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Summary
Sleep loss has emerged as a risk factor comparable to that of physical inactivity for the
development of insulin resistance, impaired glucose tolerance and Type 2 Diabetes Mellitus.
This is a concern as it was estimated in 2012 that approximately 70 million adults in the

RI
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United States are sleeping less than 6 hours each night, and the average nightly sleep
duration of a representative sample of the U.S adult population is reported to be

SC

significantly less than in previous decades. The underlying mechanisms responsible for
chronic sleep loss induced insulin resistance include modifications in the regulation of

M
AN
U

hormone secretion, peripheral clock gene regulation, and the cellular signaling processes
associated with regulating mitochondrial respiratory function. Emerging evidence shows
these mechanisms share similar biochemical signaling pathways to those underpinning
exercise-induced adaptations, which together suggest exercise might be a viable, suitable,

TE
D

and potent treatment alternative to alleviate sleep loss induced insulin resistance and
glucose intolerance. In this theoretical review, we provide a summary of the impact of
reduced sleep duration and quality on mitochondrial function and insulin resistance, before

EP

detailing the possible underlying mechanisms. Finally, we propose how and why regular

AC
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exercise may be a therapeutic intervention to mitigate sleep loss induced mitochondrial
dysfunction and insulin resistance.
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Abbreviations
AMPK - AMP-activated protein kinase
ACSM – American College of Sports Medicine
ATF2 – activating transcription factor 2
Bmal1 - Brain and muscle Arnt-like protein-1
CAMK – Calmodulin-dependent protein kinase
Clock - Circadian locomotor output cycles kaput
CREB – Cyclic-AMP response element binding protein
CS – Citrate synthase
COX-1 - Cytochrome c oxidase subunit 1
Cry 1,2 - Cryptochrome 1 and 2
GLUT4 - Glucose transporter 4
HbA1c – Glycated hemoglobin
HIIE - High-intensity interval exercise
LKB-1 – Liver kinase B1
MEF2 – myocyte enhancer factor 2
mRNA - Messenger ribonucleic acid
NAD+ - nicotinamide adenine dinucleotide
nREM- Non-rapid eye movement sleep
NRF1/2 – Nuclear respiratory factor 1/2
OGTT – Oral glucose tolerance test
OSA - Obstructive sleep apnea
p38MAPK – p38 mitogen-activated protein kinase
PPAR – Peroxisome proliferator-activated receptor
Per 1-3 - Period 1,2 and 3
PGC-1α - Peroxisome proliferator-activated receptor γ co-activator 1α
REM – Rapid eye movement sleep
Rev-erbα – NR1D1; Nuclear receptor subfamily 1, group D, member 1
ROR-α – RAR-related orphan receptor α
SCN - Suprachiasmatic nucleus
SIRT1/3 – Sirtuin 1/3
SWS - Slow wave sleep
T2DM - Type 2 diabetes mellitus
TIB - Time in bed
Tfam – Mitochondrial transcription factor A
Introduction

The prevalence of type 2 diabetes mellitus (T2DM) continues to rise in modern society. The
World Health Organization (WHO) estimates that by the year 2025, 300 million people
across the world will be diagnosed with diabetes (1). To give this additional context, T2DM
was the 7th leading cause of death in the United States in 2012 and costs their economy an
estimated $245 billion each year (2). Typically, the onset of T2DM coincides with impaired
3
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glucose tolerance (characterized by a fasting blood glucose level >7 mmol/L) and increased
insulin resistance (reduced efficiency of insulin-stimulated glucose uptake) (3). Furthermore,
the health consequences arising from diabetic complications (such as heart disease, stroke
and kidney damage) add to the already extraordinary burden of this metabolic disease on

RI
PT

health services (2).

SC

The most common risk factors associated with the onset of insulin resistance and glucose
intolerance include genetic predisposition and lifestyle factors such as diet and physical
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inactivity (4). However, in the last 15 years sleep has emerged as a prominent factor
influencing the development of T2DM. In fact, sleep loss and reduced sleep quality are now
reported to be comparable to physical inactivity (4) in terms of their relative contribution to
the risk of developing T2DM. The percentage of sleep deficient people who develop insulin

TE
D

resistance and T2DM is difficult to determine with the available data. Nonetheless, studies
investigating shift workers (a cohort often associated with insufficient sleep and reduced
sleep quality (5)) indicate a significantly increased risk (40%) of developing diabetes

EP

compared to those performing day work (4). Considering the significant reduction in

AC
C

average nightly sleep duration compared to previous decades (6), and that it was recently
estimated via self-reported measures that ~40% of the population are sleeping less than the
recommended 7 hours per night (7), the role of sleep loss in contributing to the already
high prevalence of T2DM is an important area for further investigation.

