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ABSTRACT

Sleep disturbance and short sleep duration are associated with inflammation and related disorders
including cardiovascular disease, arthritis, diabetes mellitus, and certain cancers. This study was under-
taken to test the effects of experimental sleep loss on spontaneous cellular inflammation and activation
of signal transducer and activator of transcription (STAT) family proteins, which together promote an
inflammatory microenvironment. In 24 healthy adults (16 females; 8 males), spontaneous production
of IL-6 and TNF-o in monocytes and spontaneous intranuclear expression of activated STAT1, STAT3,
and STATS5 in peripheral blood mononuclear cells (PBMC), monocyte-, and lymphocyte populations were
measured in the morning after uninterrupted baseline sleep, partial sleep deprivation (PSD, sleep period
from 3 a.m. to 7 a.m.), and recovery sleep. Relative to baseline, spontaneous monocytic expression of IL-6
and TNF-o0 was significantly greater after PSD (P < 0.02) and after recovery sleep (P < 0.01). Relative to
baseline, spontaneous monocytic expression of activated STAT1 and STAT5 was significantly greater after
recovery sleep (P < 0.007 and P < 0.02, respectively) but not STAT3 (P = 0.09). No changes in STAT1, STAT3,
or STAT5 were found in lymphocyte populations. Sleep loss induces activation of spontaneous cellular
innate immunity and of STAT family proteins, which together map the dynamics of sleep loss on the
molecular signaling pathways that regulate inflammatory and other immune responses. Treatments that
target short sleep duration have the potential to constrain inflammation and reduce the risk for inflam-

matory disorders and some cancers in humans.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Insomnia complaints are associated with adverse health out-
comes, including cardiovascular disease, certain cancers, and all
cause mortality (Dew et al., 2003; Irwin, 2013, 2015; Li et al,,
2014; Vgontzas et al., 2010), and such health risks are further ele-
vated among those who have both sleep disturbance and short
sleep duration(Vgontzas et al., 2013). Epidemiologic evidence fur-
ther shows that a decrease in sleep duration over 6 years prospec-
tively predicts a twofold increase in cardiovascular mortality
17 years later (Ferrie et al., 2007). Given that activation of cellular
signals that initiate expression of inflammatory cytokines and sys-
temic inflammation is associated with risk of a wide spectrum of
medical conditions including cardiovascular disease, certain can-
cers, and mortality (Baune et al.,, 2011; DiDonato et al., 2012;
Karin, 2006; Reuben et al., 2002; Ridker et al., 2003; Volpato
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et al., 2001), one of the most studied biological mechanisms under-
lying these observations is inflammation (Irwin, 2015).

Insomnia complaints, as well as nonrestorative sleep, have been
associated with increases in CRP and other markers of inflamma-
tion in epidemiologic (Laugsand et al., 2012; Liukkonen et al.,
2007; Zhang et al.,, 2013), naturalistic observational (Bornivelli
et al., 2008; Chiu et al., 2009; Okun et al., 2007, 2009), and clinical
studies of patients with insomnia disorder (Razeghi et al., 2012;
Vgontzas et al., 2002; Burgos et al., 2006 #12189), as reviewed
(Irwin, 2015). However poor sleep can also be due to the conse-
quence of disease processes involving inflammation (Opp, 2009),
and the causal role of sleep loss on inflammation is not known
from these cross-sectional data. One prospective epidemilogic
study suggests that disturbances of sleep, as well as decreases in
sleep duration, uniquely contribute to cellular markers of inflam-
mation with increases in interleukin-6 (IL-6), for example (Ferrie
et al,, 2013). Additionally, experimental sleep loss, such as partial
night sleep deprivation (PSD) induces increases in C-reactive pro-
tein (CRP) (Meier-Ewert et al., 2004) and IL-6 (Haack et al., 2007,
Vgontzas et al., 2004), as well as increases in inflammatory tran-
scripts of IL-1B, IL-6, and IL-17 (van Leeuwen et al., 2009), although
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other studies have not consistently demonstrated such effects of
sleep deprivation on inflammatory markers (Dimitrov et al,
2006; Frey et al., 2007; Haack et al., 2002).

