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Multicellular organisms developed timing systems (i.e. cellular
clocks) to synchronize external nutrient cycles that follow an
environmental 24-hour rhythm with internal cycles: energetic
processes controlling metabolism, restorative activities including
sleep, and reproductive programs which have a metabolic cost,
but are necessary for survival. In mammals, cellular clocks in
peripheral organs are coordinated through hormonal and neu-
ral signals orchestrated by the central circadian pacemaker (CCP)
located in the suprachiasmatic nucleus of the hypothalamus [1].
These endogenous hormonal signals exhibit 24-hour rhythms in
the blood that are recognizable in the absence of external cycles
of light-dark, wake-sleep, feeding—fasting, and activity-rest. In
humans, the constant routine protocol experimentally removes
or uniformly distributes such influences to separate endogenous
hormone rhythms from those due to exogenous cycles [2, 3]. Three
such experiments utilizing constant routine have confirmed that
the 24-hour rhythm in cortisol is driven by the CCP and that the
cortisol rhythm peaks at the habitual sleep-wake transition in the
morning, and progressively decreases to a nadir in the evening
[4-6]. This rhythm is generally believed to be the central metabolic
synchronizing signal of the CCP for metabolically important tis-
sues such as liver, muscle, and adipose tissue which are the major
storage sites for glycogen, protein, and fat, respectively [7-9]. The
synchronizing effect of cortisol on peripheral clocks in these tis-
sues is direct and mediated by glucocorticoid response elements
present in regulatory regions of core clock genes because effects
are generally lost when such response elements are knocked out
by molecular manipulations. Interestingly, cortisol also appears
to synchronize cellular clocks in other systems that are metabol-
ically intensive, but necessary for survival such as the Leydig cell
which synthesizes testicular testosterone and thereby maintains
spermatogenesis (Figure 1).

In addition to timing, a flatter diurnal slope, which repre-
sents a slower decline in cortisol to the nadir, is widely believed
to mediate many mental and physical disease processes includ-
ing from insufficient sleep or aging [7, 10]. Interventional studies
conducted in controlled laboratory environments support these
assertions and show an increase in late afternoon-early evening

cortisol (which is analogous to flattening of the diurnal cortisol
slope), but no change in 24-hour mean cortisol with sleep loss
[7]. These cortisol changes are in conjunction with a decrease in
24-hour testosterone in men [11]. Preventing both the flattening
of the diurnal slope of cortisol and the reduction in testosterone
in men by means of a dual hormone clamp mitigates the devel-
opment of insulin resistance—which triggers diabetes mellitus—
from sleep restriction by at least 50% [12]. This interventional
study thereby directly identifies abnormal cortisol (i.e. catabolic)
and testosterone (i.e. anabolic) signaling as major mechanisms
by which insufficient sleep leads to metabolic harm. Although
future studies are needed to separate cortisol from testosterone
effects, these findings provide proof that targeting catabolic-ana-
bolic signaling pathways may be a pathophysiologically informed
approach to substantially mitigate metabolic harm from sleep
loss without requiring more sleep. Developing such methods are
needed because sleeping more is not possible for many individu-
als due to occupational and life demands, and mitigating insulin
resistance will yield important societal benefits and healthcare
savings for common and costly metabolic diseases such as dia-
betes mellitus [13, 14].

Although such studies conducted in the chronobiology labo-
ratory generate important mechanistic insights, complementary
in-the-field naturalistic studies are needed to assess potential
bidirectional relationships in larger cohorts for longer periods
of time. Yap and colleagues conducted such a naturalistic study
[15]. Ninety-five young healthy predominately Asian women
relocating to Australia for tertiary education provided two saliva
samples (within 2 hours of habitual awakening and within 4
hours of habitual sleep time) each day for 14 consecutive days,
in conjunction with simultaneous at-home EEG sleep recording
for 15 consecutive nights and contemporaneously collected daily
reports of events and activities by smartphone app. Cortisol was
later measured in about 2000 viable time-stamped saliva samples
and these cortisol concentrations were related to over 900 nights
of sleep monitoring. Longitudinal analyses showed that higher
presleep cortisol predicted shorter subsequent total sleep time,
lower sleep efficiency, and longer sleep onset latency that night;
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Figure 1. Conceptual framework for the disruption of the circadian regulation of clocks in peripheral organs by conflicting signaling from the central
circadian clock and behavioral cycles (feeding-fasting, sleep—wake, and activity-rest). The central timing signal is cortisol for Leydig cells in the testes,
and peripheral organs responsible for whole-body metabolism (gut, pancreas, muscle, fat, and liver), whereas peripheral signals governed by behavior
include glucagon, insulin, other hormones, metabolites, and others. When peripheral clocks receive conflicting signals, clocks are disrupted and