Potential mechanisms by which sleep loss may contribute to insulin resistance and glucose
intolerance have been identified, and include modifications to the regulation of hormone
secretion (8), misalignment of the molecular clock (i.e., circadian misalignment) (9), and
4
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disruptions to cellular signaling processes (such as those involved in the insulin signaling
pathway and the pathways associated with mitochondrial respiratory function) (10, 11). If
sleep loss affects signaling pathways related to mitochondrial respiratory function, then this
has important implications as mitochondrial dysfunction has been associated with increased

RI
PT

insulin resistance and T2DM (12, 13). The gold standard for the assessment of mitochondrial
respiratory function is the measurement of oxygen utilization in isolated mitochondria or

SC

permeabilized tissue, and indicates the ability of mitochondria to generate ATP via oxidative
phosphorylation (14). Using this method, it has been reported that mitochondrial
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respiratory function is significantly reduced in the skeletal muscle of T2DM patients
compared with obese non-diabetic subjects (13). Furthermore, this decrease in
mitochondrial respiratory function was negatively associated with HbA1c results (glycated
hemoglobin - a test that reflects blood glucose levels of the previous 3 months) (13).

TE
D

However, the effects of sleep loss on mitochondrial function are not well characterized.

Many of the aforementioned mechanisms that are potentially disrupted with sleep loss,

EP

particularly insulin signaling and mitochondrial function, share similar biochemical signaling

AC
C

pathways to those connected with exercise (an area of research that is comparably well
studied). This suggests exercise as a potential intervention to counteract some of the
negative effects associated with sleep loss. For example, single (15) and multiple (16) bouts
of exercise induce a cascade of cellular signaling events that lead to improvements in
mitochondrial function and insulin sensitivity (17). Exercise has long been considered the
cornerstone for the treatment and prevention of T2DM, with reports that those who
regularly engage in moderate physical activity (even brisk walking) have approximately a
30% lower risk of developing T2DM compared to sedentary individuals (18). However,
5
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limited research has investigated the ability of exercise to counteract the negative effects of
sleep loss on glucose tolerance and insulin resistance (19). Nevertheless, it is plausible that
by increasing basal levels of exercise some of the detrimental effects associated with sleep

RI
PT

loss might be mitigated.

The aim of this theoretical review is to draw on the available literature and propose exercise

SC

as a viable strategy to alleviate the negative effects of sleep loss. In doing so we
contextualize the effect of reduced sleep duration and quality on insulin resistance, glucose
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tolerance, and T2DM, along with the potential underlying mechanisms, while demonstrating
how and why engaging in regular exercise may act as a therapeutic intervention to mitigate

Sleep loss and health

TE
D

sleep loss induced insulin resistance and T2DM.

The U.S-based National Sleep Foundation recommends adults between the age of 18 and 64
sleep 7 to 9 hours each night (7). Despite this approximately 70 million Americans (30% of

EP

the population) sleep less than 6 h per night - significantly less per night than that reported

AC
C

in 1985 (22%), based on a large representative sample of the U.S. adult population. This
reduction in sleep has been attributed to a range of lifestyle factors and work pressures,
including shift work, increased work demands, changing social pressures and roles,
increased travel and the consequent jet lag, sleep disorders, and stress (20). Changes in
sleep habits have important consequences and have been linked to increased absenteeism,
disability, industrial and motor vehicle accidents, increased alcohol consumption, risk of
cardiovascular disease, and possibly increased mental health issues (21, 22).

6
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Recent epidemiological and laboratory-based studies have also associated sleep loss with a
range of chronic health concerns, particularly in relation to insulin resistance and T2DM (4,
21, 23). In humans, a 40% reduction in glucose tolerance and a 30% reduction in the acute
insulin response following a glucose tolerance test (measurement of glucose and insulin

RI
PT

levels following oral glucose administration) has been reported after 6 nights of 4 h of time
in bed (TIB) per night (8). More recently, it was reported that just one night of 4 h of sleep

SC

time reduces insulin sensitivity (24-26), with many other studies consistently reporting sleep
loss induced insulin resistance (10, 24-28). Thus, evidence from both epidemiological studies
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and intervention studies support a key role for sleep in the regulation of glucose tolerance
and insulin resistance.

