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A reduction in the amount of time spent sleeping occurs chronically in modern society. Clinical and experimental studies in
humans and animal models have shown that immune function is impaired when sleep loss is experienced. Sleep loss exerts a strong
regulatory influence on peripheral levels of inflammatory mediators of the immune response. An increasing number of research
projects support the existence of reciprocal regulation between sleep and low-intensity inflammatory response. Recent studies show
that sleep deficient humans and rodents exhibit a proinflammatory component; therefore, sleep loss is considered as a risk factor for
developing cardiovascular, metabolic, and neurodegenerative diseases (e.g., diabetes, Alzheimer’s disease, and multiple sclerosis).
Circulating levels of proinflammatory mediators depend on the intensity and duration of the method employed to induce sleep
loss. Recognizing the fact that the concentration of proinflammatory mediators is different between acute and chronic sleep-loss
may expand the understanding of the relationship between sleep and the immune response. The aim of this review is to integrate
data from recent published reports (2002–2013) on the effects of sleep loss on the immune response.This review may allow readers
to have an integrated view of the mechanisms involved in central and peripheral deficits induced by sleep loss.

1. Introduction

Sleep is a vital phenomenon, classically divided into two
distinct phases: sleep with rapid eye movements (REM)
and sleep without rapid eye movements (non-REM) [1]. In
humans, three stages of non-REM sleep have been charac-
terized by electroencephalography (EEG); these include low-
frequency slow wave sleep (SWS) with EEG synchronization,
light sleep, and an intermediate sleep stage 2. In contrast,
REM sleep is characterized by EEG activity similar to that of
waking and by the loss of muscle tone [2, 3]. Both phases,
REM sleep and non-REM sleep, alternate throughout total
sleep time [2, 3]. REM sleep is amply studied because it is
considered important for learning, memory consolidation,

neurogenesis, and regulation of the blood-brain barrier
function [4–8], while non-REM sleep is related to hormonal
release (e.g., growth hormone secretion), the decline in the
thermal set point, and is characterized by a reduction of car-
diovascular parameters (e.g., lowering of blood pressure) [9,
10]. Although sleep constitutes a considerable portion of the
mammalian lifetime [2], specific sleep function still remains
controversial. Many hypotheses have been proposed, includ-
ing tissue repair, thermoregulation, homeostatic restoration,
memory consolidation processes, and preservation of neuro-
immune-endocrine integrity [10, 11].

The paramount role of sleep in the physiology of animal
models and humans is evident by the effects of sleep loss.
Serious physiological consequences of sleep loss include
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emotional reactivity, cognitive dysfunction (deficits in learn-
ing, memory, and decision making), decreased neurogenesis,
and metabolic disturbances that may result in the death of
experimental animals [1, 7, 12–14]. Sleep loss effects can be
evaluated by several methodologies, including acute total or
selective sleep deprivation and sleep restriction (also called
partial sleep deprivation) or sleep fragmentation. In some
cases, deprivation devices connected to the electroencephalo-
graph have been used to selectively deprive a specific sleep
phase. In humans, total sleep deprivation is common in
individuals working more than 24 hours continuously, while
sleep restriction is defined as diminution of time spent asleep.
Sleep restriction is linked to lifestyle including longer work
hours and shift-work and increased accessibility to media of
all sorts, or medical conditions such as insomnia [15, 16].
Pathological conditions (e.g., obstructive sleep apnea (OSA),
drug addiction) and aging have a common pattern of sleep
fragmentation (also called sleep disruption) characterized by
numerous awakenings despite normal time spent asleep [16].
Most of the current knowledge on the effects of sleep loss in
humans comes from studies of total sleep deprivation applied
for brief time periods or partial sleep deprivation (2-3 hours
less than normal sleep time) for one night or even for chronic
periods [15, 16]. The majority of animal models used to study
the physiological effects of sleep loss are based primarily
on total sleep deprivation [16]. Although this method does
not resemble human conditions, it still provides valuable
information on sleep loss effects.

To study the relationship between sleep and the immune
system, researchers have relied on two basic approaches; in
the first approach, human volunteers or animals (mainly
rodents) are subjected to the administration of immune-
stimulating substances (or pathogen administration in ani-
mals), and the effects of these manipulations on sleep are
evaluated. In the second approach, human volunteers or ani-
mals are subjected to sleep loss protocols (sleep deprivation,
sleep restriction, or sleep fragmentation) and immunological
products such as cells and/or solublemediators aremeasured.
Here, we present a compilation of recent evidence about the
effects of sleep loss on the immune system in both humans
and rodents, under acute and chronic sleep loss. Additionally,
we propose how sleep recovery might restore the normal
balance between proinflammatory and anti-inflammatory
molecules at the systemic level and how immune mediators
might be in direct contact with the central nervous system
via blood-brain barrier disruption, modifying neural activity
and the possible pathway for neurological impairments.

2. Sleep Loss as a Stressful Factor

Sleep loss has been deemed a stressor [17, 18]; however, sleep
and stress differ in the profile of circulating molecules and
in their effects on the immune system. Stress is the response
of the organism to any stimulus that alters the homeostasis
[19]. The adverse stimuli generating stress, either physical
or psychological, also vary in their temporal dimension.
Acute stress occurs when stressors appear once and remain
for a short period of time (some minutes or hours); while,

chronic stress occurs when stressors are repetitive and long
lasting (appearing for weeks or months) [19]. Since the initial
description of the phenomenon [20], it has been shown that
stressors induce activation of the hypothalamus-pituitary-
adrenal (HPA) axis and of the sympathetic nervous system
[19, 21]. At the beginning of the stress response, there is a large
sympathetic activation, followed by glucocorticoid release
from the adrenal cortex. Over a prolonged stress period, the
adrenaline response is rapidly habituated; however, glucocor-
ticoids remain elevated only when stressors are unpredictable
and uncontrollable. If the subject is capable of predicting the
appearance of chronic stressors and has control over them,
the glucocorticoid response also disappears [21].

