 1 summarizes the serum levels of free

leptin measured at 4-hour intervals, starting 8:00AM, before and after sleep restriction.
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Figure 1. The effect of acute sleep restriction on the mean serum levels of free leptin.

Subjects who maintained an 8-hour bed schedule (bedtime at 12:00 AM) had relatively higher levels of
free leptin at any measured time point during the day than after SR (bedtime at 3:30 AM). Significant
differences were apparent at all times except wake time (8:00 AM). Two nights of sleep restriction did not
appear to alter the normal daily pattern of serum leptin concentration. Error bars represent the SEM of
the average value. *P<0.05 and **P<0.001 denote significant and highly significant differences,
respectively, based on paired t-test comparisons between groups.
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Table 2. Daily variation of circulating free leptin before (control) and following sleep
restriction

Free Leptin
Time Concentration
(ng/ml)
Control 8:00 a.m. 25.8+8.54
12:00 p.m. 25.7546.52°2
4:00 p.m. 25.78 £ 6.69 P
8:00 p.m. 21.56+4.4
12:00 a.m. 28.23+562°
SR 8:00 a.m. 25.5+6.36
12:00 p.m. 17.28 +4.39°
4:00 p.m. 19.67 +4.48 2
8:00 p.m. 18.75+3.98°2
12:00 a.m. 23.48 +5.1 %4

The reported values represent mean free leptin concentration (measured at a specific time point) £ SEM. There was
a significant difference in hormone levels across the different times of day: ® p< 0.05 analyzed using one-way
repeated measures ANOV A post hoc analysis (95% confidence interval) for comparison with hormone
concentration measured at 8:00 AM; ® p< 0.05 analyzed using ANOVA pairwise comparisons (95% confidence
interval) for comparison with hormone concentration measured at 12:00 PM; ¢ p< 0.05 analyzed using ANOVA
pairwise comparisons (95% confidence interval) for comparison with hormone concentration measured at 8:00 PM.

3. The effect of acute sleep restriction on the soluble leptin receptor (sOB-R) serum levels.

The average diurnal serum sOB-R concentration in C was 19.79 + 1.643 ng/ml. Receptor serum
levels fluctuated at 4-hours intervals, and there appeared to be significant differences in sOB-R
concentration at different time points (one-way repeated measures ANOVA: F(4,16) =6.622, P <
0.01). Based on post hoc analysis, the soluble receptor levels were significantly elevated in the
late evening (refer to table 3). Restricting nocturnal sleep to 4 hours over 2 nights resulted in a
highly significant increase in the average serum sOB-R levels when compared to C (24.39 + 1.21

ng/ml vs. 19.79 + 1.643 ng/ml, respectively; P <0.01), but no change in the diurnal 'baseline'
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pattern. The average receptor concentration varied across the times of day and there appeared to
be significant differences between the different time points (one-way repeated ANOVA: F (4,

16) = 6.746, P <0.01). Results are graphically represented in figure 2.

Mean sOB-R Levels
35
= 30 % *
£ k% - 2’
® 25 T S DS, Ll |
£ ([— \~~{!_’¢’ ﬁ .‘{
£ s o \é'/ o —{J— Control
t = 4= Sleep Restriction
g 10
c
(o]
O 5
0 @l T H H T H
o¥ QQ@\ ot & S
Q)Q O .QQ QQ .QQ
v » &' N4

Figure 2. The effect of acute sleep restriction on soluble leptin receptor (sOB-R) levels. Restricting
sleep to an average of 4 hours a night for 2 consecutive nights resulted in higher diurnal sOB-R levels
compared to baseline (control) measurements. Significant differences in receptor levels were observed at
8:00 AM, 8:00 PM, and 12:00 AM. Sleep restriction; however, did not alter the normal daily pattern of
sOB-R levels in serum. *P<0.05 and **P<0.001 denote significant and highly significant differences,

respectively, based on paired t-test comparisons between groups; error bars represent the SEM of the
average value.

Significant time point differences in average SOB-R between pre- and post-SR conditions were
observed: serum receptor levels were significantly lower in C than SR at 8:00 AM (17.38 + 1.32
ng/ml vs. 23.37 + 1.5 ng/ml, respectively; P<0.01), 8:00 PM (21.36 + 2.03 ng/ml vs. 26.46 +
1.86 ng/ml, respectively; P<0.01), and 12:00 AM (18.98 + 2.92 ng/ml vs. 24.27 + 2.93 ng/ml,
respectively; P<0.05)
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Table 3 . Daily variation of circulating sOB-R before (control) and following sleep
restriction

Time s-OR Concentration
(ng/ml)
Control 8:00 a.m. 17.38+1.32
12:00 p.m. 24,67 +1.34°
4:00 p.m. 16.55+2.26°
8:00 p.m. 21.36£2.03 20
12:00 a.m. 18.97 +2.92°
SR 8:00 a.m. 23.37+15
12:00 p.m. 27.13+1.71
4:00 p.m. 20.97 +1.45°
8:00 p.m. 26.46 + 1.86 ¢
12:00 a.m. 24.27+2.93