Sleep loss, circadian misalignment, and mitochondrial function

TE
D

One proposed mechanism contributing to sleep loss induced changes in glucose tolerance
and insulin resistance is circadian misalignment, a condition in which the exogenous
behavioral sleep/wake schedule and feeding schedule are not aligned with endogenously

EP

generated circadian rhythms (29). These circadian rhythms include changes in hormone

AC
C

secretion, body temperature, heart rate, muscle tone, and substrate utilization/metabolism,
which persist throughout a 24-h period under constant conditions (i.e., without
environmental/exogenous time cues) (30, 31). Circadian rhythms are regulated by the
suprachiasmatic nucleus (SCN) of the hypothalamus, and the molecular clocks of peripheral
tissues (such as skeletal muscle) acting synchronously as biological timekeepers. Altering the
sleep/wake cycle (i.e., reduced sleep duration) may also independently alter the central and
peripheral molecular clocks of human skeletal muscle (9) such that they become
desynchronized with exogenous stimuli – a notion supported by rodent studies (32, 33). As
7
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over 800 genes are regulated in a circadian manner within skeletal muscle of mice (34),
sleep loss induced disruption of the molecular clocks that regulate the expression of these
genes may have far-reaching effects, particularly in regard to normal cellular function and
health. As such, the misalignment of both the central and peripheral clocks by exogenous
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stimuli has been proposed as another potential mechanism contributing to sleep loss

SC

induced insulin resistance and impaired glucose tolerance (9, 29, 35, 36).

Shift workers who undertake variable rotating day and night shifts have an increased risk of
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circadian misalignment (37). These workers experience reduced sleep durations, a
constantly changing light/dark cycle, altered sleep/wake patterns, and mixed feeding
patterns, which together can contribute to circadian misalignment (37, 38). Of significance,
these changes in daily behaviors are also associated with a 40% increase in the risk of

TE
D

developing diabetes (4). Indeed, a longitudinal study (conducted between 1991 – 2001) of
Japanese alternating shift workers concluded that, compared to day shift workers,
alternating shift work was an independent risk factor for the onset of T2DM (39).

EP

Importantly, in both human and mouse models, exercise has been shown to be capable of

AC
C

causing a phase shift (i.e., advance or delay the circadian phase depending on the time of
day that the exercise occurs) (38, 40), and has thus been suggested as a potential
intervention to help realign circadian and diurnal rhythms in those with sleep issues (40).
Linked to phase shifts of endogenously-regulated circadian rhythms, exercise has also been
shown to cause shifts of the peripheral molecular clock in skeletal muscle (both rodent and
human), thus highlighting the potential role for exercise to realign disrupted metabolic
rhythms to their optimal state (38, 41).

8

ACCEPTED MANUSCRIPT
Emerging evidence demonstrates that skeletal muscle function, and specifically that of
mitochondrial respiration, also fluctuates rhythmically throughout the day. When
mitochondrial respiratory function was measured in human skeletal muscle across a 24-h
period, ADP-stimulated mitochondrial respiration oscillated in a “robust day/night rhythm”,

RI
PT

with a difference of approximately 20% between the highest (11 PM) and lowest (1 PM)
values (42). In mice, the expression of key rate-limiting mitochondrial enzymes (i.e.,

SC

pyruvate dehydrogenase and carnitine palymitoyl transferase) and ~38% of the
mitochondrial proteome, which are linked to the regulation of glucose tolerance and insulin
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resistance, also display a diurnal rhythm (43). Similar to circadian rhythms, a diurnal rhythm
follows a distinct 24-h cycle, but is synchronized to exogenous stimuli such as day and night
and other factors such as the timing of meals (44). Therefore, it is possible that
misalignment of these diurnal rhythms is detrimental to mitochondrial function, which

TE
D

would have further implications for glucose tolerance and insulin resistance.