Our prior work evaluated the cellular sources of proinflammatory
cytokine activity by measuring the production of proinflammatory
cytokines by monocytes following ligation of the Toll-like 4 receptor
(TLR-4) with lipopolysaccharide (LPS)in monocytes; these cells make
up about 5% of circulating leukocytes and are a major contributor to
proinflammatory cytokine production in peripheral blood. Indeed,
PSD induces an increase in TLR-4-stimulated production of IL-6 and
tumor necrosis factor-o (TNF-o) (Irwin et al., 2010, 2006). Sleep loss
also induces an increase in transcription of IL-6 and TNF-a (Irwin
et al., 2006) due an activation of nuclear factor (NF)-kB, the key tran-
scription control pathway in the inflammatory signaling cascade
(Irwin et al., 2008). However, it is not known whether sleep loss is
associated with increases in the spontaneous production of IL-6
and TNF-o, which could determine whether PSD alters resting or con-
stitutive expression of proinflammatory cytokines by monocytes.

The STAT protein family serves to transduce signals through the
cytoplasm and to function as transcription factors in the nucleus.
First discovered as cytoplasmic transcription factors that mediate
cellular responses to cytokines and growth factors (Miklossy
et al., 2013), STAT proteins act as a key signaling cascade mediating
cytokine receptor-derived signals. There are six distinct STAT mem-
bers (i.e., STAT1, STAT2, STAT3, STAT4, STAT5, STAT6) (Yu et al.,
2009), of which STAT3 is thought to be a mediator of inflammation
(Levy and Lee, 2002). For example, IL-6 and TNF-o have been shown
to activate STAT3, IL-6 mediates its effects through the STAT3 path-
way, and STAT3 competes with the transcription factor NF-xB (Gao
et al., 2012). Given that sleep-wake activity is also associated with
the regulation of interferon-y (IFN-y) (Petrovsky and Harrison,
1997; Redwine et al., 2003) and with IL-2 (Irwin et al., 1996), it is
further possible that sleep loss might alter activation of STAT1 that
is linked to IFN signaling, and of STATS5 that is linked to IL-2 (Shuai
and Liu, 2003). In addition, STAT family members show cross-regu-
lation, and STAT1 and STAT3 are both activated by IL-6 (Shuai and
Liu, 2003) in which the signaling specificity of IL-6 is modulated
by activation of STAT3 such that removal of STAT3 results in pro-
longed STAT1 activation by IL-6. Other cytokines downstream of
STATSs can also cause synergistic or antagonistic effects. For exam-
ple, IFN-y pretreatment sensitizes cells to IFN-a due in part to
increased expression of STAT1 that is induced by IFN-y. Moreover,
there is cross-talk between the two main cytokine signaling path-
ways, STATs and NF-kB (Shuai and Liu, 2003) in which activation
of one STAT pathway can have opposing roles in the regulation of
the immune response. Activation of STAT3, for example, promotes
NF-xB and IL-6 pathways, but opposes STAT1 and NF-kB mediated
Th1 immune response (Yu et al., 2009). Hence, evaluating the effect
of sleep loss on STAT activation could provide understanding about
the broader role of sleep in the regulation of immune responses, in
addition to the effects of sleep on inflammatory mechanisms. In this
study, we used an experimental model of PSD to determine
whether this sleep disruption pattern, ubiquitous in the general
population and often found in persons with chronic medical disor-
ders, might activate spontaneous monocytic production of proin-
flammatory cytokines, and activate STAT family proteins, namely
STAT1, STAT3, and STAT5 in monocyte, lymphocyte, and peripheral
blood mononuclear cell populations.