The reported values represent mean free leptin concentration (measured at a specific time point) = SEM. There was
a significant difference in receptor levels across the different times of day: 2 p< 0.05 analyzed using one-way
repeated measures ANOV A post hoc analysis (95% confidence interval) for comparison with receptor concentration
measured at 8:00 AM; ® p< 0.05 analyzed using ANOVA pairwise comparisons (95% confidence interval) for
comparison with receptor concentration measured at 12:00 PM; ¢ p< 0.05 analyzed using ANOVA pairwise
comparisons (95% confidence interval) for comparison with receptor concentration measured at 8:00 PM.

4. sOB-R and free leptin diurnal patterns of expression in serum.

Comparison of the diurnal serum patterns of leptin and sOB-R in either C or SR demonstrated
an out-of-phase variation at the measured time points. Figure 3.A shows that the serum
concentration of free leptin hormone in C was higher than that of its receptor, which may reflect
their respective molarities. In contrast, the serum concentration of sOB-R was higher than that
of free leptin following SR (figure 3.B). Sleep restriction minimized the normal concentration
differences between free leptin and sOB-R depicted at 8:00 AM, 4:00 PM, and 12:00 AM, yet,

unlike control, widened the concentration gap at 12:00 PM and 8:00 PM.
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Figure 3. The daily variation in serum levels of free leptin and sOB-R before (A) and
following 2 nights of sleep restriction (B). Sleep restriction minimized the normal concentration
differences between free leptin and sOB-R depicted at 8:00 AM, 4:00 PM, and 12:00 AM in control, yet,
unlike control, widened the concentration gap at 12:00 PM and 8:00 PM. Error bars represent the SEM of
the average value.
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5. Cortisol measurement

The concentration of salivary cortisol, a commonly used marker for stress, was measured at
8:00AM in order to determine the impact of sleep restriction on the hypothalamo-pitutitary-
adrenal axis (HPA axis). After 2 nights of sleep restriction, the mean salivary cortisol
concentration significantly increased from baseline conditions (8.01 + 1.6 nmol/L vs. 6.21 +

0.72 nmol/L, respectively; P<0.05).

Mean Salivary Cortisol Concentration

& Control

& Experimental

Salivary Cortisol Concentration (nmol/L)

Figure 4. Mean salivary cortisol levels for control and sleep restriction periods.

The average concentration of salivary cortisol, collected at 8:00 AM, was significantly higher
after 2 night of sleep restriction relative to control (baseline). * indicates statistical significance
at P<0.05 based on paired t-test. Error bars represent the SEM of the average value.
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IV. Discussion
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To our knowledge, the present study is the first to describe the diurnal variation in circulating
leptin receptor levels (sOB-R) following acute sleep restriction in healthy females. Our results
showed that restricting nocturnal sleep to 4 hours a night for two consecutive nights affected the
average daily levels, but not the normal diurnal pattern, of sOB-R. SR resulted in a 23.24%
increase of average serum sOB-R relative to baseline. Significant differences in serum sOB-R
between SR and baseline were observed at specific times of the day, namely early in the morning
(at 8:00 AM) and during the first half of the night (at 8:00 PM and 12:00 PM). These
observations add new knowledge to our understanding of the physiological mechanisms by
which partial sleep deprivation interacts with the endocrine system that regulates energy
homeostasis as to affect body metabolism.

Leptin, an adipokine synthesized by adipose tissue in response to feeding, is released into the
systemic circulation in a circadian pattern, with peak levels in the late evening and early morning
and nadir in the late morning [33]. This diurnal variation is consistent with our observation that
circulating free leptin levels were significantly high in the early morning, around mid-afternoon,
and at mid-night. Circadian regulation of leptin release ensures that, in concert with other
metabolism-regulating hormones, food intake is consolidated to the daily sleep/wake cycle such
that feeding occurs at times of day when metabolic demands are optimal. Energy homeostasis
has been shown to be adversely affected by partial sleep deprivation in humans, one mechanism
involving the leptin signaling pathway (both central and peripheral pathways) [9,10,29,35].
Based on previous studies, sleep restriction caused a decrease in serum free leptin levels [8].
Similarly, we observed a blunting of the free hormone levels following 2 nights of sleep

restriction, where the mean serum free leptin concentration decreased by 18.56% as compared to
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mean baseline values. The daily pattern of free leptin; however, was unaltered following acute
sleep restriction.