Regarding the effect of stress on the immune system, it
has been shown that acute stress has an immunostimula-
tory effect; adrenaline increases the circulating numbers of
neutrophils, macrophages, natural killers, and lymphocytes,
while glucocorticoids promote traffic of leukocytes to the
skin, mucosal lining of the gastrointestinal and urinary-
genital tracts, the lung, and liver, both in humans and in
experimental animal models [22–27]. Therefore, acute stress
seems to prepare the immune system to cope with the
damage induced by the noxious agent. On the contrary,
chronic stress suppresses the immune function by modifying
the levels of both proinflammatory (e.g., interleukin (IL)-6
and tumor necrosis factor (TNF)-𝛼) and anti-inflammatory
cytokines (e.g., IL-10, IL-4) [28], by reducing the numbers
and traffic of leukocytes [27], and by up-/downregulating T
cell number and function [29]. Specifically, glucocorticoids
act on antigen-presenting cells (APCs) and T helper 1 (Th1)
cells, inhibiting their production of IL-12, interferon (IFN)-𝛼,
IFN-𝛽, and TNF-𝛼, but upregulating the production of anti-
inflammatory cytokines (IL-4, IL-10, and IL-13) by Th2 cells
[30].

Since the pioneer studies, sleep loss has been tightly
linked to stress; in the first studies it was shown that sleep
deprived animals had larger adrenals than their counterpart
controls [1, 31]. In animal models, the classical methods for
sleep deprivation consist of highly aversive environments
(e.g., water surrounding small platforms); therefore, addi-
tional animals subjected to the aversive environment but
without any sleep loss are constantly included as controls
for the procedure. The measurement of circulating levels
of glucocorticoids is the main stress index; nevertheless,
depending on the intensity and duration of sleep loss, cor-
tisol/corticosterone levels may increase [32–35], not change
[33, 36], or even decrease [37] (see Table 1). It is known that
the chronic increase in cortisol/corticosterone levels desensi-
tize glucocorticoid receptors, promoting an altered control of
the HPA axis [38]; this may explain the maintenance or even
the decrease in glucocorticoid levels after sleep deprivation
(e.g., >40 h in humans) [39] or chronic sleep restriction (e.g.,
21 days in rats) [33].

The role of glucocorticoids in sleep homeostasis has
been carefully studied; glucocorticoid administration in both
humans and animal models induces waking EEG activity
(e.g., [42, 43]); in addition, glucocorticoid administration
decreases REM sleep and promotes SWS in humans [42]
and decreases SWS and increases sleep latency in animal
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Table 1: Differential effect of sleep loss time upon glucocorticoid levels.

Human Cortisol Reference
TSD 1 night ↑ [34]
TSD 40 hours = or ↓ [40]
TSD 40 hours = [39]
SR 2 hours TIB/1 night = [36]
SR 3 hours TIB/4 days ↓ [37]
SR 6 hours TIB/6 days = [41]
Rodents Costicosterone Reference
RSD 72 hours ↑ [32]
RSD 96 hours ↑ [33]
RSR with 6 hours of SO/21 days = [33]
The table illustrates the differential effect of acute sleep deprivation and sleep restriction upon glucocorticoid levels. Representative samples present in this
table were measured within the first four hours after wakefulness in humans or at the beginning of the light phase in rodents.
Abbreviations: TSD: total sleep deprivation; SR: sleep restriction; TIB: time in bed; RSD: REM sleep deprivation; SO: sleep opportunity; ↑: increase; =: not
change; ↓: decrease.

models [42]. When they occur, increased corticosterone
levels secondary to sleep deprivation are unnecessary for
sleep recovery; in animal models, a large sleep rebound was
observed after acute sleep deprivation, despite adrenalectomy
[44]. Moreover, under chronic REM sleep deprivation in rats,
where corticosterone levels are similar to basal levels [33], a
tendency to REM sleep rebound is also observed [45].

In the vast majority of studied phenomena (e.g., studies
of sleep loss effects on hippocampal neurogenesis), it has
also been found that sleep loss effects are maintained even
in animals subjected to adrenalectomy [46]. Additionally,
chronic administration of an inhibitor of corticosterone
secretion (metyrapone) in REM sleep deprived animals did
not revert memory deficits; hence glucocorticoids are not
responsible for the memory impairments associated to REM
sleep loss [47]. These data show that sleep loss may cause
more functional deficits than those caused by stress only.
It is very likely that the effects of REM sleep deprivation
on neural, endocrine, and immune systems accumulate
throughout the experimental procedure without any oppor-
tunity to restore homeostasis by adequate sleep recovery.
Notwithstanding, some authors still consider that sleep loss
is a stressful event [18], while the vast majority of sleep
researchers deem sleep deprivation and stress as independent
events [42–44, 46–48].

