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INTRODUCTION mechanisms in the central nervous system, i.e., circa-

Endocrinology is a subspecialty of internal medicine
that focuses on the physiology and pathology of hormonal
release and action. Hormones are chemical messengers
that are secreted by endocrine cells, transported in the pe-
ripheral circulation and act on other cell types. This chapter
will focus on three categories of hormones: 1) honnones
of the hypothalamo-pituitary axes, in particular growth
hormone (GH), prolactin, cortisol and thyroid-stimulating
hormone (TSH), 2) insulin, the major hormone involved
in glucose metabolism, and 3) two hormones that play a
major role in appetite regulation, leptin and ghrelin.

The present chapter is illustrated in the slide-set 6
presentation from the Basics of Sleep Guide Slide
Sets (v1.1)"; references to slide numbers are provid-
ed. We are including a few additional figures illustrat-
ing findings that have emerged after the SRS Slide
Set became available. Section A describes the typical
hormonal profiles of young healthy adults. This section
will show the impact of two major modulators of endo-
crine release, the sleep/wake cycle and the circadian
process. Section B is dedicated to the impact of aging
on sleep quality, hormones and glucose metabolism.
Section C describes the impacl of sleep disturbances
on endocrine function and metabolism. Section D sum-
marizes the effects of sleep deprivation and short sleep
duration on hormones and glucose metabolism.

A. SLEEP AND ENDOCRINOLOGY IN HEALTHY
YOUNG ADULTS

In humans, the control of the temporal organization of
24-hour profles of hormones of the hypothalamo-pitu-
itary axes, and more generally of all hormaonal profiles,
results mainly from the interaction of two time-keeping
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dian rhythmicity (i.e.. intrinsic effects of biological time,
irrespective of the sleep or wake state) and sleepwake
homeostasis (i.e., the effect of the sleep or wake state
per se, irrespective of time of day). In mammals, en-
dogenous circadian rhythmicity, often referred to as
“process C,” is generated by a pacemaker located in
the paired suprachiasmatic nuclei of the hypothalamus
The sleep “homeostat,” also referred to as “process S,”
is often represented as an hourglass mechanism relat-
ing the amount and intensity of sleep to the duration of
prior wakefulness. The impact of circadian rhythmicity
and sleep homeostasis on pituitary-dependent hormonal
release is thought to be mediated by the modulation of
the pulsatile activity of the hypothalamic releasing andfor
inhibiting factors controlfing pituitary function In addition
to the input of circadian rhythmicity and the sleep homeo-
stat, other rhythmic and non-rhythmic events during the
day, such as postural changes, stress, food intake and
exerc se modulate the overall wavefarm of the tempo-
ral pattérns of hormone release. The autonomic nervous
system (ANS) is another pathway linking the central con-
trol of sleep-wake homeostasis and circadian rhythmicity
with peripheral endocrine organs (Slide 4').2

The circadian pacemaker takes several days to ad-
just to a large abrupt shift of the sleep-wake and light-
dark cycles. Manipulations of the sleep/wake cycle
can therefore be used to delineate the respective con-
tributions of the circadian rhythmicity and sleep-wake
homeostasis in hormonal profiles. For example, when
the sleep period is delayed by 12 hours (12-hour shift
protocot), the effects of the circadian modulation in the
absence of sleep and the effects of sleep at an abnor-
mal circadian time can be observed. An example of
such a protocol is described in Slide 5." The subjects
were studied over a 63-hour period including 8 hours of
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nocturnal sleep from 23:00 until 7:00, 28 hours of con-
tinuous wakefulness including a night of tota! sleep de-
privation, and an 8-hour daytime recovery sleep period
from 11:00 until 18:00, thus scheduled 12 hours out of
phase with the usual bedtimes. To eliminate the effects
of feeding, fasting and postural changes, the subjects
remained recumbent throughout the study and meal in-
gestion was replaced by a continuous glucose infusion
at a constant rate.