As mitochondrial function is regulated in a diurnal manner, and sleep loss can lead to

EP

circadian misalignment, it is plausible that sleep loss may alter mitochondrial function - even

AC
C

if this remains to be fully elucidated in well-controlled laboratory studies. It has been
reported that 120 h of sustained wakefulness (sleep loss) reduces the activity of citrate
synthase

(CS)

(24%),

malate

dehydrogenase

(35%),

and

glycerol-3-phosphate

dehydrogenase (17%) in human skeletal muscle (11), collectively suggesting a decreased
functional capacity of the mitochondria. More recently, 72-h of sleep deprivation was
associated with reduced mitochondrial respiratory function in the hypothalamus of rats
(45). Whilst these studies indicate that mitochondrial function may be directly reduced as a
consequence of severe sleep loss, these initial findings have not been characterized in
9
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models that replicate the sleep loss encountered by humans. Nonetheless, the implications
are significant considering the proposed contribution of mitochondrial dysfunction to the
development of insulin resistance and T2DM (12, 13). It may therefore be hypothesized that
chronic sleep loss, such as that experienced by at least 30% of the American population,

RI
PT

leads to defects in mitochondrial function and a consequent increase in the risk of
developing insulin resistance and T2DM (46). Strategies to improve mitochondrial function,

SC

such as exercise (14), might be useful to combat some of the negative consequences of

M
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U

sleep loss.

Mechanistic pathways connecting sleep loss, misalignment of circadian rhythms, and the
potential benefits of exercise

At a molecular level, circadian rhythms are controlled by a number of genes - collectively

TE
D

known as Clock genes. A transcriptional:translational feedback loop, which includes the core
Clock genes Bmal1, Clock and Ror-α (often referred to as the activators of the feedback
loop), and Per 1-3, Cry 1/2 and Rev-erb-α (considered the repressors of the feedback loop),

EP

together coordinate circadian rhythmicity and metabolism at a cellular level via their ability

AC
C

to regulate the transcriptional activity of a host of other genes (clock controlled genes –
CCGs) (see (47) for review). Of significant note, the mRNA expression in human skeletal
muscle of two of these clock genes (Bmal1 and Cry1) is decreased following a night of sleep
loss (9).

Central to metabolic health and circadian regulation is the energy sensor, AMP-activated
protein kinase (AMPK). AMPK is activated upon changes in the AMP:ATP ratio, is important
in the regulation of mitochondrial biogenesis, and interacts closely with clock genes.
10
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Activation of AMPK causes the phosphorylation and destabilization of Cry1, leading to derepression of the BMAL1:CLOCK complex (48). Moreover, Rev-erb-α (a regulator of the clock
gene transcriptional feedback loop and mitochondrial biogenesis) (49) regulates AMPK (50)
via LKB1 - a protein responsible for upstream regulation of AMPK. It has also been suggested

RI
PT

that clock genes within skeletal muscle (i.e., Per1, Cry2) are regulated by AMPKγ3 (51) - an
AMPK isoform specific to skeletal muscle and essential for the regulation of glucose

SC

tolerance and insulin sensitivity (52). Exercise also activates and phosphorylates AMPK (15),
which subsequently plays a role in GLUT4 (glucose transporter 4) mediated skeletal muscle
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glucose uptake (53). Furthermore, muscle-specific Bmal1 knockout mice have decreased
skeletal muscle glucose uptake through decreased GLUT4 translocation (36), which may be
due to reduced expression of Tbc1d1 - a Rab-GTPase member involved in the GLUT4
translocation process and a potential target of the CLOCK:BMAL1 complex (54). Together,

TE
D

this suggests exercise-induced AMPK activation might help counteract impairments in
insulin resistance and glucose tolerance that may be associated with abnormalities in clock

EP

gene expression.

Downstream of AMPK is the transcriptional co-activator peroxisome proliferator-activated

AC
C

receptor γ (PGC-1α) (55), which is also upregulated in response to exercise (15). PGC-1α is
often referred to as the ‘master regulator’ of mitochondrial biogenesis, due to its role in the
transcriptional co-activation of a number of transcription factors (NRF 1/2, Tfam and PPARs)
involved in the regulation of mitochondrial respiratory function and content (16).
Importantly, PGC-1α also regulates the expression of, and is in itself regulated by
interactions with, members of the clock gene family (as demonstrated in a number of
rodent studies) (35, 56, 57). For example, PGC-1α knockout mice models demonstrate
11
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reduced clock gene expression, while Bmal1 knockout mice models and mice with a mutated
CLOCK protein (truncated CLOCKΔ19 protein) display reduced PGC-1α protein content (35,
56, 57). Decreases in PGC-1α protein content may contribute to the reductions in
mitochondrial content and respiration that are observed in Bmal1 knockout mice and