Besides being under circadian control, total circulating leptin levels has been shown to be
regulated by its soluble receptor levels (sOB-R) [30]. SOB-R, a transcript of the diabetes (db)
gene [33], delays leptin clearance from the blood and is an important determinant of free
(unbound) leptin levels, which is the biologically active form the hormone [6, 25]. Therefore,
we further looked at sOB-R levels and diurnal, expression following SR to gain insight into the
physiological mechanisms by which nocturnal sleep duration affects body metabolism. Our
results showed that the average daily levels of SOB-R increased by 23.24% relative to baseline.
This may explain the observed concomitant drop in the average daily free leptin levels following
SR, which implies that more of the circulating hormone might be present in the bound, rather
than the free, form. It is intriguing to speculate that delaying bedtime by 3.5 hours (and thus
restricting nocturnal sleep to 4.5 hours a night) resulted in up-regulating sOB-R, probably by
leptin-mediated mechanisms, for the purpose of lowering free leptin levels and making it less
available to tissues. This my implicate leptin’s biological role in regulating feeding behavior and
energy homeostasis; prolonged wakefulness (such as delaying bedtime) may require less
circulating free leptin in order to meet the body’s metabolic or energy demands imparted by the
waking state.

We also observed diurnal variation of sOB-R levels, with fluctuations depicted at 4-hour
intervals. It is well documented that levels of sOB-R follow a circadian rhythm that is discordant
to that of circulating leptin [27]. In our study, we did not expand the time window of sOB-R
measurement as to delineate its circadian rhythmicity, but we rather looked at the consequences

of SR on the sOB-R daily pattern. In this respect, our results showed that SR did not alter the
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diurnal sOB-R pattern. As stated previously, the effect of SR was mainly on the levels of the
soluble receptor which were significantly elevated at midday 12:00 PM) and in the late

evening/early night (8:00 PM).

In order to further understand the physiological relationship between sOB-R and serum free
leptin in SR, we compared their diurnal variation before and after restricted sleep. Based on the
present results, the free form of the hormone and its soluble receptor exhibited an inverse
(discordant) diurnal pattern with respect to each other in both the normal and restricted sleep
states. This was evident at all measured time points. These observations are in agreement with
other reports on human subjects which demonstrated an out-of-phase relationship between leptin
and its soluble receptor in normal feeding and fasting states (33). This inverse circadian
relationship is also shown to be conserved when considering other biological determinants such
as obesity, glycemic state, and sex of the individual [5]. The novel finding of our study is that
SR attenuates free leptin levels by presumably altering the levels, rather than the diurnal pattern,
of sOB-R. Prior to sleep restriction (i.e. baseline period), the concentration of free leptin was
higher than that of sOB-R. In contrast, SR resulted in relatively higher sOB-R than free leptin,
the difference being significant at midday and early in the night. Taken together, our results may
lend support to other reports suggestive of a regulative role of leptin on its own soluble receptor
levels [25]. That is, behavioral states characterized by relatively high energy demands (such as
prolonged wakefulness, fasting) are associated with relatively lower circulating leptin levels and
higher sOB-R. As a physiological adaptation, leptin upregulates its own soluble receptor (thus

decreasing the circulating free form of the hormone) to maintain energy homeostasis.
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In order to ascertain that the reduction of sleep hours impacted the subjects’ homeostatic
physiological status, we examined fasting levels of cortisol, a commonly used stress-marker.
Measurements of salivary cortisol demonstrated an increase by about 29% in the hormone’s
concentration following SR. This may suggest that restricted sleep is accompanied by activation
of the HPA axis since sleep insufficiency imposed physiological stress. This observation may
also support other findings which showed an intricate relationship between cortisol and leptin
levels [5]. Leptin can blunt the stress-induced activity of the HPA-axis and; therefore, a decrease
in serum leptin concentration would not provide the adequate feedback inhibition to suppress the
extended release of cortisol from the adrenal medulla. The interplay between leptin and cortisol
facilitates the integration of peripheral information about energy storage with centrally processed
information about stress-coping strategies. This implies that the decrease of leptin levels
following just two nights of sleep restriction has serious implications on both metabolic and

mental health [35].
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V. Conclusion
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Given that sleep curtailment is becoming increasingly prevalent in modern society, the results of
this study present an additional dimension not previously explored with regards to the
importance of adequate sleep quality and quantity. Based on our findings, SR appeared to lower
free leptin levels by upregulating sOB-R rather than altering its diurnal pattern. Though our
study did not investigate the cause-effect relationship between leptin levels and sOB-R, our
results may support the notion that, following SR, leptin mediates the overexpression of its own
soluble receptor as an adaptive physiological response to tissue metabolic needs. Considering
leptin’s role in energy balance, this may explain altered feeding behaviors, body weight
problems, and increased susceptibility to metabolic syndrome associated with insufficient sleep
[2,9,27].

The biological action of leptin is controlled by its soluble receptor depending on certain
metabolic or environmental conditions. This study puts forward the notion that the decrease in
bioactive leptin following acute sleep restriction in healthy females, may be partly due to the
increase of its soluble leptin receptor. In the future, regulatory pathways controlling the sOB-R

release into the circulation, as well as its binding capacity to leptin, require further elucidation.
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