Roles of Sleep and Circadian Rhythmicity in
Modulaling the Release of Hypothalamo-Piluitary
Hormones

Growth Hormone (GH). The 24-hour profile of
plasma GH levels consists of stable low levels abruptly
interrupted by bursts of secretion. In men, the most re-
producibie pulse occurs shortly after sleep onset. When
the sleep period is shifted, the major GH pulse is also
shifted. GH is thus a hormone primarily controlled by
sleep-wake homeostasis. (Slide 6') GH secretory puls-
es occur preferentially during slow wave sleep (SWS,
stages 3 and 4) when slow wave activity (deita fre-
quency range, 0.5-4 Hz) is high (Slide 7"). It is impor-
tant to note that sex differences exist in GH secretion.
Indeed, men secrete GH mostly during the first part of
the night (when SWS occurs) whereas women secrete
GH throughout the 24-hour cycle although a GH pulse
associated with the first episode of SWS is generally
present (Slide 8'). In both young and older men, but
not in women, there is a “dose-response” relationship
metween SWS and nocturnal GH release

Prolactin: In addition to its important role in the con-
trol of lactation in women, prolactin has multiple effects
on metabolism and immune function. In both men and
women, the 24-h profile of circulating prolactin levels
under normal baseline conditions is characterized by
a major nocturnal elevation starling shorlly affer sleep
onset and culminating around mid-sleep. Sleep-onset,
irrespective of the time of day at which it occurs, has a
robust stimulatory effect on prolactin release. The tem-
poral profile of prolactin release, similar to that of GH
release, is thus primarily controlled by sleep-wake ho-
meostasis (Slide 9")

Pituitary-adrenal hormones: The 24-hour profiles
of ACTH, a pituitary hormone, and cortisol, the hor-
mone released by the adrenals in response to stimula-
tion by ACTH, occur in close parallelism. Their profiles
are characterized by an early morning maximum, de-
clining levels throughout the daytime, a prolonged pe-
riod of minimal levels, also called the quiescent period.
centered around midnight and an abrupt circadian rise
during the later part of the night. Drastic manipulations
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of the sleep-wake cycle only minimally affect the wave-
shape of these secretory profiles. The 24-hour rhythiyy
of ACTH and cortisol are thus primarily controlled by cir.
cadian rhythmicity (Slide 10") although as will be shown
later, modest effecls of sleep onset, offset and sleep
deprivation are clearly present. Sleep onset is consis-
tently associated with a short-term inhibition of cortiso)
secretion that may not be detectable when sleep is ini-
tiated in the morning, i.e., at the peak of corticotropic
activity.?® This inhibitory effect appears also during the
sleep period and seems to be related to SWS.*7 Final
awakenings from sleep as well as transient awakenings
interrupting the sleep period consistently trigger pulses
of corlisol secretion.t¢*

Thyroid-stimulating hormone (TSH): Under normal
conditions including nighttime sleep, 24-h variations of
TSH levels include an early evening elevation that is
under circadian control and declining levels following
sleep onset that reflect an inhiitory infuence of sleep
per se. This inhibitory influence of sleep is primarily ex-
erted by SWS and is clearly demonstrated during sleep
deprivation, when TSH levels continue to increase until
the middle of the usual sleep period. TSH secretion is
thus controlled by both circadian rhythmicity and sleep
homeostasis {Slide 11')

Gonadotropins: There are important and complex
effects of sleep and circadian rhythmicity on gonadotro-
pin release (luteinizing hormone, LH and follicle-stimu-
lating hormone, FSH) and the secretion of testosterone
in men and estradiol in women. These effects are differ
ent in men and women, and are further influenced by
the menstrual cycle in normally cycling women. LH and
FSH are secreted in a pulsatile pattern. In adult men,
nighttime LH pulsatile activity seems to be related to
the REM-NREMcycle. Both LH and FSH show no clear
diurnal variation. In adult women, LH pulses are less
frequent during sleep in the early follicular phase and
early luteal phase, less influenced by sleep during the
mid-follicular phase and mid-luteal phase, have a high-
er amplitude during the late follicular phase and a lower
amplitude during late luteal. FSH and estradiol profiles
show a circadian pattern with respectively lower and
higher values during the sleep period.?2 In men, there
is a clear parallelism between cortisol and testosterone
profiles during the daytime but in early sleep, testoster-

one levels increase rapidly whereas cortisol remain low
for another 1-2 hours (Slide 12")