3. Sleep and the Immune Response

It is well known that sleep loss makes an individual more sus-
ceptible to disease and, conversely, that sleep is important for
recovery from illness. Specific immunological active peptides
or neuroendocrine hormones influence the sleeping-waking
brain, and sleep disturbances may affect inflammatory com-
ponents. Cellular (macrophages, neutrophils, eosinophils,
basophils, natural killer, and T and B lymphocytes) and
molecular (proinflammatory cytokines and acute phase pro-
teins) inflammatory components that act as mediators of the
acute phase response in inflammatory diseases, additionally,

play a role as modulators of metabolic functions that involve
the central nervous system, including sleep.

3.1. Effects of Inflammatory Components on Sleep. Cytokines
that affect sleep in both humans and laboratory animals
include IL-1𝛼, IL-1𝛽, IL-2, IL-4, IL-6, IL-8, IL-10, IL-13,
IL-15, IL-18, TNF-𝛼, TNF-𝛽, IFN-𝛼, IFN-𝛽, IFN-𝛾, and
macrophage inhibitory protein (MIP)-1𝛽 (MIP-1𝛽) [49].
Immune signaling molecules such as cytokines are present
in the healthy brain, where they interact with neurochemical
systems (e.g., serotoninergic, cholinergic, and glutamatergic
systems) [49, 50] to regulate normal sleep. Particularly, IL-
1𝛼, IL-1𝛽, and TNF-𝛼 have been widely investigated to state
that they are involved in the regulation of physiological sleep.
Signaling receptors for both IL-1 (𝛼 and 𝛽) and TNF-𝛼 are
present in brain areas involved in sleep physiology including
the hypothalamus, brainstem, hippocampus, and cerebral
cortex [49].The brain interacts with peripheral inflammatory
mediators through the innervation of lymphoid tissues or
the transport or action of these molecules on the blood-
brain barrier [51]. In addition, glial cells such as microglia
and astroglia, as well as pericytes are capable of releasing
proinflammatory mediators in response to peripheral sig-
nals (chemokines, acute phase proteins, nitric oxide, and
adenosine) contributing to the action of inflammatory medi-
ators upon neuronal function [52, 53]. Because IL-1𝛼, IL-
1𝛽, and TNF-𝛼 are the most studied cytokines involved in
sleep regulation, we focus mainly on these three cytokines;
however, the role of IL-6 will also be reviewed because this
proinflammatory cytokine is highly related to the interaction
between sleep loss and the immune response.

3.1.1. Effect of Proinflammatory Cytokine on Sleep in Humans.
Interleukin-1 is a key mediator of the acute phase response in
an infected host [54]. IL-1𝛼 and IL-1𝛽 together with TNF-𝛼
have many physiological roles, such as in cognition, synaptic
plasticity, and immune function. Both IL-1𝛽 and TNF-𝛼 are
also well-characterized as to their actions on sleep regulation
[55]. For instance, IL-1𝛽 is a potent enhancer of non-REM
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sleep that induces symptoms associated with sleep loss such
as sleepiness, fatigue, and poor cognition [56].

Under pathological conditions (e.g., cancer, multiple
sclerosis) cytokine administration is used as a treatment
[57, 58] and sleep patterns are altered [59, 60]; in patients
with multiple sclerosis numerous sleep pathologies (e.g.,
insomnia, hypersomnia, circadian rhythm sleep disorders,
and movement- and breathing-related sleep disorders) have
been described [59], while in cancer patients complaints
about sleep fragmentation and insomnia are frequent [60].
Although sleep disturbances are frequently reported in
autoimmunepathologies andmooddisorderswith an inflam-
matory component [59–61], the aetiology of sleep alter-
ations remains unclear. To cite a few instances, it has been
reported that autoimmune diseases that exhibit autoanti-
bodies against neuronal voltage-gated potassium channel
(VGKC) complexes such as limbic encephalitis or Morvan
syndrome present sleep disturbances like insomnia, REM
sleep behavior disorder, hypersomnia, and somniloquy [62,
63]. Interestingly, immunotherapy in patients with autoim-
mune diseases promotes significant sleep improvement in
80% of patients [62]. Also, infections with a proinflammatory
component induce sleep disorders, up to 70% of persons
living with human immunodeficiency virus (HIV) experi-
ence sleep disturbances including insomnia and obstruc-
tive sleep apnoea (OSA) syndrome [64], and in people
affected by leprosy the prevalence of restless leg syndrome
is higher than the general population [65]. In the same way,
inhibition of proinflammatory cytokine signalling has been
proposed as a viable strategy for targeting sleep disturbances
in patients with evidence of proinflammatory activity [66].
For instance, in alcohol-dependent males, inflammatory
markers correlated with REM sleep increase [66], but the
pharmacological neutralization of TNF-𝛼 by etanercept (a
decoy receptor that binds to TNF-𝛼) reduced REM sleep
until normal values [67]. In addition, both IL-1 (𝛼 and 𝛽)
and TNF-𝛼 are present in a variety of clinical conditions
involving sleep disorders, such as chronic insomnia and OSA
(reviewed in [68]).

3.1.2. Effect of Proinflammatory Cytokines on Sleep in Animal
Models. It has been known for over 50 years that mammalian
cerebrospinal fluid contains sleep-promoting substances that
accumulate during wakefulness [10]. The common criteria to
consider any substance a somnogenic molecule include (1)
whether the substance injected enhances sleep, (2) whether
sleep is reduced if the substance is inhibited, and (3) whether
the substance is altered in pathological states associated with
sleep disorders. All of these criteria have been met by IL-1𝛼,
IL-1𝛽, IL-6, and TNF-𝛼 [68].

