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Introduction

Sleep is a complex and intricate physiological and behavioral 
process. It can be defined by a distinct change in the electroen-
cephalogram (EEG) from the waking state accompanied by be-
havioral change. Sleep is organized in two different states, rapid 
eye movement and non-rapid eye movement, which have dif-
ferent biological manifestations. Although unambiguous in its 
meaning, the function and exact pathophysiology of sleep are 
currently unknown.

There are several hypotheses to explain the crucial role of sleep. 
For instance, sleep may be necessary for brain protein synthe-
sis1) or to promote memory consolidation.2) Another possibility 

is that sleep promotes physical restoration. The Energy Alloca-
tion Model of Sleep3) suggests that limited energy resources are 
optimally distributed during sleep to essential biologic processes 
and decrease the total energy expenditure. After sleep depriva-
tion in healthy control, 24 h energy expenditure increased by 7% 
compared to baseline.4) Recent studies support sleep enhances 
the early stage of the immune response. After 24 h sleep depri-
vation, monocyte production of interleukin-6 (IL-6) and tumor 
necrosis factor-alpha (TNF-α) increased,5) suggesting an associ-
ation between sleep loss and inflammatory cytokine activity.

Along with an effort to understand the function of sleep, many 
studies explored sleep’s physiological and biochemical mecha-
nisms. Neurons in the suprachiasmatic nucleus express a set of 
clock transcription factors that comprise the circadian feedback 
loop to create a daily oscillating cycle.6) In addition to the circa-
dian system, multiple chemical mechanisms run the homeostatic 
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systems. Adenosine accumulates during wake time to activate 
the inhibitory A1 receptor to enhance wake neurotransmitter.7)8) 
Among multiple neurotransmitters involved in the homeostat-
ic sleep-pressure system, the importance of glutamatergic and 
GABAergic networks has been emphasized in recent years. GA-
BAergic system targets the supramammillary nucleus, lateral 
hypothalamus, and the basal forebrain to promote wake.9)

Identifying the expression changes of the genes between sleep 
and wakefulness may help clarify the core function of sleep at 
the cellular level. Previous studies have completed microarrays 
of RNA transcripts during sleep deprivation to identify func-
tional categories of genes. Several gene expressions, including 
somatostatin,10) IL-1β,11) and those related to glycogen metabo-
lism,12) peptidoglycan recognition protein,13) were identified as 
sleep state-dependent genes. After sleep deprivation, circadian 
genes per1 and per2 mRNA levels in the cerebral cortex increased 
while dbp expression decreased.14) Transcriptomics studies have 
concluded that gene expression in the brain changes consider-
ably after sleep deprivation, and about 1% to 10% of gene expres-
sion showed changes in the array studies.15)16) However, most stud-
ies are done on rats and flies, and expression profiling is expected 
to be different in humans.

To address the changes in gene expression after sleep depriva-
tion in humans, we report a comprehensive microarray analysis 
of gene expression peripheral blood mononuclear cells (PBMC) 
to identify sleep state-dependent genes and highlight the func-
tional consequence of sleep.

Methods

Subjects
After giving a written informed consent, eight healthy, nor-

mal male subjects aged 25–35 were included in the study. Before 
the study, an interview with a psychiatrist ensured that all par-
ticipants had a regular sleep-wake rhythm. A battery of clinical 
tests, including vital signs, blood tests, and urine analysis were 
performed to ensure that subjects were physically and physiolog-
ically healthy. Exclusion criteria are the following: 1) abnormal 
values in blood test including basic chemistry, metabolic panel, 
and urine test, 2) comorbid mental health problems assessed by 
a psychiatrist, 3) use of drugs including alcohol, caffeine, psycho-
tropic drug, and Z-drugs within ten days that could affect the 
results. The study was performed in October 2008. This study 
was carried out as recommended in the Helsinki Declaration. All 
participants signed an informed consent form, and the study 
received approval by the Ethical Review Committee (IRB No.: 
KMC GS-0808-03).