2. Methods

2.1. Subjects

The subjects included 24 healthy volunteers (16 women and 8
men) between the ages of 36 and 76years (meantSD,

59.5 + 5.7 years), who gave informed consent; the Institutional
Review Board of UCLA approved the protocol. Inclusion criteria
required that subjects be healthy as assessed by medical interview
and physical examination, with normal screening laboratory tests;
none had history of an inflammatory disorder, cancer, or chronic or
active infections. Subjects had a body mass index <30 kg/m?
(25.3 + 5.3 kg/m?), were non-smokers, fulfilled DSM-IV criteria for
Never Mentally Ill (American Psychiatric Association, 2000) and
regularly slept between 10:30 p.m. and 7:30 a.m. as confirmed by
2-week sleep diaries. Additionally, none of the subjects reported
symptoms of sleep disturbance or depression with scores on the
Pittsburgh Sleep Quality Index <5 (2.1 £ 2.1) and scores on the Beck
Depression Inventory <5 (1.0 £ 2.0).

2.2. Protocol

Subjects spent four nights in the UCLA Clinical Translational
Research Center (CTRC). We have previously shown that this per-
iod of assessment in a sleep laboratory setting does not signifi-
cantly increase feelings of depression or anxiety in healthy
volunteers (Irwin et al., 2012). After adaptation to the sleep labora-
tory with screening for sleep apnea and nocturnal myoclonus, sub-
jects underwent three nights of testing (baseline; partial sleep
deprivation, PSD; recovery). During each night, subjects underwent
polysomnography, with ambient light <50 lux. During baseline and
recovery nights, uninterrupted sleep occurred between 11 p.m.
and 7 a.m.; whereas during PSD, sleep was restricted to the period
between 3 a.m. and 7 a.m. Subjects were prohibited from exercise
and behaviorally monitored to ensure awake during the day and
PSD night period.

Peripheral blood samples were obtained via an indwelling
venous forearm catheter at 8 a.m., after baseline, after PSD, and
after recovery nights. The indwelling catheter was placed at
7 am., or 1h before the blood sample. Samples were analyzed
for spontaneous production of intracellular proinflammatory cyto-
kines in monocyte populations, and for spontaneous expression of
activated STAT1, STAT3, and STAT5 in PBMC, and lymphocyte- and
monocyte populations.

2.3. Assays

Spontaneous monocyte intracellular production of IL-6 and
TNF-oo was assessed by flow cytometry; we have previously
reported on the effects of PSD to increase stimulated monocytic
production of IL-6 and TNF-a (Irwin et al., 2006). Briefly, heparin-
ized whole blood was treated with 10 pg/mL brefeldin A (Sigma)
and incubated for 4 h with mixing at 37 °C. After lysis of red blood
cells and washing, white cells were incubated with fluorescence-
conjugated cell surface antibody for CD14, then permeabilized
(FACS Permeabilizing 2 Buffer, BD Biosciences) and incubated with
conjugated antibodies for intracellular cytokine detection. Approx-
imately 5000 CD14+ events were acquired by three-color flow
cytometry (FACScan, BD Immunocytometry) to determine the per-
centage of cytokine-secreting monocytes with spontaneous pro-
duction of IL-6 only, TNF-a only, or the co-expression of IL-6 and
TNF-o.. Quadrant coordinates were set at baseline, and maintained
for samples at PSD and recovery.

Spontaneous PBMC, monocyte, and lymphocyte intranuclear
levels of activated transcription factors STAT1, STAT3, and STAT5
were also assessed by flow cytometry. PBMC were isolated from
heparinized whole blood using Ficoll-Hypaque density gradient
separation, and resuspended in phosphate-buffered saline (PBS) at
1 x 10° cells/mL. Intranuclear levels of activated (phosphorylated)
STAT1 (pTyr-701), STAT3 (pTyr-705), and STAT5 (pTyr-694) were
determined by single-color flow cytometry using phycoery-
thrin-labeled antibodies (BD Immunocytometry) specific for the
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phosphorylated forms of each transcription factor. Aliquots of
1 x 10® PBMC were fixed in a final concentration of 2% metha-
nol-free formaldehyde solution, then washed twice with PBS solu-
tion containing 0.5% BSA and 0.1% sodium azide. 5 x 10° cells/well
were incubated in sterile round-bottom 96 well plates for 30 min
on ice with 90% methanol for permeablization of the nuclear mem-
brane. PBMC were washed two times, then incubated with 5 pL
(0.015 pg STAT1 or STATS5, 0.031 pg STAT3) of one antibody per
well for 1h at room temperature. After incubation, PBMCs were
washed and 25,000 events were acquired by flow cytometry (FAC-
Scan, BD Immunocytometry). Cell Quest software (BD Biosciences)
was used to gate on total PBMC, monocytes only, or lymphocytes
only; since methanol fixation necessary to permeabilize the
nuclear membrane rendered cell surface molecules unrecognizable
for routine phenotyping, monocytes and lymphocytes were gated
based on forward versus side scatter. A histogram analysis plot
was then used to determine the levels of each activated transcrip-
tion factor within each cell population based on the mean fluores-
cence intensity (MFI).