Roles of Sleep and Circadian Rhythmicity in
Modulating Glucose Metabolism

Glucose tolerance reflects the balance between
glucose production by the liver and glucose utiliza-

tion by insulin-dependent tissues, such as muscle and
gdipose tissue, and by non-insulin dependent lissues,
such as the brain, When caloric intake is exclusively
under the form of an intravenous glucose infusion at
a constant rate, hepalic glucose preduction is inhib-
iled and lemporal variations in blood glucose fevels
represenl variations in glucese ulilization. in the 12-
hour shifl protocol (Stide 5'), the subjecls slayed re-
cumbent such that changes in physical activity were
minimal and temporal variations in giucose levels re-
flected mainly changes in glucose ulilization by the
brain (Slide 14"). During the first half of nocturnal
sleep, levels of glucose were increased by approxi-
mately 30 percent, indicating a decrease in glucose
utilization. During the second half of sleep, glucose
levels declined to return to baseline in the morning.
These robust changes in glucose levels across the
nocturnal period were followed by parallel variations
in insulin secretion, with the nocturnal elevation aver-
aging 60%. During sleep deprivation, glucose levels
and insulin secretion rose again to reach a maximum
at a time corresponding lo the beginning of the ha-
bitual sleep period, indicating the existence of an in-
trinsic circadian modulation of glucose regulation. The
magnitude of the rise above morning ievels was less
than that observed during nocturnal sleep. Daytime
sleep was associated with marked elevations of glu-
coss levels and insulin secretion, indicating that sleep
per se, irrespective of the time of day when it occurs,
exerts modulatory influences on glucose regulation
(Slide 14").

Temporal Variations in Hormones Involved in
Appetite Regulation

The peripheral signals involved in appetite regula-
tions include leptin. a satiety hormone secreted by the
adipocyles, and ghrelin, a hunger hormone released
primarily from stomach cells. The 24-hour levels of
both leptin and ghrelin show clear diurnal variations
(Slide 15'). The diurnal variation of the satiety hor-
mone leptin is largely dependent on meal intake® and
therefore shows a morning minimum and increasing
levels throughout the daytime culminating in a noctur-
nal maximum. Nonetheless, under condilions of con-
stant caloric intake such as continuous enteral nutri-
tion, a sieep-related elevation of leptin clearly occurs,
irrespective of the timing of sleep.'* During the day-
time, ghrelin levels decrease rapidly after meal inges-
tion and then increase in anticipation of the following
meal. Similar to leptin, concentrations of the hunger
hormone ghrelin are increased during the nocturnal
Period. Ghrelin levels decrease during the second part

of the night despite the absence of food intake sug-
gesting an inhibitory effect of sleep per se. Elevated
leptin levels in association with decreasing ghrelin fev-
els during sleep may prevent hunger during the over-
night fast

B. AGE-RELATED CHANGES IN SLEEP AND
ENDOCRINOLOGY

Age-Related Changes in Sleep and Hypothalamo-
Piluitary Hormones

The normal process of aging involves alterations
in both sleep regulation and circadian rhylhmicity and
thus their control of the temporal organization of en-
docrine release. Age-related changes in sleep quality
(e.g., lighter and more fragmented sleep) contribute to
age-related changes of hormonal secrelions. In a study
comparing young (20-27 years old)) and older (67-84
years old) men, daytime and nighttime levels of both GH
and TSH were greatly decreased (Slide 17'). Prolactin
concentrations were diminished only during the night-
time (Slide 17'). The overall waveshape of the corlisol
profile was preserved but the amplitude of the rhythm
was dampened in older adults {Slide 17"). The circadian
rises of corlisol and TSH occurred earlier (1-1.5 hr) in
older subjects indicating that circadian timekeeping is
modified with age, with an advance of circadian phase
in conditions of normal entrainment.®

A detailed analysis of sleep and hormonal profiles in
149 healthy men 16 to 83 years old, demonstrated a dif-
ferential chronology of aging for different components
of sleep.'® From young adulthood to midiife, SWS was
progressively replaced by lighter stages of sleep with-
out significant changes in sleep fragmentation or REM
sleep. From midlife to late life, there was no further sig-
nificant decrease in SWS. From midlife to late life, sleep
became more fragmented at the expense of decreases
in both lighter stages of sleep (1+2) and REM sleep.
Thus, age-related changes in the amount of SWS and
REM sleep occur with different chronologies. (Slide 18").