Protocol 
Each subject participated in a sleep deprivation experiment 

that lasted for 24 h. A visual analog scale to assess appetite and 
mood and blood samples were done twice upon admission to 
Kyung Hee Medical Science Research Institute at 14:00 and af-
ter 24 h of sleep deprivation. The investigators were continu-
ously present during the experiment to ensure that the subjects 
remained alert and would not fall asleep for 24 h of sleep loss. 
Kyung Hee Medical Science Research Institute is a hospital bed 
setting where subjects were allowed to lie down or engage in ac-
tivities such as reading and playing video games. The subject was 
exposed to typical fluorescent lighting during the experiment.

 
Culture of human PBMC

Obtained human peripheral venous blood was centrifuged 
(400 g) onto Histopaque (Sigma-Aldrich, St Louis, MO, USA). 
Cells were washed in phosphate-buffered saline, resuspended in 
RPMI 1640 medium, and cultured (5 × 106 cells/mL) in 10-cm 
flat-bottomed culture plates, in medium supplemented with 25 
mM HEPES, 10% fetal bovine serum, 2 mM l-glutamine, 100 
U/mL penicillin, and 100 μg/mL streptomycin (WelGENE Inc., 
Seoul, Korea). After incubation at 37°C, 5% CO2 air for 24 h, 
cells were collected in an Eppendorf tube and stored at -70°C.

 
cDNA synthesis

Total RNAs of eight samples were extracted from PBM using 
the ZYMO research RNA isolation kit (Zymo Research, Irvine, 
CA, USA). Total RNA concentration and quality were accessed 
with the Agilent 2100 Bioanalyzer System (Agilent Technologies, 
Palo Alto, CA, USA). We used Agilent’s Low RNA Input Linear 
Amplification kit PLUS to synthesize target cDNA probes and 
hybridization. T7 promoter primer mix and total RNA (1 μg) 
were incubated at 65°C for 10 min. cDNA master mix solution 
(5X first strand buffer, 0.1 M DTT, 10 mM dNTP mix, RNase-
Out, and MMLV-RT) was mixed with the primer mixture and 
RNA. Reverse-transcription and synthesis of double-stranded 
cDNA (dsDNA) were finished by incubating the mixtures at 
40°C for 2 h. After incubating the mixture at 65°C for 15 min, all 
the reaction was terminated. The transcription master mixture 
(4X transcription buffer, 0.1 M DTT, NTP mix, 50% PEG, RNase-
Out, Inorganic pyrophosphatase, T7-RNA polymerase, and Cy-
anine 3/5-CTP) was added to the dsDNA reaction mixture. For 
dsDNA transcription, the mixture was incubated at 40°C for 2 h. 
Two cRNA samples before and after sleep deprivation were la-
beled with Cy3-CTP and Cy5-CTP, respectively. For fragmen-
tation of cRNA, the mixture was incubated at 60°C for 30 min 
with 10X blocking agents and 25X fragmentation buffer. A 44 K 
Mouse Oligo Microarray (Agilent Technologies) kit containing 
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41174 transcripts and variants was used for microarray analysis. 
Scanned images in all groups were analyzed using Feature Ex-
traction software (Agilent Technologies).

 
Microarray data analysis and statistical analysis

Transcriptional analysis of 41174 transcripts and variants of 
PBMCs was done before and after sleep deprivation. The ratio 
(CY5/CY3) of signal intensities generated in each microarray 
was normalized using Loewss models (Agilent’s GeneSpring Soft-
ware). Flag values were assigned to eliminate probes with a val-
ue lower than background signal intensity and achieve reliable 
gene expression profiles, and 38852 genes were identified as re-
liable genes. The signal intensity ratio (CY5/CY3) was computed 
and further log-transformed on the base of 2 into M = log2 (CY5/
CY3) in order to treat the up-or down-regulation of identical 
magnitude as numerically equal but with opposite direction. 
Probes with a normalized average ratio greater than two in all 
eight participants were selected as significant genes. Statistical 
analysis was carried out using the program SPSS, release 12.0 
(SPSS Inc., Chicago, IL, USA). Results are expressed as mean. 
Paired t-test was used to calculate statistical significance. Signifi-
cance was determined if the p value was less than 0.5. 