2.4. Statistical analysis

Data were available on >95% of the subjects at all time points.
Analyses were carried out with IBM SPSS for Windows, version
22. To determine the effects of PSD on spontaneous monocytic lev-
els of IL-6 and TNF-a, repeated measures mixed-model analyses of
variance were performed across the three nights (baseline night,
PSD, recovery night). A priori contrasts (LSD) tested differences
between baseline night and PSD, and between baseline night and
recovery night. Significance level was set at P < 0.05. To determine
the effects of PSD on spontaneous monocytic, as well as PBMC and
lymphocytic expression of activated STAT1, STAT3, and STATS5,
repeated measures mixed-model analyses of variance were also
performed across the three conditions (baseline night, PSD, and
recovery night), in which a priori contrasts (LSD) tested differences
between baseline night and PSD, and between baseline night and
recovery night for each STAT in each cell population.

3. Results
3.1. Polysomnographic sleep

Consistent with the experimental manipulation, total sleep
time (TST) was reduced during the PSD relative to baseline- and
recovery nights, with evidence of shorter time to sleep onset dur-
ing PSD (Table 1). There were no significant changes in the relative
amounts of sleep stages from baseline to PSD, or from baseline to

recovery night, except for a decrease in the percentage of Stage 2
sleep during PSD relative to baseline, and relative to recovery
nights; and an increase in Stage 3 during PSD relative to baseline.
REM density showed an increase in PSD relative to baseline, and
relative to recovery night consistent with the sleep period during
PSD as being restricted to the second half of the night when REM
sleep is more prominent.

3.2. Cellular inflammation

Spontaneous intracellular production of proinflammatory cyto-
kines were examined in three unique monocyte populations: cells
that simultaneously produced both IL-6 and TNF-a together; cells
that produced only IL-6; and those that produced only TNF-o.

In the monocyte population that produced both IL-6 and TNF-a
together, PSD induced an increase in the spontaneous expression of
these proinflammatory cytokines, with a night effect
(F(2,41.8)=4.18, P=0.02; Fig. 1). As compared to baseline levels,
percentage of monocytes spontaneously producing IL-6 and TNF-
o was significantly increased after PSD (P < 0.02) and after recovery
night (P <0.01).

In the monocyte population that produced IL-6 only, PSD did
not induce an increase in the spontaneous production of IL-6, with
a night effect (F(2,41.3) = 2.59, P=0.08). As compared to baseline
levels, percentage of monocytes spontaneously producing IL-6
was significantly increased after PSD (P < 0.03) and but not after
recovery night (P =0.39) (Data not shown).

In the monocyte population that produced TNF-o only, PSD did
not induce an increase in the spontaneous production of TNF-a,
with a night effect (F(2,42.4)=2.92, P=0.06). As compared to
baseline levels, percentage of monocytes spontaneously producing
TNF-a was significantly increased after PSD (P < 0.03), but not after
recovery night (P =0.08) (Data not shown).

Sex was not related to any of the changes in spontaneous mono-
cytic expression of proinflammatory cytokines, and covarying for
sex in the analyses did not alter the effects.

3.3. STAT family proteins

Spontaneous levels of intranuclear expression of activated
STAT1, STAT3, and STAT5 were examined in PBMC, monocyte pop-
ulations, and lymphocytes populations, with the primary hypothe-
ses focused on PSD changes in monocyte populations consistent
the measures obtained for spontaneous production of proinflam-
matory cytokines.