The effects of IL-1𝛼, IL-1𝛽, and TNF-𝛼 on sleep was
reported in several animal species including rodents, mon-
keys, cats, and sheep. Induction of non-REM sleep by IL-1𝛼,
IL-1𝛽, and TNF-𝛼 is independent of the route of adminis-
tration (e.g., intracerebroventricular (ICV), intraperitoneal,
subcutaneous) and its effect is dose-dependent [68, 69].
In rodents, classical studies show that low doses of IL-1𝛽,
through ICV administration, increase non-REM sleep when

it is administered during the light phase [69]. However, IL-
1𝛼 or IL-1𝛽 also induce non-REM sleep fragmentation [49],
and high doses of IL-1𝛽, administered during the dark phase,
suppress non-REM sleep [68].

In addition to the pioneer studies on sleep regulation by
cytokines, recent studies focus on the molecular pathways
involved in physiological sleep regulation. Recently, mice
lacking the TNF 55kDa receptor (TNFR-KO) present a
decrease in the amount of non-REM and REM sleep [70].
Furthermore, experimental studies in rodents show that
proinflammatory cytokine-induced sleep disturbances can be
reversed by administration of anti-inflammatory cytokines or
specific cytokine antagonists (e.g., IL-1 receptor antagonist,
IL-1ra) [68]. The strong relationship between sleep and its
modulation by proinflammatory cytokines provides a key to
understand how sleep loss is capable of altering the immune
system and subsequently promotes metabolic, cardiovascu-
lar, and neurodegenerative impairments [15].

3.2. Effect of Sleep Loss on Immunological Response in Humans

3.2.1. Effects of Sleep Loss on Cellular Immune Components.
Circadian rhythms have been described for white blood cells
(WBC) in humans; numbers of circulating natural killers
(NK) and neutrophils peak at midday and show a nadir
during the night; while, monocytes, T and B lymphocytes
peak during the first half of the night and present the lowest
values during the day hours [71]. Sleep loss shifts the normal
circadian rhythm of WBC. In 24-hour total sleep deprived
humans, monocytes, T and B lymphocytes presented a delay
in the zenith of the rhythm with attainment of peak values
between 3 and 6 hours later than in normal sleep conditions
[71]; while the rhythm of NK flattened with a net increase in
the NK number during the sleep deprived night as compared
to normal sleep conditions [71, 72]. However, only few
human studies have repeatedly drawn blood samples from
sleep deprived subjects to measure circadian effects of sleep
deprivation onWBC counts; the majority of reported studies
quantify circulating WBC only once, on the morning after
sleep deprivation and compare those values with normally
sleeping subjects. Generally, in those studies leukocyte pop-
ulation increases after acute sleep deprivation, mainly by
rises in circulating numbers of monocytes and neutrophils;
in contrast, circulating numbers of B and T lymphocytes
remain stable immediately after sleep loss, but exhibit changes
after sleep recovery (see Table 2) [73, 74]. Sleep restriction
to 4 hours in bed during 5 consecutive nights decreased the
number of circulating NK and increased the number of B
lymphocytes, maintaining stable the numbers of other WBC
[75]. Differences among these studiesmay be explained by the
different techniques to draw blood samples, such as sex, race,
or age of the participants.

3.2.2. Effects of Sleep Loss on Molecular
Inflammatory Component

Effect of Sleep Loss on Antibodies. Few studies have examined
the consequences of sleep loss on the immune response to
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Table 2: Sleep loss effects on immune cellular components in humans.

Sleep loss condition Subject’s characteristics Cells Reference
country

Sleep deprivation 11 males Leukocyte ↑∗ B lymphocytes = [73]
Brazil2 nights 19–29 years Neutrophil ↑∗∗ T lymphocytes =

Sleep restriction 10 females WBC ↑∗∗ B lymphocytes = [74]
Belgium4 hours time in bed PM-RT Monocytes ↑∗ T lymphocytes =

3 nights 55–65 years Neutrophils ↑∗

Sleep restriction 7 females, 7 males NK = B lymphocytes = [76]
USA4.5 hours time in bed 39–61 years Monocytes = T lymphocytes =

1 night
Sleep restriction 8 males Neutrophils = Lymphocytes = [77]

Belgium4 hours time in bed 22–29 years
3 nights
Sleep restriction 13 males Monocytes = B lymphocytes ↑∗∗ [75]

Finland4 hours time in bed 19–29 years NK-cells↓∗∗ T lymphocytes =
5 nights
The table illustrates the differences between sleep deprivation and sleep restriction upon cellular components of the immune system in humans.
Abbreviations: NK: natural killers; PM-RT: postmenopausal with replacement therapy; ↑: increase; =: not change; ↓: decrease; ∗significant differences with
𝑃 < 0.05; ∗∗significant differences with 𝑃 < 0.01.

vaccination in healthy individuals; highly variable findings
have been reported [78–80]. Total sleep deprivation during
one night prior to hepatitis A vaccination reduced specific
antibody titters in the long-term (28 days postvaccination)
in both males and females [78]. However, the same 24 hours
of total sleep deprivation reduced specific antibody titters to
influenza AH1N1 virus vaccine only in males in the short
term (5 days post-vaccination), while sleep deprived females
did not have a significant difference as compared to normal
sleeping subjects [79]. In another study, short sleep durations
during the week of hepatitis B vaccination decreased viral
specific antibody titters in both male and female volunteers;
while the contrary was true, higher levels of antibody titters
were observed in participants with long sleep durations
during the week of vaccination [80]. Although few, those
studies suggest that sleep plays an important role in humoral
immunity, especially in antibody production; however, more
studies are necessary to elucidate how sleep loss may induce
changes in cellular immune components and subsequently
induce antigen-specific immune impairments, such as insuf-
ficient antibody production.