Results

We tested for changes in gene expression with 24 h of sleep 

deprivation in healthy subjects. Among 41174 transcripts, 38852 
genes were selected as reliable. We selected upregulated or down-
regulated genes with more than twofold changes after sleep de-
privation because gene expression changes in peripheral blood 
are generally minor.17) Table 1 summarizes six gene expressions 
that were upregulated after sleep deprivation. Among the upreg-
ulated genes, protein tyrosine phosphatase receptor type O (PT-
PRO) was most upregulated (6.9-fold, p = 2.16 × 10-5). Sleep depri-
vation increased the expression of the Fc fragment of IgG receptor 
IIIa, and IIIB (FCGR3A and FCGR3B) more than three-fold in 
PBMCs, which are related to natural killer (NK) cell-mediated 
cytotoxicity. Genes that were downregulated more than two-fold 
after sleep deprivation are a total of eleven (Table 2). Of the down-
regulated genes, low-density lipoprotein receptor-related protein 
5-like protein (LRP5L) showed the most substantial inhibition 
(0.06-fold, p = 4.47 × 10-4). Nuclear receptor subfamily 4, group 
A, members 1 and 3 (NR4A1, NR4A3) were downregulated by 
0.21 and 0.22-fold (p = 1.30 × 10-5, 7.48 × 10-5) respectively.

Discussion

Sleep deprivation affects man’s biochemical, physiological, 
and psychological aspects, and due to high prevalence in the gen-
eral public, it has become a significant concern. Although nu-
merous studies examine the effects of sleep deprivation in each 
aspect, including cognition, mood, immune, and more, the over-

Table 2. List of genes downregulated after 24 h of sleep deprivation in peripheral blood mononuclear cells

Gene name GenBank number Fold Description

SERPINB9 NM_004155 0.498507 Serpin proteinase inhibitor, clade B (ovalbumin), member 9
THBS1 NM_003246 0.496154 Thrombospondin 1
EGR3 NM_015900 0.462562 Early growth response 3
PLA1A NM_006203 0.381567 Phospholipase A1 member A
NR4A3 NM_173198 0.223925 Nuclear receptor subfamily 4, group A, member 3
NR4A1 NM_002135 0.210709 Nuclear receptor subfamily 4, group A, member 1
ATF3 NM_004024 0.199089 Activating transcription factor 3
PDE4D NM_006203 0.187013 cAMP-specific phosphodiesterase 4D
SERPINB2 NM_002575 0.140867 Serpin peptidase inhibitor, clade B (ovalbumin), member 2
GFPT2 NM_005110 0.128161 Glutamine-fructose-6-phosphate transaminase 2
LRP5L NM_182492 0.060075 Low density lipoprotein receptor-related protein 5-like

Table 1. List of genes upregulated after 24 h of sleep deprivation in peripheral blood mononuclear cells

Gene name GenBank number Fold Description

PTPRO NM_000569 6.88539 Protein tyrosine phosphatase, receptor type, O
IL8RBP NM_000570 4.87087 Interleukin 8 receptor, beta pseudogene
FCGR3A NM_006163 4.158534 Fc fragment of IgG, low affinity IIIa, receptor (CD16a)

ADAMTS15 BC033255 4.04061 ADAM metallopeptidase with thrombospondin type 1 motif, 15
NFE2 NM_030667 3.99195 Nuclear factor (erythroid-derived 2), 45kDa
FCGR3B NM_139055 3.68866 Fc fragment of IgG, low affinity IIIb, receptor (CD16b)
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all understanding of gene expressions and general effects on hu-
man biology are obscure. This study investigates the gene ex-
pression pattern after 24 h of sleep deprivation in PBMC of 
healthy human subjects. Due to rare accessibility to brain tissue, 
we identified gene expression in peripheral blood nuclear cells 
that share more than 80% of the transcriptome with brain tis-
sues.18) Of the 41174 genes assessed, only a small minority (< 1%) 
of the genes were up-or down-regulated (changes ranging up 
to two-fold) before and after 24 h of sleep deprivation. 