PSD induced an increase in the spontaneous expression of
activated STAT1 in monocyte populations, with a night effect

Table 1

Polysomnographic sleep variables during baseline, partial night sleep deprivation, and recovery sleep nights.
Variable Baseline night PSD night Recovery night F statistic; P’

Mean (SD) Mean (SD) Mean (SD)

Sleep onset latency (min) 25.6 (23.0) 7.8 (8.4) 22.6 (22.8) 7.25; <0.01*"
Sleep efficiency (%) 89.6 (5.7) 88.8 (12.2) 91.0 (5.4) 0.49; 0.62
Total sleep time (min) 397.7 (30.9) 201.4 (31.5) 409.6 (42.2) 278.9; <0.001*°
Stage 1 (%) 5.6 (5.1) 5.4 (8.5) 3.5(2.1) 2.32; 0.11
Stage 2 (%) 54.2 (12.1) 43.9 (15.4) 53.1 (8.2) 10.5; <0.001*"
Stage 3 (%) 11.8 (6.4) 17.3 (9.6) 11.3 (5.8) 12.2; <0.001*"
Stage 4 (%) 3.5(4.2) 4.2 (5.6) 4.2 (5.3) 0.12; 0.89
REM (%) 24.8 (7.7) 29.1 (9.9) 27.8 (5.4) 2.44; 0.10°
REM duration 21.7 (13.7) 27.3 (18.0) 21.7 (11.2) 1.72; 0.20
REM density 1.4 (0.7) 1.8 (0.9) 1.5(0.7) 4.68; <0.05°

Pairwise differences (P < 0.05) are indicated by superscripts.
¢ Baseline vs. PSD.
b PSD vs. Recovery.

" Between-condition differences were tested with one-way analysis of variance.
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Fig. 1. Spontaneous production of both interleukin (IL) 6 and tumor necrosis factor-o (TNF-o) in monocyte, CD14+ cells, after baseline uninterrupted sleep, partial sleep
deprivation (sleep period: 3-7 a.m.), and recovery sleep. Data are represented as mean percentage + SEM. *P < 0.05 as compared to baseline.

(F(2,45.1)=4.04, P=0.02; Fig. 2). As compared to baseline levels,
spontaneous expression of STAT1 in monocytes was not increased
immediately after PSD (P =0.26), but was significantly increased
after recovery night (P < 0.007). Similar results were found in PBMC
populations. PSD induced increases in the spontaneous expression
of STAT1 in PBMC, (F(2,45.0)=3.57, P<0.04) with increases at
recovery night (P<0.01), but not immediately after PSD
(P =0.08). No changes in STAT1 were found in lymphocyte popula-
tions (all P’s > 0.2).

For STAT3, PSD did not induce an increase in the spontaneous
expression of this transcription factor in monocyte populations

14.0
13.0
12.0
11.0
10.0

9.0

8.0

7.0

Mean Fluorescent Intensity (MFI)

6.0

0 Baseline

Partial Sleep Deprivation

(F(2,45.4)=2.21, P=0.12; Fig. 3). As compared to baseline levels,
spontaneous expression of activated STAT3 in monocytes did not
increase immediately after PSD (P = 0.87) or after recovery night
(P=0.09). Similar results were found in PBMC populations. PSD
did not increase the spontaneous expression of STAT3 in PBMC
(F(2,45.2)=2.14, P=0.12), with no increase after PSD (P=0.80)
or after recovery night (P = 0.06). No changes in STAT3 were found
in lymphocyte populations (all P’s > 0.2).