IL-1𝛼, IL-1𝛽, IL-6, and TNF-𝛼: The Most Studied Cytokines
under Sleep Loss Conditions. Human studies that evaluate
sleep loss effects have focused on the correlation among
inflammatory markers and metabolic and cardiovascular
diseases. For instance, in a study with 124 healthy volunteers,
inflammatory markers, such as endothelin-1 (ET-1) and IL-
6, were associated with an increase in total sleep time
and REM sleep latency [81]. These results show that poor
sleep is directly associated with inflammatory status. In the
same way, shorter sleep duration is also related to obesity
and cardiovascular diseases [82]. It is known that obesity,

diabetes, and cardiovascular diseases share a commonmech-
anism characterized by the inflammatory process. If sleep
loss induces low-intensity inflammation, we may consider
that sleep loss is associated with metabolic and cardiovascu-
lar disease generation through immunological deregulation
[15].

Similar to immune cells, cytokine production presents
circadian rhythms; proinflammatory cytokines present a
peak in early nocturnal sleep in correlation with the accu-
mulation of molecules such as adenosine or reactive oxygen
species that promote proinflammatory cytokine release; how-
ever the dominance of the proinflammatory response shifts
during late sleep, when REM sleep is present, promoting
the production of anti-inflammatory cytokines [51, 83]. The
different periods of exposure to proinflammatory mediators
might explain the reported differences between cytokine
plasma levels in sleep loss protocols.

Sleep deprivation protocols, lasting 40–88 hours in
humans, induce controversial changes in plasma levels of
IL-1𝛼, IL-1𝛽, IL-6, and TNF-𝛼, with reported findings of
increases, decreases, or absence of measurable changes in
cytokine levels [34, 39–41, 83, 84] (see Table 3). For example,
IL-6 plasma levels increased after one week of sleep restric-
tion in healthymales [41]. In contrast, a studywith 40 hours of
continuous total sleep deprivation found decreased IL-6 lev-
els in healthymen [40].These discrepanciesmay be attributed
to the method employed to obtain blood samples; intra-
venous catheters used for repetitive blood sampling increase
local IL-6 production, which might confound the sleep-
dependent changes in plasma concentrations of this cytokine
[85]. In addition, all the cellular sources of proinflammatory
cytokines are not known, although monocytes, which make
up about 5% of circulating leukocytes, are major contributors
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Table 3: Sleep loss effects on immune molecular inflammatory mediators.

Sleep loss condition Subject’s characteristics Cytokines
(pg/mL) C-reactive protein Reference

Total sleep
deprivation 1 night

IL-6 ↑ SL

[34]
Germany

16 controls Control
11 females, 5 males Basal 1.50 ± 1.10 ND
BMI 20.7–24.1 kg/m2 TSD 2.56 ± 1.63∗ ND

Recovery 2.82 ± 1.94∗ ND
15 unmedicated Depressed

depressed patients Basal 1.14 ± 0.69 ND
10 females, 5 males TSD 2.38 ± 1.87∗ ND
BMI 18.8–26.4 kg/m2

Total sleep
deprivation 1 night

IL-6 ? SL

[87]
Italy

9 females, 1 male Basal ND ND
Bipolar disorder TSD 3.15 ± 5.14 ND
36–53 years

Total sleep deprivation 40
hours

IL-1𝛽 ↑ PL CRP ↑ PL mg/L

[40]
USA

9 females, 10 males Basal ∼0.20 Basal ∼0.20
20–36 years TSD ∼0.45∗ TSD ∼0.50∗

BMI 18.5–24.5 kg/m2 IL-6 ↑ PL
Basal ∼1.6
TSD ∼1.9∗

Total sleep deprivation 40
hours

12 healthy males
29.1 ± 3.3 years

BMI 23.4 ± 1.5 kg/m2

IL-6 =
Basal 0.60 ± 0.13
TSD 0.62 ± 0.10

Recovery 1.20 ± 0.23∗
TNF-𝛼 =

Basal 0.88 ± 0.32TSD
1.05 ± 0.30

CRP = 𝜇g/mL
Basal 1.22 ± 0.46
TSD 0.55 ± 0.13

Recovery 0.61 ± 0.14

[88]
France

Total sleep deprivation 40
hours

IL-6 = PL

[39]
France

12 healthy males
26–32 years

Basal ∼3.5
TSD ∼3.6

ND
ND

BMI 21.9–24.9 kg/m2 TNF-𝛼 ↑ PL
Basal 0.66 ± 0.19
TSD 1.29 ± 0.33∗

Total sleep deprivation 88
hours

CRP ↑ PL mg/L

[89]
USA

10 healthy males Basal 0.39 ± 0.13
22–37 years Day 1: 0.48 ± 0.16∗

ND Day 2: 0.50 ± 0.20∗

Day 3: 0.65 ± 0.23∗

Recovery 0.66 ± 0.24∗

Sleep
restriction 5 hours time in
bed (1 night)

IL-6 ↑ PL
[90]
Tunisia

20 males Basal 1.89 ± 0.06 ND
20–22 years
71–75 kg SR 3.9 ± 0.70∗ ND

Sleep
restriction 4.2 hours time
in bed (2 nights)

IL-6 = PL

[84]
Germany

15 males Basal 2.0 ± 0.0 ND
20–40 years

BMI 20.5–24.9 kg/m2 SR 2.2 ± 0.02 ND
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Table 3: Continued.