Sleep deprivation resulted in an elevation in the expression of 
the following inflammatory genes: PTPRO, IL8RBP, FCGR3A, 
and FCGR3B. PTPRO is one of the receptor types of phosphor 
tyrosine phosphatases and plays critical roles in acute inflam-
mation via nuclear factor kappa B (NF-kB) signaling pathway in 
T lymphocytes19) and macrophages.20) PTPRO expression changes 
involve various types of cancers, including lung cancer,21) breast 
cancer,22) hepatocellular carcinoma,23) esophageal squamous cell 
carcinoma24) as well as inflammatory response, particularly toll-
like receptor 4 mediated inflammation.25)26) 

Sleep deprivation increases the secretion of pro-inflammato-
ry cytokines as well as increased white blood cells, most nota-
bly neutrophils.27) Previous studies reported notable elevation 
in IL-6 concentration28-30) after sleep deprivation and its role in 
quantity and depth of sleep. In our study, IL-6 increased by 1.8 
fold, while IL8RBP gene expression showed a 4.87-fold change. 
IL-8 and cytokines such as IL-2, IL-6, IL-15, and IL-18 are re-
ported to increase non-rapid eye movement sleep.31) Increased 
blood IL-8 concentration is observed in sleep disorders includ-
ing narcolepsy32) and obstructive sleep apnea.33) However, gene 
expression and protein levels lack correlation,34) and further 
studies are required to understand the pathophysiology between 
sleep deprivation and IL-8 gene expression. 

CD16 (FCγRIII) is expressed on macrophages, NK cells, neu-
trophils and is involved in diverse immune responses, includ-
ing antibody-dependent cell-mediated cytotoxicity.35) Wilder-
Smith et al.36) reported a significant decrease of CD 16 after 10 h-
partial sleep deprivation and then increase above the baseline 
after prolonged sleep deprivation. The lag in NK activity in re-
sponse to sleep deprivation is also consistent with other studies. 
A similar result is expected if we extend the observation time.37)  

Down-regulated genes can be predominantly grouped into 
two functional pathways, metabolic and inflammatory path-
ways. Our study indicates possible effects on translation in the 
downregulation of glutamate and purine metabolism, including 
phospholipase A1 Member A (PLA1A), phosphodiesterase 4D (PD-
E4D), glutamine-fructose-6-phosphate transaminase 2 (GFPT2). 
GFPT2 codes enzymes that catalyze the conversion of glutamine 
to glutamate.38)39) Glutamate is an essential primary excitatory 

neurotransmitter that affects the sleep-wake regulatory system. 
Glutamate activates pre-synaptic glutamate receptors, thus in-
creasing GABAergic inhibitory tone.40) Also, glutamate secretion 
affects astrocytes’ production of ATP, critical gliotransmitters 
in regulating sleep demand.41)

The orphan nuclear receptor 4A subfamily, including Nur77 
(NR4A1), Nurr1 (NR4A2), and NOR1 (NR4A3), is emerging as 
a key regulator of inflammatory response. NR4A1 in monocytes 
and macrophages inhibits NF-κB activation by TNFα and IL-
1β.42) It is also involved in T cell regulation and CD81 T cells de-
velopment.43)44) In cancer, NR4A1 exhibits pro-oncogenic activi-
ties via TCR-induced apoptosis in T cell hybridoma.45) NR4A 
receptors all engage in inhibition of the inflammatory responses 
through various regulatory mechanisms. After sleep depriva-
tion, two NR4A genes, NR4A1 and NR4A3, were downregulated, 
suggesting disengagement of inflammation inhibition response.  

PDE4D is a cAMP-specific phosphodiesterase widely ex-
pressed in the human brain.46) Studies have shown that PDE45 
interacts with several signaling proteins, most notably RACK1, 
β-arrestin2, MAPK signaling proteins, and oxidative-stress ki-
nase. A possible functional role for PDE4D involves β2-adrenergic 
signaling,47) immunity/inflammation,48) and depressive disorder 
and cognition.49) Also, there seems to be a significant association 
between single-nucleotide polymorphism within PDE4D gene 
expression and sleep duration.50) Downregulation of PDE4D was 
observed in patients with atrial fibrillation.51) 

In addition to the change in immune-related gene expression, 
19 clock genes were upregulated. Sleep deprivation is associated 
with changes in the expression of circadian clock-related genes 
in the cerebral cortex and PBMCs.52)53) None of the clock genes 
had a normalized average ratio greater than two in all partici-
pants in this study. Interindividual gene expression variability 
can be explained by polymorphic variants of clock genes.54) Mech-
anisms for gene expression changes induced by sleep and sleep 
deprivation in PBMCs and other tissues remain unclear, and fur-
ther studies are required. PBMCs best represent the current sta-
tus of the immune system and the inflammatory response, while 
the correlation of expression in blood with expression in the 
brain is imperfect. Given this, it may be possible that the im-
mune-related gene expression change is more noticeable than 
the clock-related gene expression change.