RI
PT

CLOCKΔ19 mutant mice (35, 57). These same clock gene mutant mice have also been shown
to have reduced insulin sensitivity, and the early development of T2DM (47, 58-60), which

SC

may be explained in part by the close association between mitochondrial dysfunction and
the development of insulin resistance and T2DM (12, 13, 46, 61). These findings suggest that

M
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reductions in the protein content and expression of clock genes and PGC-1α may help to
explain the reported effects of sleep loss on insulin sensitivity and T2DM. Importantly, both
single and multiple bouts of exercise increase PGC-1α expression (15, 62) and mitochondrial
function (63, 64), with subsequent improvements in insulin sensitivity (17). Thus, there is

TE
D

emerging evidence suggesting exercise might be a viable strategy to counteract the effects
of sleep loss on clock gene expression, PGC-1α expression, reduced mitochondrial function,

EP

and subsequently increased insulin resistance.

AC
C

While the role of PGC-1α as a key metabolic regulator is well established, it is also important
to note its role may be determined by factors such as tissue specificity and its level of
expression (65, 66). Hepatic overexpression of PGC-1α in mice induces hepatic insulin
resistance, potentially via increased stimulation of gluconeogenesis, leading to
hyperglycemia (66). However, increased expression of PGC-1α within physiological levels (as
seen with exercise), improves mitochondrial content, GLUT4 expression, and insulin
sensitivity in skeletal muscle (65).

12
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Another key regulator of mitochondrial function, which can also be classified as a clockcontrolled gene, is SIRT3 (a member of the sirtuin family) (67). SIRT3 is a mitochondrial
protein that controls the acetylation levels of key functional oxidative metabolism and fatty
acid oxidation proteins (i.e., long-chain acyl dehydrogenase), and thus can influence the

RI
PT

overall respiratory function of the mitochondria (67). Knockout of SIRT3 in mice causes a
reduction in the expression of mitochondria related genes that are induced by PGC-1α (68).

SC

Using liver-specific Bmal1 knockout mice, it was reported that mitochondrial respiration in
the liver could be influenced in a circadian manner via clock gene dependent regulation of

M
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nicotinamide adenine dinucleotide (NAD+ - a mitochondrial co-enzyme), which in turn
controls the deacetylase activity of SIRT3 (67). Another member of the sirtuin family, SIRT1 –
a regulator of insulin sensitivity in mouse skeletal muscle, also appears to be activated by
CLOCK and BMAL1, with mutation and knockout of these clock proteins, respectively,

TE
D

leading to the induction of insulin resistance (69). This indicates the dysregulation of clock
genes, suggested to occur in response to sleep loss (9), may also lead to increased insulin

EP

resistance via a reduced content of SIRT proteins.

AC
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Of note, and similar to both AMPK and PGC-1α, it has been shown that SIRT1 and SIRT3 can
be upregulated by exercise in the skeletal muscle of both animals (70, 71) and humans (72).
Elevated SIRT1 activity has been shown to be important in the subsequent deacetylation
and induction of PGC-1α transcriptional activity (73). Together, this demonstrates that both
clock genes and exercise influence many regulators of mitochondrial biogenesis. This might
help to explain why there is a diurnal rhythm to mitochondrial function and enzyme activity,
why these may be affected by sleep loss, and equally why exercise may play a role in

13
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mitigating sleep loss induced insulin resistance. The connection between clock genes, AMPK,
PGC-1α, SIRT1 and SIRT3 is summarized in Figure 1.

RI
PT

***INSERT FIGURE 1 HERE***

Exercise increases mitochondrial signaling and clock gene expression

SC

Exercise induced increases in the activation of AMPK, the protein content of PGC-1α, and
activity of SIRT1 and SIRT3, are important signaling events that coordinate the expression of
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mitochondria-related genes (leading to increased mitochondrial content and function) as
well as improvements in insulin sensitivity (74, 75). Among the genes that PGC-1α increases
the expression of, are the mitochondrial enzymes that have been reported to have
diminished activity following sleep loss in humans. For example, CS activity (a key enzyme of

TE
D

the citric acid cycle and a marker of mitochondrial content) is significantly reduced in human
skeletal muscle following 120 h of sustained wakefulness (11). Importantly, skeletal muscle
CS mRNA and PGC-1α mRNA is increased following a single bout of high-intensity interval

EP

exercise (HIIE), with subsequent increases in CS activity and PGC-1α content (16). Moreover,
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C

activity of the same complexes in the electron transport system that are reduced following
sleep deprivation in rats (45) can be improved via exercise training (76). Therefore, exercise
can promote increased activity and content of mitochondrial enzymes that are reduced
following sleep loss and which may lead to insulin resistance and T2DM.