Sleep loss condition Subject’s characteristics Cytokines
(pg/mL) C-reactive protein Reference

Sleep IL-6 ↑ PL

[91]
USA

restriction 25 control males Basal ∼2.9 ND
4 hours time in SR ∼2.8 ND
bed (4 days) 25 alcoholic males SR + Alc ∼4.1 ND

TNF-𝛼 ↑ PL
Basal ∼1.2
SR ∼1.0

SR + Alc ∼3.0

Sleep restriction
1 hour time in bed (7
nights)

IL-1𝛽 ↑ PL CRP↑ PL mg/L

[92]
Norway

8 males Basal 8.9 ± 2.8 Basal 1.38 ± 0.89
25.8 ± 0.9 years

BMI 80 ± 3.7 kg/m2

Demanding physical
challenges and SR

SR day 7: 45.2 ± 6.3∗ SR Day 7: 11.38 ± 3.05∗

Sleep

ND

CRP ↑ PL mg/L
[89]
USA

restriction 4 females, 6 males Basal 0.51 ± 0.20
4.2 hours time 26–38 years SR 2.65 ± 1.31∗

in bed (10 nights) BMI 21–31 kg/m2

Sleep IL-6↑ PL CRP = SL mg/L
[85]
USA

restriction 6 females, 12 males Basal 1.88 ± 0.85 Basal 0.34 ± 0.27
4 hours time in 21–40 years SR D10: 3.04 ± 2.83∗ SR Day 10: 0.69 ± 0.76
bed (10 nights) BMI 20–26 kg/m2 Recovery 2.36 ± 1.36∗

Sleep IL-6 ↑ SL CRP ↑ SL mg/L

[93]
Iceland

fragmentation 22 females, 136 males
OSA patients BMI < 30 kg/m2

1.3 ± 0.1 1.8 ± 0.2
28 females, 136 males
BMI 30.1–34.9 kg/m2

1.6 ± 0.2
∗∗ 4.1 ± 0.5∗∗

25 females, 107 males
BMI > 35 kg/m2

2.2 ± 0.2
∗∗ 2.6 ± 0.3∗∗

Sleep TNF-𝛼 ↑ PL

[94]
Spain

fragmentation 148 children AHI ≤ 1: 3.30 ± 0.4
OSA patients 6–12 years AHI ≥ 10: 10.02 ± 1.36∗ ND

Sleep fragmentation
veterans

IL-1𝛽 = PL

[95]
USA

Good sleep 7 males Good sleep ∼1.7 ND
Poor sleep 58 males Poor sleep ∼3.2 ND

IL-6 = PL
Good sleep ∼37.6
Poor sleep ∼34.2

TNF-𝛼 = PL
Good sleep ∼0.8
Poor sleep ∼1.2
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Table 3: Continued.

Sleep loss condition Subject’s characteristics Cytokines
(pg/mL) C-reactive protein Reference

Sleep fragmentation OSA
patients

Sleep durations
<6 hours, 249 males
6-7 hours, 227 males
>7 hours, 135 males

IL-6 = PL
<6 hours: 2.08–2.54
6-7 hours: 1.96–2.39
>7 hours: 2.00–2.59

TNF-𝛼 = PL
<6 hours: 2.86–3.73
6-7 hours: 2.52–3.28
>7 hours: 2.19–3.10

CRP ↑ SL mg/L
<6 hours: 1.79–2.47
6-7 hours: 1.71–2.35
>7 hours: 1.71–2.56

[96]
USA

Abbreviations: AHI: apnea-hypopnea index (expressed as the number of events per hour of total sleep time); BMI: body mass index; ND: nondetermined;
OSA: obstructive sleep apnea; PL: plasma levels; SL: serum levels; SR: sleep restriction; TSD: total sleep deprivation; ∼: approximate values obtained from
report tables; ↑: increase; =: not change; ↓: decrease; ?: without basal data; ∗significant differences with 𝑃 < 0.05; ∗∗significant differences with 𝑃 < 0.01. Mean
± standard deviation.

to proinflammatory cytokine production in peripheral blood
[71]. Interestingly, studies reported differences in proinflam-
matory cytokine levels independent of WBC number or
activity. This may be explained by considering other sources
of cytokines (e.g., macrophages in adipose tissue, epithelium,
and endothelium) [86], which may also be affected by sleep
loss.

In addition to modifying IL-1𝛼, IL-1𝛽, IL-6, TNF-𝛼, and
IL-17A levels, five nights of sleep restriction are accompanied
by increased heart rate; both proinflammatory cytokines and
hypertension are important risk factors for development of
cardiovascular disease [75, 97]. IL-17A plays a key role in
sustaining tissue damage in the brain, heart, and intestine,
sometimes promoting the development of autoimmune dis-
eases [75]. Helper T cells producing IL-17A require activation
by IL-6 [98]. Interestingly, IL-17A is a potent inducer of
C-reactive protein (CRP) expression in hepatocytes and in
coronary artery smooth muscle cells [99] (see next section).
The combination of circulating cytokines with other inflam-
matory mediators achieves a low-grade inflammatory status
induced by sleep loss.