Our findings suggest that of the 41174 genes assessed, some 
were specifically related to immune functions via up-regulation 
and down-regulation of immune and inflammatory responses 
in the absence of 24-h sleep deprivation. The study limitations 
are as follows: 1) Investigators were continuously present to moni-
tor the participants to keep them alert during the study periods, 
but we were unable to record continuous EEG recording to en-
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sure that the participants did not sleep. 2) The genome-wide ex-
pression analysis results need to be confirmed with a more ex-
tensive study number. Further studies to group the studied genes 
in biologically meaningful pathways to better understand the 
pathophysiological mechanism of sleep deprivation. 3) Small 
study samples and poor statistical analysis limits generalizabil-
ity and interpretation of the data, and further studies to repli-
cate the data are required. 4) Confounding variables such as food 
intake and activity level are not fully controlled. 5) In an ideal 
study, because acute sleep deprivation can alter the circadian 
expression of genes, blood samples should be drawn multiple 
times to understand the course of gene expression changes fully.

The strengths of this study lie in that the subject is human, 
and PBMC can represent genetic changes in different organs af-
ter sleep deprivation, while previous studies are mostly done 
with animals such as rats. Also, the large number of genes al-
lowed us to explore different possible pathways involved in sleep 
deprivation. 

In conclusion, the RNA-based approach provides a compre-
hensive gene expression profiling in PMBCs of sleep deprivation. 
There is a clear interaction between sleep deprivation and im-
mune cascades via modification of inflammatory meditators 
level. These data should motivate further investigations to de-
fine mechanisms that explain the associations between sleep 
disturbance and inflammation.

Acknowledgments
None

Conflicts of interest
The authors have no financial conflicts of interest.

Author Contributions
Conceptualization: Jong Woo Kim, Sung-Vin Yim. Data curation: 

Jong Woo Kim, Sung-Vin Yim. Formal analysis: Jong Woo Kim, 
Sung-Vin Yim. Investigation: Jong Woo Kim, Sung-Vin Yim. Meth-
odology: Jong Woo Kim, Sung-Vin Yim. Project administration: Jong 
Woo Kim, Sung-Vin Yim. Resources: Sung-Vin Yim. Supervision: 
Jong Woo Kim. Visualization: Je Young Sun, Miae Oh, Won Sub 
Kang. Writing—original draft: Je Young Sun, Won Sub Kang. Writ-
ing—review & editing: all authors.

ORCID iDs
Je Young Sun	 https://orcid.org/0000-0002-4165-7135 
Jong Woo Kim	 https://orcid.org/0000-0003-2739-8664
Sung-Vin Yim	 https://orcid.org/0000-0003-4393-800X
Miae Oh	 https://orcid.org/0000-0002-1927-3637
Won Sub Kang	 https://orcid.org/0000-0003-0495-2861

REFERENCES
1)	Ramm P, Smith CT. Rates of cerebral protein synthesis are linked 

to slow wave sleep in the rat. Physiol Behav 1990;48:749-753.

2)	Stickgold R, Hobson JA, Fosse R, Fosse M. Sleep, learning, and 
dreams: off-line memory reprocessing. Science 2001;294:1052-1057.

3)	Schmidt MH. The energy allocation function of sleep: a unifying 
theory of sleep, torpor, and continuous wakefulness. Neurosci 
Biobehav Rev 2014;47:122-153. 

4)	 Jung CM, Melanson EL, Frydendall EJ, Perreault L, Eckel RH, 
Wright KP. Energy expenditure during sleep, sleep deprivation and 
sleep following sleep deprivation in adult humans. J Physiol 2011; 
589(Pt 1):235-244.

5)	 Irwin MR, Wang M, Campomayor CO, Collado-Hidalgo A, Cole S. 
Sleep deprivation and activation of morning levels of cellular and 
genomic markers of inflammation. Arch Intern Med 2006;166:1756-
1762. 