Despite our increased understanding of mitochondrial signaling, and models of sleep
disruption and circadian misalignment, there are a number of additional exercise-induced
signaling pathways associated with improved mitochondrial function that have yet to be
14
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investigated in response to sleep loss. In humans muscle contraction leads to the activation
of kinases such as calmodulin-dependent protein kinase (CAMK) and p38 mitogen activated
protein kinase (p38MAPK) (in addition to AMPK), via changes in calcium and reactive oxygen
species, respectively, which converge on myocyte enhancer factor 2 (MEF-2), activating
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transcription factor 2 (ATF2) and cyclic-AMP response element binding protein (CREB), and
exert their influence on enhancing PGC-1α promoter activity (77). In addition, Perry et al.

SC

(16) demonstrated that exercise training modulates mitochondrial fission and fusion
proteins important for regulating mitochondrial integrity and turnover. Moreover, we have
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recently reported in human skeletal muscle that single (15) and multiple (62) bouts of
exercise increase phosphorylation and protein levels of the tumor suppressor protein, p53.
Ablation of p53 content in mice results in reduced mitochondrial respiration, lowered PGC1α content and decreased exercise capacity (78), whilst p53 has also been shown to

TE
D

regulate insulin resistance (79). Collectively, these pathways represent varying avenues for
future research in the context of sleep loss, exercise, mitochondrial function and insulin

EP

resistance.
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The detrimental mitochondrial characteristics previously demonstrated in clock gene
knockout mice can also be somewhat ameliorated by exercise (57). Following an 8-week
exercise training program, mice with mutated CLOCKΔ19 proteins were able to restore PGC1α protein content to that of trained wild-type mice (57). This was accompanied by similar
increases in COX-I activity (another marker of mitochondrial content (80)). Moreover, a
single bout of resistance exercise is associated with increased expression of Per2, Cry1 and
Bmal1 in human skeletal muscle, compared with resting muscle (41). Together, these
associations between clock controlled genes, PGC-1α, and mitochondrial dysfunction (35,
15

ACCEPTED MANUSCRIPT
56) provide a theoretical mechanism by which exercise-induced contractile activity may play
a role in ameliorating sleep loss induced disruptions of clock genes following a night of sleep
loss (9) and hence mitigate consequent impairments in mitochondrial function and insulin
sensitivity. That said, future research should focus on uncovering the specific relationships
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and underpinning mechanisms between sleep loss, changes in skeletal muscle mitochondrial
function, and exercise. A schematic overview summarizing the hypothesized connection

SC

between sleep, exercise and insulin resistance is shown in Figure 2.
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***INSERT FIGURE 2 HERE***

The role of sleep on muscle mass and insulin resistance

As skeletal muscle is the major site for glucose disposal, it is conceivable that maintenance

TE
D

of muscle mass and function is also important for maintaining glucose tolerance and insulin
sensitivity. In this context, it has been reported that sleep loss can lead to a decrease in
muscle mass – likely due to an increased catabolic and reduced anabolic hormone profile

EP

(81-83). Moreover, while on a calorie restricted diet, curtailing sleep opportunities to 5.5 h a
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night for 14 consecutive nights increased the fraction of muscle mass lost compared to
participants who had an 8.5 h sleep opportunity each night (84). Together, this marks
another possible convergence point at which sleep and exercise may interact.