Normal aging is thus associated with reductions in both
total sleep time and sleep quality.

Proflles of plasma GH and cortiso! in young men
and older men of similar body mass index (BMI, 24.1
+ 0.6 kg/m? and 24.1 + 0.8 kg/m?, respectively) were
examined to explore the possible role of the age-relat-
ed alterations in sleep in age-related changes in the
secretory pattern of these two hormones'® (Slide 19").
The major GH pulse occurred during early sleep for
both age groups but GH levels were markedly reduced
in old age (Slide 19"). The chronology of age-related
changes of GH secreted during sleep paralleled that
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A 26-year-old woman presents with complaints of
nightume awakenings and daytime sleepiness for over
6 months. She maintains a regular bedlime and wake
time, allowing 7 hours of time in bed and thinks that
she sleeps for about a total of 5-6 hours. She has been
told that she snores by friends. She does not have a
regular bed partner. Past medical history is significant
for depression., Irregular menstrual periods, weight gain
of about 25 Ibs over past 2 years, severe acne. and
more than usual facial hair. Medications include Sertra-
line and multi- vitamins. Examination is remarkable for
BMI=32 and elevated blood pressure.

In addition to insufficient sleep, an endocrine disor-
der should be considered as part of the differential diag-
nosis in this patient. The history of hirsutism (excessive
hair growth), weight gain. irreguiar menstrual cycles, el-

is likely to reflect decreased brain glucose utilization,
consistent with PET studies that have shown reduced
brain glucose utilization in sleep-deprived subjects.®®
Disturbances in the secretory profiles of the counterreg-
ulatory hormones, cortisol and GH, may also contribute
to the alterations In components of glucose reguiation
observed during sleep loss. Pancreatic beta-cell func-
tion is influenced by autonomic nervous activity, with
sympathetic activation inhibiting and parasympathetic
activation stimulating insulin release. Thus, the reduc-
tion in acute insulin response to intravenous glucose
could be related to the alteration in sympathovagal bal-
ance. In the sleep restriction condition, heart rate vari-
ability, estimated via the auto-correlation coefficienls
of the inter-beat-intervals, was indeed higher over the
24-hour period, as compared to the sleep extension
condition (Slide 45').”” The impact of sleep restriction
on sympathovagal balance was particularly important in
the morning. This increase in sympathetic versus para-
sympathetic tone is the most probable cause of the de-
creased beta-cell responsiveness in the sleep debt con-
dition, and may also negatively affect other functions
such as cardiac function, blood pressure regulation and
kidney function.

These well controlied laboratory studies have some
limitations such as the sample size and short duration
of recurrent sleep restriction. The findings were con-
firmed in a recent study performed in an independent
laboratory, showing that one week of sleep restriction
to 5 hours per night in healthy men resulted in reduced
insulin sensitivity as assessed by the hyperinsulinemic
euglycemic clamp.3® A recent paper® showed that, in
older adults who report sleeping at least 8.5 hours (but
actually sleep 7 to 7.5 hours based on actigraphy), 8
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evated blood pressure, and snoring in a young worman,
suggest polycystic ovary syndrome (PCOS). PCOS is
characterized by insulin resislance and increase pro-
duction of androgen which can {ead o acne, excessive
hair growth, weight gain, and problems with ovulation.
Obesity and the high levels of androgen increase the
risk of obstructive sigep apnea. Therefore, women with
PCOS have greater chances of developing severai seri-
ous diseases, including type 2 diabetes, cardiovascular
disease and obstructive sleep apnea. Furthermore, de-
pression and insomnia are also more prevalent among
women with PCOS than in the general population.