6)	Aryal RP, Kwak PB, Tamayo AG, Gebert M, Chiu PL, Walz T, et al. 
Macromolecular assemblies of the mammalian circadian clock. 
Mol Cell 2017;67:770-782.e6.

7)	Blanco-Centurion C, Xu M, Murillo-Rodriguez E, Gerashchenko 
D, Shiromani AM, Salin-Pascual RJ, et al. Adenosine and sleep ho-
meostasis in the Basal forebrain. J Neurosci 2006;26:8092-8100.

8)	Methippara MM, Kumar S, Alam MN, Szymusiak R, McGinty D. 
Effects on sleep of microdialysis of adenosine A1 and A2a receptor 
analogs into the lateral preoptic area of rats. Am J Physiol Regul 
Integr Comp Physiol 2005;289:R1715-R1723. 

9)	Saper CB, Fuller PM, Pedersen NP, Lu J, Scammell TE. Sleep state 
switching. Neuron 2010:22:1023-1042. 

10)	Toppila J, Alanko L, Asikainen M, Tobler I, Stenberg D, Porkka-
Heiskanen T. Sleep deprivation increases somatostatin and growth 
hormone-releasing hormone messenger RNA in the rat hypothala-
mus. J Sleep Res 1997;6:171-178. 

11)	Mackiewicz M, Sollars PJ, Ogilvie MD, Pack AI. Modulation of 
IL-1 beta gene expression in the rat CNS during sleep deprivation. 
Neuroreport 1996;7:529-533. 

12)	Petit JM, Tobler I, Allaman I, Borbély AA, Magistretti PJ. Sleep 
deprivation modulates brain mRNAs encoding genes of glycogen 
metabolism. Eur J Neurosci 2002;16:1163-1167. 

13)	Rehman A, Taishi P, Fang J, Majde JA, Krueger JM. The cloning of 
a rat peptidoglycan recognition protein (PGRP) and its induction in 
brain by sleep deprivation. Cytokine 2001;13:8-17. 

14)	Wisor JP, O’Hara BF, Terao A, Selby CP, Kilduff TS, Sancar A, et 
al. A role for cryptochromes in sleep regulation. BMC Neurosci 
2002; 3:20.

15)	Vitale-Neugebauer A, Giuditta A, Vitale B, Giaquinto S. Pattern of 
RNA synthesis in rabbit cortex during sleep. J Neurochem 1970; 
17:1263-1273.

16)	Panov A. RNA and protein content of brain stem cells after sleep 
deprivation. Riv Biol 1982;75:95-99.

17)	Feezor RJ, Baker HV, Mindrinos M, Hayden D, Tannahill CL, 
Brownstein BH, et al. Whole blood and leukocyte RNA isolation 
for gene expression analyses. Physiol Genomics 2004;19:247-254. 

18)	Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA. The peripheral 
blood transcriptome dynamically reflects system wide biology: a 
potential diagnostic tool. J Lab Clin Med 2006;147:126-132.

19)	Ming F, Sun Q. Epigenetically silenced PTPRO functions as a 
prognostic marker and tumor suppressor in human lung squamous 
cell carcinoma. Mol Med Rep 2017;16:746-754. 

20)	Jiang R, Chen D, Hou J, Tan Z, Wang Y, Huang X, et al. Survival 
and inflammation promotion effect of PTPRO in fulminant hepati-
tis is associated with NF-κB activation. J Immunol 2014;193:5161-
5170. 

21)	Choi SH, Harkewicz R, Lee JH, Boullier A, Almazan F, Li AC, et al. 
Lipoprotein accumulation in macrophages via toll-like receptor-
4-dependent fluid phase uptake. Circ Res 2009;104:1355-1363. 

22)	Huang YT, Li FF, Ke C, Li Z, Li ZT, Zou XF, et al. PTPRO promoter 
methylation is predictive of poorer outcome for HER2-positive 



Korean J Biol Psychiatry █ 2022;29(1):9-14

14

breast cancer: indication for personalized therapy. J Transl Med 
2013;11:245. 

23)	Hsu SH, Motiwala T, Roy S, Claus R, Mustafa M, Plass C, et al. 
Methylation of the PTPRO gene in human hepatocellular carcino-
ma and identification of VCP as its substrate. J Cell Biochem 2013; 
114:1810-1818. 