While inconclusive thus far, evidence from animal models used to investigate muscle
atrophy and sarcopenia (a progressive loss of muscle mass, quality and function, associated
with aging (85)) point towards the disruption of clock genes as a contributing mechanism.
For example, Bmal1 knockout mice display features associated with advanced aging and
16
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sarcopenia, including significantly reduced strength and altered myofilament structure (35,
86). This suggests that the molecular clock is necessary for the maintenance of skeletal
muscle function and phenotype. Another mechanism thought important in the regulation of
muscle mass is inflammation. Indeed, lifestyle factors such as sedentary behaviors and sleep

SC

(87), which may also be implicated in muscle atrophy (88).
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loss, as well as obesity and T2DM, induce dramatic increases in pro-inflammatory signaling

Strategies that can regulate the molecular clock, such as resistance-based exercise
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interventions, have also been shown to increase muscle mass and to protect against
sarcopenia (89). Furthermore, exercise has been shown to have anti-inflammatory
properties (90), providing a potential additional mechanism to counteract sleep loss induced
muscle loss. Importantly, it has been shown in rats that resistance exercise training

TE
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performed prior to sleep loss attenuates muscle atrophy (82), providing preliminary
evidence of the role contractile activity can play in protecting against sleep loss induced
muscle mass loss. Whether it also helps reduce the development of insulin resistance, by

EP

maintaining skeletal muscle functionality, remains to be determined. Nonetheless,
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considering the increased prevalence of sarcopenia in T2DM patients (91, 92), this appears
an important area of emerging research.

Sleep quality, insulin sensitivity and exercise
In addition to sleep loss, sleep quality may also be a critical factor influencing the regulation
of insulin sensitivity (93). It was recently reported that, like sleep loss, reduced sleep quality
is associated with a similar increase in the risk of T2DM as physical inactivity (~40%) (4).
Additionally, patients with sleep disorders, such as obstructive sleep apnea (OSA), in which
17
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sleep quality is significantly reduced, have an increased risk of insulin resistance (4). Sleep
quality can be determined via polysomnography, which analyzes multiple physiological
parameters relevant to sleep. Specifically, the time spent in different stages of sleep can be
quantified (i.e., non-rapid eye movement (nREM, stages 1-3) and rapid eye movement

RI
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(REM)) (94). A reduction in the time spent in slow wave sleep (SWS, nREM stage 3) (i.e.,
restorative sleep) is also associated with increased insulin resistance (93, 95). Indeed, when

SC

SWS is disturbed, but the overall time spent asleep is not reduced, there are increases in
insulin resistance of between 20-25%. However, a night of REM sleep disturbance did not
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produce similar reductions in insulin sensitivity, suggesting that SWS rather than REM sleep
may play a role in the regulation of insulin sensitivity (95). In considering there were no
associations between sleep stages and fasting insulin resistance following 1 night of
restricted sleep (25), when taken together, this suggests more research is warranted to

resistance.

TE
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determine the role of REM and SWS on the regulation of glucose tolerance and insulin

EP

Given that sleep quality is an important determinant of glucose tolerance and insulin
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sensitivity (23, 93), improving sleep quality by means of regular engagement in exercise
could also prove beneficial in the treatment and prevention of insulin resistance and T2DM.
There are a number of strategies for improving sleep quality (e.g., sleep hygiene practices
such as caffeine restriction and reducing the use of electronic devices prior to bed).
However, engaging in physical activity and exercise (both acutely and chronically), as
alternative or complementary approaches, may be beneficial (96, 97). In a comparison of
older adults who were assigned to either a moderate-intensity exercise program or a health
education control program over a 12-month period, an exercise program was shown to
18
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improve aspects of sleep quality (98). Indeed, decreases in nREM stage 1 sleep (considered a
transitional state from wake to sleep), increases in nREM stage 2 sleep (considered more
stable sleep than stage 1) and reduced sleep disturbances (as assessed via
polysomnography) were reported, which coincided with improved self-reported parameters
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of sleep quality following the exercise program. Moreover, exercise is currently prescribed,
and has been shown to be effective in improving sleep quality, for a variety of clinical sleep

SC

disorders, including insomnia and obstructive sleep apnea, in which sleep quality is typically
reduced (99, 100). However, further research is required to determine whether, in addition

M
AN
U

to metabolic function, exercise-induced improvements in sleep quality (regardless of
duration) can help to maintain glucose tolerance and insulin resistance.

Conclusion

TE
D

To date, sleep and exercise in the context of human health have remained relatively
independent lines of research. However, with the emergence of sleep loss as a significant
risk factor for the development of insulin resistance and T2DM, engagement in exercise to

EP

mitigate these risks may offer an alternative solution. Indeed, this review presents and

AC
C

uncovers a framework and mechanistic underpinning of how exercise can be of significant
benefit to counteract the mechanisms by which sleep loss might increase the risk of
impaired mitochondrial function and the subsequent development of insulin resistance and
T2DM.