Effect of Sleep Loss onAcute Phase Proteins.Theeffects of sleep
loss on acute phase proteins are poorly studied. For instance,
acute total sleep deprivation (one night) results in elevated
high-sensitivity C-reactive protein (hsCRP) concentrations,
which is a stable marker of inflammation that has been
shown to be predictive of cardiovascularmorbidity [89]. CRP
production in the liver is stimulated by proinflammatory
cytokines such as IL-6 or IL-17, which are highly expressed
after sleep loss periods [75]. CRP is an important inflam-
matory marker because this protein lacks diurnal variations
[15, 100]. In contrast, total sleep deprivation for 40 hours in
young adults decreased CRP levels while increasing other
inflammatorymarkers such as E-selectin and the intracellular
adhesion molecule (ICAM)-1 [81]. Several methodological
differences among the studies may contribute to the incon-
sistent findings for CRP (see Table 3), including the sleep
deprivation period, blood sampling frequency, nutrition,
and all effects and differences in subject’s characteristics
such as body mass index (BMI), because obesity increases

proinflammatory markers [101]. In addition to voluntary
sleep loss, several health conditions (e.g., pregnancy, depres-
sion) may contribute to deregulation of the immune system
[102].

3.2.3. Sleep Loss and Depression. Recently, it has been sug-
gested that one of the functions of sleep may be to regulate
the neuro-immune-endocrine network [11]. In this regard,
an excellent example of the interaction between the neuro-
endocrine-immune network and sleep disorders is major
depressive disorder, which is characterized by high levels of
cortisol and TNF-𝛼, increased NK percentages, diminished
B lymphocyte counts, and no significant variations in T
lymphocytes [103]; these changes are similar to the effects
observed after sleep deprivation (see previous sections). In
depressed patients, sleep disturbances include intermittent
awakenings, prolonged sleep latency, and shortened REM
sleep latency, which represent sleep fragmentation or sleep
restriction (in the case of insomnia) [104, 105]. All antide-
pressants affect sleep architecture and quality [104], and the
immune system might be altered in long-term treatment
periods. For instance, depressed patients treated with selec-
tive serotonin-reuptake inhibitors for 20 weeks showed an
increase in B lymphocytes [106]. The role of both major
depressive disorder and sleep disturbances on the increased
risk to developmetabolic disturbances is discussed in another
recent review (please see [107]).

3.3. Effect of Sleep Loss on the Immune
System in Animal Models

3.3.1. Effects of Sleep Loss on Cellular Immune Components.
As in humans, the circadian oscillation of immune cells and
molecules in rodents has been described. In mice, Ly6Chi

inflammatory monocyte traffic is regulated by the circadian
gene Bmal1, and is higher during the resting phase and
decreases during the active phase [108, 109]. Macrophages
and NK contain a cell-autonomous circadian clock [110, 111].
In addition, T lymphocytes exhibit clock gene regulation,
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mice immunized during the light phase show a stronger spe-
cific T lymphocyte response than those immunized during
the dark phase [112]. These data suggest that a disruption of
circadian rhythmsmight be related with changes in theWBC
count after sleep loss. In rodents subjected to selective REM
sleep deprivation for 24 and 240 hours, the number of T lym-
phocytes decreases and of B lymphocytes does not change.
In the same experiment, an increase in NK percentage was
observed [25]. Similarly, REM sleep deprivation for 96 hours
does not promote changes in number of lymphocytes but it
does increase the number of monocytes and neutrophils [33].
Controversially, REM sleep restriction promotes a decrease of
leukocyte number [33]. These contradictory findings might
be explained by the alteration in clock genes involved in the
circadian oscillation of WBC.

3.3.2. Effects of Sleep Loss on the Molecular Inflammatory
Component. Similar to humans, rodents subjected to sleep
loss exhibit a proinflammatory component characterized
by increase in proinflammatory cytokines, namely IL-1, IL-
6, IL-17, and TNF-𝛼 as compared to control animals [32,
33]. The proinflammatory status after sleep loss may be
explained, in part, because the alteration in clock genes of
monocytes is associated with the upregulation of proinflam-
matory cytokines via NF-𝜅B activation [76, 113]. Exposure
to proinflammatory cytokines in chronic sleep restriction
may promote tissue damage and subsequent loss of function;
however, acute sleep deprivation may exert beneficial effects
on the immune system. For instance, acute sleep deprivation
is associated with a reduction in ischemia-induced IL-1𝛽
gene expression and attenuation of neuronal damage in the
hippocampus. This finding may be explained by increased
gene expression of IL-6 and the anti-inflammatory cytokine
IL-10 after sleep deprivation [114].

4. Impact of Sleep Recovery on Sleep
Loss-Induced Inflammation

Usually, the modification of cellular immune components
and molecular inflammatory markers by sleep loss returns to
basal levels after sleep recovery periods [34, 76]. However,
depending on sleep loss time, some immune components
may remain altered after sleep recovery or may even present
alterations only after sleep recovery [32, 33, 100, 115]. For
instance, monocyte and neutrophil numbers do not change
after REM sleep deprivation in rats for 96 hours; however,
after 24 hours of sleep recovery, monocyte and neutrophil
numbers increase in comparison to control animals [33].
Levels of other WBC in rats decrease immediately after
sleep restriction, but 24 hours of uninterrupted sleep restores
the basal levels [33]. Like cellular components, molecular
inflammatory mediators are altered after sleep recovery.
Plasma levels of complement protein C3 were higher than
controls after sleep deprivation in rats and remained elevated
after sleep recovery [33]. REM sleep deprivation in rats (72
hours) increases plasma levels of IL-1, IL-6, IL-17A, and TNF-
𝛼. Proinflammatory cytokines IL-1𝛼, IL-1𝛽, and IL-6 return to
basal levels after sleep recovery, whereas IL-17A and TNF-𝛼

remain higher than controls even after one week of normal
sleep [32]. In addition, in the same study anti-inflammatory
cytokines, such as IL-10, do not increase. Within the same
context, in humans, increased sleepiness after sleep restric-
tion was better reversed with a nap or with extended sleep
recovery conditions (10 hours of uninterrupted sleep) [36].
In addition, other parameters associated with sleep loss were
restored; for example, cortisol decreased immediately after a
nap [36]. Amidday nap prior to recovery sleep or an extended
night of sleep can return leukocyte counts to baseline values
[36]. Although long periods of sleep appear to be the solution
to restore immune function, it has been reported that sleeping
more than 9 hours is relatedwith greater physical decline than
midrange or short periods of sleep and also is related with
increased risk of mortality associated with cardiovascular
impairments [116].