Finally, PSD induced an increase in the spontaneous expression
of STAT5 in monocyte populations (F(2,45.0)=3.26, P=0.05;
Fig. 4). As compared to baseline levels, spontaneous expression of

STAT1

Recovery

Fig. 2. Spontaneous intranuclear expression of STAT1 in monocyte, CD14+ cells, after baseline uninterrupted sleep, partial sleep deprivation (sleep period: 3-7 a.m.), and
recovery sleep. Data are represented as mean fluorescent intensity + SEM. *P < 0.05 as compared to baseline.
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Fig. 3. Spontaneous intranuclear expression of STAT3 in monocyte, CD14+ cells, after baseline uninterrupted sleep, partial sleep deprivation (sleep period: 3-7 a.m.), and

recovery sleep. Data are represented as mean fluorescent intensity + SEM.
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Fig. 4. Spontaneous intranuclear expression of STAT5 in monocyte, CD14+ cells, after baseline uninterrupted sleep, partial sleep deprivation (sleep period: 3-7 a.m.), and
recovery sleep. Data are represented as mean fluorescent intensity + SEM. *P < 0.05 as compared to baseline.

activated STAT5 in monocytes did not increase immediately after
PSD (P=0.31), but significantly increased after recovery night
(P<0.02). Similar results were found in PBMC populations. PSD
did not induce increases in the spontaneous expression of STAT5
after PSD (P<0.31) but significant increases were found after
recovery night (P<0.02). No changes were found in STAT5 in
lymphocyte populations (all P's > 0.2).

Changes in the spontaneous monocytic production of proin-
flammatory cytokines (IL-6 and TNF-o together, or either one by
itself) were not correlated with changes in spontaneous levels of
STAT1, STAT3, or STAT5 (data not shown). In addition, sex was
not related to any of the changes in STAT1, STAT3, or STAT5, and
covarying for sex in the analyses did not alter the effects. Finally,
the increase in Stage 3 sleep found during PSD relative to baseline
was not correlated with spontaneous monocytic production of pro-
inflammatory cytokines or with STAT levels at either PSD or
recovery.

4. Discussion

This study provides the first evidence of activation of spontane-
ous cellular innate immunity and of STAT family proteins in asso-
ciation with sleep loss. In the morning after a night of sleep loss,
there was greater spontaneous production of IL-6 and TNF-o in
peripheral blood monocyte populations relative to morning levels
following uninterrupted sleep at baseline, and this activation per-
sisted in monocytes that were co-producing IL-6 and TNF-o even
after a night of recovery sleep. In addition, sleep loss activated
STAT1 and STATS5, but not STAT3. Relative to morning levels fol-
lowing uninterrupted sleep at baseline, activation of the STAT fam-
ily proteins in monocyte populations in response to sleep loss was
temporally delayed, as increases did not become evident until
recovery sleep. Because cytokines serve as activators of STATS, it
is possible that increases in proinflammatory and other cytokines
must occur first with later effects on STAT family proteins. No
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changes in STAT1, STAT3, or STAT5 were found in lymphocyte pop-
ulations. These observations that sleep loss results in activation of
spontaneous monocytic production of proinflammatory cytokines
with potential downstream effects on STAT family proteins in
monocyte populations provide further understanding of the cellu-
lar and molecular mechanisms by which sleep loss enhances
inflammatory biology and regulates immune responses in humans.

Sleep loss has previously been found to induce increases in TLR-4
signaling and monocytic production of proinflammatory cytokines
(Irwin et al., 2006), but it was not known whether such aberrant
increases in TLR activity might be associated with a priming of
monocyte populations as indexed by increases in the spontaneous
levels of IL-6 and TNF-a. This study suggests that even in the
absence of an exogenous activator of innate immunity, such as
LPS, the baseline production of IL-6 and TNF-a by monocytes is
increased by sleep restriction. Given that monocytes are a primary
source for inflammatory cytokines in the peripheral blood, these
increases in the spontaneous production of proinflammatory cyto-
kines may in turn induce increases in circulating inflammatory
markers with consequent systemic inflammation and metabolic
changes. Small elevations in circulating inflammatory mediators,
for example, have been associated with type Il diabetes mellitus,
independent of adiposity (Festa et al., 2000) as well with cardiovas-
cular disease (Ridker et al., 2003, 2000; Ridker and Cook, 2004).
The causal role of sleep in inducing activation of cellular inflamma-
tion is further confirmed by findings that insomnia treatment
reduces TLR-4 stimulated monocytic production of proinflamma-
tory cytokines (Irwin et al., in press), and also reduces the likeli-
hood of high risk CRP levels (>3 pg/mL) (Irwin et al., 2014). The
persistent increase of spontaneous monocytic production of
inflammatory cytokines contrasts with prior findings on TLR-4
stimulated monocytic production of IL-6 and TNF, which return
to baseline levels after a night of recovery sleep (Irwin et al.,
2010, 2006).