This Sleep Pear! was provided by Phyllis C. Zeée. MD,
PHD. FAASM. Northwestern University Medical School,
Chicago, il

weeks of bedtime restriction (resulting in a decrease in
total sleep time by an average of 62 min as compared
to an average of 24 min in the control group) did not
improve glucose tolerance, as assessed by serum glu-
cose level obtained 2-hour post oral glucose adminis-
tration. This study indicates that being a long sleeper or
trying to sleep longer by spending more time in bed has
no benefit on glucose metabolism in older adults. This
supports the view that the increased mortality/morbidity
of long sleepers is not directly a consequence of sleep
but rather a conseguence of other underlying factors.

As future directions, research studies are needed to
determine if longer sleep duration could improve glu-
cose metabolism in diabetics.

Sleep Loss and Appetite Regulation

In the Sleep Debt Study, both the mean leptin lev-
els and the amplitude of the diurnal variation were
decreased after sleep restriction in comparison with
the sleep extension condition despite stable BMI, and
identical amounts of caloric intake and physical activity
(Slide 41'"). The difference in maximal leptin levelis be-
tween the state of sleep debt and the fully rested state
was similar to what has been reported after 3 days of
dietary restriction by $+900 Kcal per day.* Sleep restric-
tion therefore alters the ability of leptin to accurately
signal caloric need and produces an internal misper-
ception of insufficient energy intake. The reduced leptin
evels during the 4-h bedtime condition may therefore
lead to increased food intake when food is available ad
libitum.

Twelve healthy men (22 + 2 years old) participated
in another study (Slide 47') involving 2 randomized ex-

perimental conditions, either 2 consecutive nights of
10 hours in bed (from 22:00 until 8:00) or 2 consecu-
tive nights of 4 hours in bed (from 1:00 until 5:00). Af-
ter receiving a standard hospital dinner at 19:00 on the
evening of the second night, the subjects remained at
ped rest and blood samples were obtained at 20 min
intervals from 8:00 until 21:00 after the 2nd night. Ca-
loric intake was kept constant and consisted of an in-
travenous glucose infusion at a constant rate. From
9:00 to 21:00, the subjects completed validated visual
analog scales for hunger and appetite. Mean daytime
leptin levels were 19% lower after 2 days of 4 hours
bedtimes, as compared to 2 days of 10-hour bedtimes,
whereas afternoon and evening ghrelin levels showed a
24% increase (Slide 48). Ratings of hunger and giobal
appetite wete increased by 19% and 20%, respectively,
with shori sleep duration (Slide 49'). Importantly, the in-
crease in hunger from the 10 hours to the 4 hours bed-
time condition was highly correlated with the increase in
the ratio of ghrelin to teplin concentrations (Slide 50').4!
If the increase in hunger was to translate into a com-
mensurate increase in food intake, it would correspond
to a caloric excess of 350 to 500 Kcal/day for a young
normal weight / sedentary adult. This excess in caloric
intake could result in a high risk of dlinicaily significant
weight gain. A recent study comparing food intake in
overweight middle-aged adults after 2 weeks of either
sleep restriction (-1.5 hours per night) orextension (+1.5
hours per night) demonstrated a significant increase in
calor|cintake from snacks in the short sleep conditlon.*2
Consistent with findings from laboratory studies, an epi-
demiologic study ** has reported similar differences in
leptin and ghrelin levets when habitual short sleep dura-
tion was compared to normal sleep duration in a popu-
lation of more than 1000 men and women, controlling
for various factors such as age and BMI. Indeed, short
sleep was associated with low leptin (15.5% lower lep-
tin for nocturnal sleep of 5 hours vs. 8 hours) and with
high ghrelin (14.9% higher ghrelin for nocturnal sleep of
5 hours vs. 8 hours) (Slide 517).