5. Sleep Loss Alters the Blood-Brain Barrier

Up to this time, we have only discussed the effect of sleep loss
on immune mediators at the peripheral level. Nevertheless,
brain-immune system communication is very complex and
it includes the direct action of proinflammatory cytokines
synthesized in the brain [52, 117, 118] on neuronal systems, or
the effect of peripheral cytokines on blood-brain barrier com-
ponents [51]. We reported that chronic REM sleep restriction
in rats induces blood-brain barrier disruption and that brief
sleep recovery periods lessened these effects in several brain
regions.Nevertheless, in the hippocampus hyperpermeability
remained even after sleep opportunity [8]. These findings
suggest that if sleep restriction increases the unselective
transportation across the blood-brain barrier, proinflamma-
tory mediators and toxic blood-borne molecules might enter
the brain promoting neurochemical changes or excitotoxicity
events thatmay explain cognitive and emotional impairments
associated with sleep deficits.

6. Conclusion and Future Directions

Recent studies focus on evaluating the correlation between
inflammatory markers and sleep disorders. Conditions such
as obesity or infections may exacerbate the inflamma-
tory condition contributing to systemic impairments and
susceptibility to pathogens. Although sleep recovery may
restore immune system alterations, when sleep loss is pro-
longed the proinflammatory status may remain and pro-
mote neuro-immune-endocrine axis disruption. Constant
systemic inflammatory status after prolonged wakefulness
may be the source of metabolic, cardiovascular, and cognitive
impairments. The immune system is altered by sleep loss;
however, more studies are necessary to elucidate how sleep
loss promotes the release of inflammatory mediators and
how these molecules act on the brain promoting local and
systemic alterations that exacerbate the proinflammatory
status and contribute to sleep disorders, fostering a vicious
circle between inflammation and sleep disturbances (see
Figure 1).
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Figure 1: Sleep loss promotes a low-grade proinflammatory status. Sleep loss is characterized by an increase in circulating proinflammatory
cytokines (IL-1𝛽, IL-6, IL-17A, TNF-𝛼) and CRP. Image shows the differential effect of sleep loss on the immune system after acute total sleep
deprivation and prolonged sleep restriction and or sleep fragmentation.The acute and chronic events of sleep loss correlate with the temporal
immune response (innate and adaptive). Prolonged sleep loss plus insufficient sleep recovery are considered an important risk factor to
develop metabolic, cardiovascular, and neurodegenerative diseases related with the deregulation of the neuro-endocrine-immune network.
Abbreviations: APCs; antigen-presenting cells; CRP, C-reactive protein; CVD, cardiovascular disease; N, neurodegenerative diseases; NK,
natural killer; SR, sleep restriction; SF, sleep fragmentation; TSD, total sleep deprivation.

In the last few years, several reviews on sleep and
immunity have been written. A review of some of their con-
clusions could be relevant. Some of them conclude that sleep
modulates and is modulated by inflammation [15, 119], or
that sleep deprivation impairs immune function, particularly
the immune memory/humoral immune response [15, 51].
Also, some of them work with the hypothesis that sleep
deprivation is a type of stress and that glucocorticoids are
responsible for modifying the immune response [51]. With
respect to the hypothesis that inflammation induces sleep
changes, one review suggests that IL-6 is the key factor [120];
however, we need to consider that IL-6 has been proposed as
a putative sleep factor and is produced by nonimmune cells
[121]. We agree that there is enough evidence to conclude
that inflammation modifies sleep and that sleep loss modifies
circulating cytokines. If we work with the hypothesis that
proinflammatory cytokines induce sleep, then we may have
found a natural condition in which there is a very high
level of inflammation (e.g., sepsis) and test whether sleep is
changed. There are some reviews on sepsis and sleep that
show that patients with sepsis present increased non-REM
sleep and decreased REM sleep, with high levels of cytokines,
such as TNF and IL-1𝛽, and show an altered EEG with low-
voltage, mixed-frequency waves with variable theta and delta
(“septic encephalopathy”) and also loss of normal circadian

melatonin secretion [122]. Then, we could conclude that pro-
inflammatory cytokines induce non-REM sleep. However,
septic encephalopathy is not sleep, it is a sleep disorder,
and melatonin has been successfully used in septic patients
(reviewed in [122]). Thus, we come back to our hypothesis:
the function of sleep is to maintain the integrity of the neuro-
immune-endocrine system [11]. In this review we observe
how diseases or inflammation can disrupt that integrity, and
the organism will respond by modulating sleep to restore the
homeostasis and also how sleep loss induces a disruption of
the integrity of neuro-immuno-endocrine system causing an
inadequate immune response.

Abbreviations
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BMI: Body mass index
CRP: C-reactive protein
EEG: Electroencephalography
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HIV: Human immunodeficiency virus
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