24)	You YJ, Chen YP, Zheng XX, Meltzer SJ, Zhang H. Aberrant meth-
ylation of the PTPRO gene in peripheral blood as a potential bio-
marker in esophageal squamous cell carcinoma patients. Cancer 
Lett 2012;315:138-144. 

25)	Liang C, Wang X, Hu J, Lian X, Zhu T, Zhang H, et al. PTPRO pro-
motes oxidized low-density lipoprotein induced oxidative stress 
and cell apoptosis through toll-like receptor 4/nuclear factor κB 
pathway. Cell Physiol Biochem 2017;42:495-505.

26)	Zhao J, Yan S, Zhu X, Bai W, Li J, Liang C. PTPRO exaggerates in-
flammation in ulcerative colitis through TLR4/NF-κB pathway. J 
Cell Biochem 2020;121:1061-1071. 

27)	Bøyum A, Wiik P, Gustavsson E, Veiby OP, Reseland J, Haugen AH, 
et al. The effect of strenuous exercise, calorie deficiency and sleep 
deprivation on white blood cells, plasma immunoglobulins and cy-
tokines. Scand J Immunol 1996;43:228-235.

28)	Born J, Lange T, Hansen K, Mölle M, Fehm HL. Effects of sleep 
and circadian rhythm on human circulating immune cells. J Immu-
nol 1997;158:4454-4464. 

29)	Sothern RB, Roitman-Johnson B, Kanabrocki EL, Yager JG, Fuer-
stenberg RK, Weatherbee JA, et al. Circadian characteristics of in-
terleukin-6 in blood and urine of clinically healthy men. In Vivo 
1995;9:331-339. 

30)	Crofford LJ, Kalogeras KT, Mastorakos G, Magiakou MA, Wells J, 
Kanik KS, et al. Circadian relationships between interleukin (IL)-6 
and hypothalamic-pituitary-adrenal axis hormones: failure of IL-6 
to cause sustained hypercortisolism in patients with early untreated 
rheumatoid arthritis. J Clin Endocrinol Metab 1997;82:1279-1283. 

31)	Szelényi J. Cytokines and the central nervous system. Brain Res 
Bull 2001;54:329-338. 

32)	Tanaka S, Honda M, Toyoda H, Kodama T. Increased plasma IL-6, 
IL-8, TNF-alpha, and G-CSF in Japanese narcolepsy. Hum Immu-
nol 2014;75:940-944. 

33)	Alzoghaibi MA, Bahammam AS. Lipid peroxides, superoxide dis-
mutase and circulating IL-8 and GCP-2 in patients with severe ob-
structive sleep apnea: a pilot study. Sleep Breath 2005;9:119-126.

34)	Füth R, Herder C, Förster S, Müller-Scholze S, Kruse N, Rieck-
mann P, et al. Evaluation of diagnostic relevance of mRNA levels 
in peripheral blood: predictive value for mortality in hemodialysis 
patients. Cytokine 2004;27:166-172. 

35)	Anegón I, Cuturi MC, Trinchieri G, Perussia B. Interaction of Fc 
receptor (CD16) ligands induces transcription of interleukin 2 re-
ceptor (CD25) and lymphokine genes and expression of their prod-
ucts in human natural killer cells. J Exp Med 1988;167:452-472.

36)	Wilder-Smith A, Mustafa FB, Earnest A, Gen L, Macary PA. Im-
pact of partial sleep deprivation on immune markers. Sleep Med 
2013;14:1031-1034. 

37)	Dinges DF, Douglas SD, Zaugg L, Campbell DE, McMann JM, 
Whitehouse WG, et al. Leukocytosis and natural killer cell func-
tion parallel neurobehavioral fatigue induced by 64 hours of sleep 
deprivation. J Clin Invest 1994;93:1930-1939. 

38)	Hu W, Zhang C, Wu R, Sun Y, Levine A, Feng Z. Glutaminase 2, a 
novel p53 target gene regulating energy metabolism and antioxi-

dant function. Proc Natl Acad Sci U S A 2010;107:7455-7460. 
39)	Hu Y, Riesland L, Paterson AJ, Kudlow JE. Phosphorylation of mouse 

glutamine-fructose-6-phosphate amidotransferase 2 (GFAT2) by 
cAMP-dependent protein kinase increases the enzyme activity. J 
Biol Chem 2004;279:29988-29993. 