The critical next step is to perform well controlled experiments that reveal the specific
mechanisms by which sleep loss contributes to the development of insulin resistance and
reductions in glucose tolerance. Such findings will allow for more targeted interventions
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aimed at improving human health, whether that is obtaining more and a better quality of
sleep and/or increasing basal levels of exercise. Furthermore, this research may help to
inform which exercise modalities might be best to counteract the detrimental effects of
sleep loss. To this end, it is particularly important for future research to elucidate whether

RI
PT

an emphasis should be placed on improving sleep duration and quality, or whether it would
be more time efficient (in the context of improving human health) to focus attention on

SC

increasing habitual exercise in the face of reduced sleep, so as to counteract the detrimental

M
AN
U

impact of sleep loss.

Practice Points
•

Reduced sleep duration and quality is associated with an increased risk for the
development of insulin resistance and T2DM.

Sleep loss leads to disruptions in circadian rhythm and the expression of skeletal muscle

TE
D

•

clock genes, which negatively influences mitochondrial content and function.
•

Mitochondrial dysfunction is associated with the development of insulin resistance and

EP

T2DM, suggesting a possible relationship between sleep loss, changes in mitochondrial

•

AC
C

function, and the development of insulin resistance.
Exercise induces a cascade of signaling events associated with mitochondrial biogenesis,
and may thus alleviate sleep loss induced mitochondrial dysfunction, insulin resistance
and impaired glucose tolerance.
•

Exercise may improve sleep quality, which could improve insulin sensitivity and reduce
the risk of development of T2DM.

Research Agenda
20
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•

To uncover the relationships and underpinning mechanisms associated with sleep loss,
skeletal muscle mitochondrial function, and insulin sensitivity.

•

The role of exercise (single bouts and chronic exercise training) in mitigating sleep loss

RI
PT

induced reductions in whole-body metabolic health and skeletal muscle function
remains to be determined.
•

To investigate how sleep and exercise influence the synchronicity between central and

Further research is needed to determine the most time efficient approach to improve

EP

TE
D

M
AN
U

insulin sensitivity and glucose tolerance in the context of sleep and exercise.

AC
C

•

SC

peripheral clocks and the subsequent effects on metabolic health.
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Figure 1. Interplay between peripheral molecular clock genes, AMPK, SIRT1, SIRT3 and PGC1α. BMAL1 and CLOCK activate Per1-3 and Cry1,2. PER1-3 and CRY1,2 transcriptionally
repress the action of Bmal1 and Clock. AMPK phosphorylates CRY1,2 leading to less
repression of Bmal1 and Clock, whilst PGC-1α transcriptionally regulates and is itself
regulated by Rev-erb-α. Rev-erb-α also represses the effects of BMAL1. PGC-1α regulates
Clock through a ROR-α dependent pathway and is regulated also by the CLOCK:BMAL1
complex. CLOCK:BMAL1 can activate both SIRT1 and SIRT3 whereby SIRT1 deacetylates
Per2, whilst SIRT1 and SIRT3 upregulates transcription of PGC-1α. Furthermore,
BMAL1:CLOCK directly exerts its influence on Tbc1d1 which is required for GLUT4
translocation. AMPK also regulates GLUT4 translocation to the plasma membrane. Rev-erbα activates AMPK via LKB-1, which directly upregulates transcription of PGC-1α.
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Figure 2. One of the main proposed models, based on current literature, of the impact of
sleep loss with or without exercise on mitochondrial signaling, mitochondrial biogenesis,
and insulin sensitivity. Reduced sleep duration disrupts circadian rhythm and alters
molecular clock gene expression, which subsequently impacts on mitochondrial signaling
events associated with mitochondrial biogenesis and results in a reduction in insulin
sensitivity. Conversely, exercise activates the mitochondrial signaling events associated with
mitochondrial biogenesis and, therefore, may be a viable strategy to mitigate sleep loss
induced reductions in insulin sensitivity. Furthermore, exercise may induce a phase shift and
thus a ‘resyncing’ of the peripheral clock. While reduced sleep quality also induces
reductions in insulin sensitivity, exercise induced improvements in sleep quality may
mitigate these responses.
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