Sleep Duration and Hormonal Characteristics

Nine of the 11 subjects who participated in the Sleep
Debt Study were evaluated one year later during an 8-h
bedtimes condition, using the exact same experimental
procedures. Identical amounts of caloric intake, similar
levets of physical activity and stable BM! were applied
in this additional study condition. When the 3 bedtimes
conditions (4 hours, 8 hours and 12 hours) were com-
pared, decreasing sleep duration was associated with
increasingly stronger alterations in hormonal character-
istics (Stide 46').”” An inverse dose-response relation-

ship was observed between evening cortisol levels and
sleep duration. The mean leptin levels. the nocturna!
leptin acrophase and the amplitude of the diurnal varia-
tions varied markedly with bedtime duration. in a dose-
response manner. An inverse dose-response relation-
ship between sleep duration and the post-breakfast
homeostasis model assessment (HOMA) values was
observed. HOMA is the normalized product of the in-
sulin concentration by the glucose concentration. It in-
creases when glucose tolerance is decreased and/or
when insulin sensitivity is decreased.

CONCLUSION

There is ample evidence to indicate that sleep dura-
tion and quality affect endocrine function. The effects
of sleep on hypothalamo-pituitary endocrine secretions
may be stimulatory (GH, prolactin for example) or inhib-
itory (cortisol, TSH for example). Glucose metabolism
and appetite regulation are also markedly dependent
on sleep duration. Decreases in sleep duration and
sleep qualily, as occur in aging, in sleep disorders, but
also as the result of voluntary behaviors, have a major
deleterious impact on hormonal characteristics, and on
glucose and appetite regulation.

ABBREVIATIONS

BMI = Body Mass Index

CPAP = Continuous Positive Airway Pressure
GH = Growth Hormone

SWS = Slow Wave Sleep (Stages 3 and 4)
TSH = Thyroid-Stimulating Hormone

ACKNOWLEDGMENTS

Part of the work described in the present chapter
was funded by NIH grants PO1 AG-11412, DK020595,
RO1-HLOB6459 (to Dr E. Tasali), RO1-HL075079 (to
Dr. D. Ehrmann), and RO1-HL72694, and the Universi-
ty of Chicago Institute for Translational Medicine (CTSA
ULIRR024899).

REFERENCES

1. Leproult R, Spiegel K, Van Cauter E. SRS Basics of
Slcep Guide (Siide Sets): Edilors, CJ Amlaner and OM
Buxton, 2008.

2. Van Cauter E, Copinschi G. Endocrine and other biologi-
cal rhythms, In: DeGroot L, Jameson J, eds. Endocrinol-
ogy. 4th ed. Philadelphia: W.B. Saunders, 2006:235-56.

3. Wenzman ED, Zimmerman JC, Czeisler CA, Ronda JM
Contisol secretion is inhibited during sleep in normal man.
J Clin Endocrinol Metab 1983,56:352-8.

4. BornJ, Muth S, Fehm HL. The significance of sleep on-
set and slow wave sleep for noclurnal release of growih

Chapler 15 » Steer anve Exoocrmorocy * 168






4 )

Centers for Disease Control and Prevention

STEPHEN B. THACKER
~ C(DCLIBRARY

Interlibrary Loans and Journal Article Requests

Notice Warning Concerning Copyright Restrictions:

The copyright law of the United States (Title 17, United States Code) governs the making of
photocopies or other reproductions of copyrighted materials.

Under certain conditions specified in the law, libraries and archives are authorized to furnish a
photocopy or other reproduction. One specified condition is that the photocopy or reproduction is not
to be “used for any purpose other than private study, scholarship, or research.” If a user makes a
request for, or later uses, a photocopy or reproduction for purposes in excess of “fair use,” that user
may be liable for copyright infringement.

Upon receipt of this reproduction of the publication you have requested, you understand that the
publication may be protected by copyright law. You also understand that you are expected to comply
with copyright law and to limit your use to one for private study, scholarship, or research and not to
systematically reproduce or in any way make available multiple copies of the publication.

The Stephen B. Thacker CDC Library reserves the right to refuse to accept a copying order if, in its
judgment, fulfillment of the order would involve violation of copyright law.

Terms and Conditions for items sent by e-mail:

The contents of the attached document may be protected by copyright law. The CDC copyright policy

outlines the responsibilities and guidance related to the reproduction of copyrighted materials at CDC.
If the document is protected by copyright law, the following restrictions apply:

e You may print only one paper copy, from which you may not make further copies, except as
maybe allowed by law.

e You may not make further electronic copies or convert the file into any other format.

e You may not cut and paste or otherwise alter the text.