40)	Brancaccio M, Patton AP, Chesham JE, Maywood ES, Hastings 
MH. Astrocytes control circadian timekeeping in the suprachias-
matic nucleus via glutamatergic signaling. Neuron 2017;93:1420-
1435.e5.

41)	Bjorness TE, Dale N, Mettlach G, Sonneborn A, Sahin B, Fienberg 
AA, et al. An adenosine-mediated glial-neuronal circuit for homeo-
static sleep. J Neurosci 2016;36:3709-3721. 

42)	Diatchenko L, Romanov S, Malinina I, Clarke J, Tchivilev I, Li X, et 
al. Identification of novel mediators of NF-kappaB through ge-
nome-wide survey of monocyte adherence-induced genes. J Leu-
koc Biol 2005;78:1366-1377. 

43)	Sekiya T, Kashiwagi I, Yoshida R, Fukaya T, Morita R, Kimura A, et 
al. Nr4a receptors are essential for thymic regulatory T cell devel-
opment and immune homeostasis. Nat Immunol 2013;14:230-237. 

44)	Fassett MS, Jiang W, D'Alise AM, Mathis D, Benoist C. Nuclear re-
ceptor Nr4a1 modulates both regulatory T-cell (Treg) differentiation 
and clonal deletion. Proc Natl Acad Sci U S A 2012;109:3891-3896. 

45)	Li QX, Ke N, Sundaram R, Wong-Staal F. NR4A1, 2, 3--an orphan 
nuclear hormone receptor family involved in cell apoptosis and 
carcinogenesis. Histol Histopathol 2006;21:533-540. 

46)	Pérez-Torres S, Miró X, Palacios JM, Cortés R, Puigdoménech P, 
Mengod G. Phosphodiesterase type 4 isozymes expression in hu-
man brain examined by in situ hybridization histochemistry and 
[3H]rolipram binding autoradiography. Comparison with monkey 
and rat brain. J Chem Neuroanat 2000;20:349-374. 

47)	Baillie GS, Sood A, McPhee I, Gall I, Perry SJ, Lefkowitz RJ, et al. 
beta-Arrestin-mediated PDE4 cAMP phosphodiesterase recruit-
ment regulates beta-adrenoceptor switching from Gs to Gi. Proc 
Natl Acad Sci U S A 2003;100:940-945.

48)	Yun S, Budatha M, Dahlman JE, Coon BG, Cameron RT, Langer R, 
et al. Interaction between integrin α5 and PDE4D regulates endo-
thelial inflammatory signalling. Nat Cell Biol 2016;18:1043-1053. 

49)	Rock PL, Roiser JP, Riedel WJ, Blackwell AD. Cognitive impair-
ment in depression: a systematic review and meta-analysis. Psychol 
Med 2014;44:2029-2040. 

50)	Gottlieb DJ, O’Connor GT, Wilk JB. Genome-wide association of 
sleep and circadian phenotypes. BMC Med Genet 2007;8 Suppl 
1:S9.

51)	Molina CE, Leroy J, Richter W, Xie M, Scheitrum C, Lee IO, et al. 
Cyclic adenosine monophosphate phosphodiesterase type 4 pro-
tects against atrial arrhythmias. J Am Coll Cardiol 2012;59:2182-
2190. 

52)	Teboul M, Barrat-Petit MA, Li XM, Claustrat B, Formento JL, De-
launay F, et al. Atypical patterns of circadian clock gene expression 
in human peripheral blood mononuclear cells. J Mol Med (Berl) 
2005;83:693-699. 

53)	Boivin DB, James FO, Wu A, Cho-Park PF, Xiong H, Sun ZS. Cir-
cadian clock genes oscillate in human peripheral blood mononucle-
ar cells. Blood 2003;102:4143-4145. 

54)	Kavcic P, Rojc B, Dolenc-Groselj L, Claustrat B, Fujs K, Poljak M. 
The impact of sleep deprivation and nighttime light exposure on 
clock gene expression in humans. Croat Med J 2011;52:594-603.