The STAT protein family cross-talks with the other major cyto-
kine signaling pathway, NF-xB (Shuai and Liu, 2003). Given that
PSD results in nuclear translocation of NF-kB that signals increases
in inflammation (Irwin et al., 2008), it is surprising that STAT3 was
only modestly activated. However, because activation of the STAT3
pathway also competes with NF-xB (Gao et al., 2012), PSD activa-
tion of NF-xB may have attenuated increases of STAT3. Although
STAT1 is predominantly activated by IFN-y (Gao et al, 2012),
increases in IL-6 also signal STAT1 activation, which may have con-
tributed to the robust activation of STAT1 (Gao et al., 2012). More-
over, STAT1 activation is known to antagonize activation of STAT3
(Gao et al., 2012; Shuai and Liu, 2003).

The clinical implications of transient changes in activation of
monocyte STAT family proteins might not translate into increased
risk for disease. However, aberrant increases in STAT3 and STAT5
signaling are thought to dysregulate genes that control cell growth,
which is implicated in tumorigenesis (Yu et al., 2009). For example,
constitutively active STAT3 and STAT5 are detected in numerous
malignancies (Miklossy et al., 2013). STATT1, in contrast to contrib-
uting to anti-viral immunity, also has a proinflammatory role in
liver disease (Gao et al., 2012).

The mechanisms by which sleep disruption activates cellular
inflammation and STAT family proteins were not evaluated in this
study. However, we have previously found that PSD induces
increases in sympathoadrenal activity on awakening (Irwin and
Ziegler, 2005), and such adrenergic signaling is known to increase
the expression of inflammatory response genes (Irwin and Cole,
2011), possibly by activation of NF-xB (Bierhaus et al., 2003;
Pace et al., 2006). Additionally, we and others have found that
PSD induces increases in growth hormone and prolactin and
decreases in cortisol in the second half of the night (Parry et al.,
1996; Redwine et al., 2000); as reviewed previously, these

neuroendocrine changes could account for the increases in
spontaneous monocytic production of proinflammatory cytokines
(Besedovsky et al., 2012). It is thought that increases in slow wave
sleep following PSD drive increases in growth hormone, for exam-
ple. Indeed, we did find an increase in relative amounts of Stage 3
sleep, but not Stage 4, during the second half of PSD consistent
with our prior findings (Redwine et al., 2000), but this increase
was not maintained into the recovery night as previously reported
(Irwin et al., 2002), possibly because this sample is older and there
may be less homeostatic drive for slow wave sleep in older persons.
Additionally, increases in Stage 3 sleep were not correlated with
any of the immune measures at PSD or recovery. Less is known
about the neural and neuroendocrine mediators of STAT family
protein activation, although one study found that increasing con-
centrations of norepinephrine or epinephrine both independently
increased levels of phosphorylated STAT3 in a dose-dependent
fashion, and that activation of STAT3 was inhibited by blockade
of adrenergic receptor signaling (Landen et al., 2007). Research
using signal antagonists is needed to test these potential mecha-
nisms in humans experiencing sleep loss.

One of the most common sleep complaints, loss of sleep during
part of the night, has robust effects of cellular- and innate immune
responses. The results presented here further define the effects of
sleep loss on inflammatory and molecular mechanisms that regu-
late the immune response, with implications for cardiovascular
and chronic inflammatory disorders, as well as cancer in humans.
Targeting sleep disturbance shows promise as a new strategy to
constrain inflammation and to promote health (Irwin et al., in
press, 2014; Irwin, 2015).
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