desynchrony occurs, which leads to insulin resistance and other pathologies.

and that shorter and poorer sleep was associated with flatter
diurnal cortisol slope the next day [15]. These associations point
to bidirectional relationships that need to be further investigated
experimentally through actual or Mendelian randomization.

Although the effect sizes of these relationships were small, seem-
ingly minor changes in cortisol patterns which are nominally within
the cortisol reference range can have important metabolic effects in
other circumstances. For example, cortisol delivery that replicates
the proper diurnal slope provides additional metabolic benefits (opti-
mized weight, blood pressure, and glucose metabolism) than deliv-
ery which results in a flatter diurnal slope, even when the total dose
of cortisol delivered is identical under the two conditions [16, 17].
Yap et al. also demonstrated the feasibility and potential scalability
of conducting large-scale, longitudinal naturalistic studies of sleep
and cortisol to unveil bidirectional relationships. Such investigations
are needed because sleep influences health and longevity through
endocrine and metabolic systems [18]. The methods utilized could
also be applied to study even longer-term infradian rhythms of cor-
tisol. Seasonal changes in reproduction (timed to optimize repro-
duction which is metabolically costly to longer-term environmental
energetic cycles governed by season) and the monthly menstrual
cycle are examples of infradian rhythms that have been little stud-
ied in relation to cortisol.

Ultradian (i.e. pulsatile) rhythms in cortisol also exist, and
these pulses allow for rapid responses that fine-tune the body’s
reaction to unpredictable external and internal insults [7, 19, 20].
Salivary cortisol, as utilized by Yap et al. [15], summates and does
not capture these pulses because they occur too frequently every
90 minutes. Other technological advances are therefore needed to
fully appreciate the relationships among ultradian, diurnal, and
infradian hormonal rhythms (including those of cortisol), sleep
and health and longevity. Understanding pulsatility is important
in this context because specific pulse characteristics of cortisol
are crucial for signaling [21]. And are altered by experimental
sleep deprivation in a time-of-day dependent manner [22]. These
pulses are not regulated by the CCP because sectioning of the

suprachiasmatic nucleus does not ablate pulsatility. In fact, ultra-
dian cortisol rhythms are regulated by the hypothalamo-pituitary
adrenal axis which governs stress responses, catabolism, immune
function, and other homeostatic processes through pulsatile
feedforward (stimulatory) and feedback (inhibitory) signaling
among its hormonal and neural elements [7, 19]. The regulation
of cortisol by this highly integrated network is specific to the
steroidogenic cells of the fasciculata (middle zone) of the adre-
nal cortex, which develops from centripetal transdifferentiation
under opposing gradients of canonical WNT signaling which pro-
motes glomerulosa (outer zone) formation, and protein kinase A
signaling which promotes reticularis (inner zone) formation [23].

Technological advances are occurring to make near-continuous
cortisol monitoring a reality [24, 25]. Such advances could revo-
lutionize the assessment and management of cortisol disorders,
much like how coin-shaped continuous glucose monitors that
are inconspicuously worn and highly accurate, are revolutioniz-
ing the management of diabetes mellitus. More naturalistic stud-
ies to properly document cortisol rhythms in health and disease
are needed. Once identified, properly replicating the ultradian
and circadian properties of these rhythms to optimize hormone
replacement will represent a major advance in the field of endo-
crinology. Such methods, utilizing subcutaneous delivery of corti-
sol are already being developed [26].
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