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Sleep insufficiency is associated with various disorders; the molecular basis is
unknown until now. Here, 14 males and 18 females were subjected to short-term
(24 h) sleep deprivation, and donated fasting blood samples prior to (day 1) and
following (days 2 and 3) short-term sleep deprivation. We used multiple omics
techniques to examine changes in volunteers’ blood samples that were sub-
jected to integrated, biochemical, transcriptomic, proteomic, and metabolomic
analyses. Sleep deprivation caused marked molecular changes (46.4% transcript
genes, 59.3% proteins, and 55.6% metabolites) that incompletely reversed by
day 3. The immune system in particular neutrophil-mediated processes asso-
ciated with plasma superoxidase dismutase-1 and SI00A8 gene expression was
markedly affected. Sleep deprivation decreased melatonin levels and increased
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1 | INTRODUCTION

Circadian rhythms are closely related to biological activ-
ity and health, and the health hazards of insufficient sleep
or circadian rhythm disorders are of increasing concern.!
Several studies have shown that insufficient sleep (usually
less than 6 h/day) is associated with various health disor-
ders, such as cardiovascular disease,” diabetes mellitus,?
obesity,* cognitive impairment,”® among others. In addi-
tion, short- or long-term insomnia may be a risk factor for
stroke and death,” and <6 h sleep/day raised by 20% the
risk of myocardial infarction.® Recent research has found
that just one night of sleep deprivation increased A amy-
loid in brain regions.” In sum, long-term or short-term
lack of sleep or sleep disorder (insomnia) appears to be
potential risk factors for various diseases.

Even though there are a lot of studies reported many
diseases induced by sleep disorder or deprivation, for
example, sleep deprivation induced the accumulation of
ROS (reactive oxygen species) in gut resulting animal
death,'” sleep deficiency was reported to impair molecular
clearance from the human brain," the detail mechanisms
are still unclear. Sleep has a crosslink with immunity,
immune system activation alters sleep, which in turn
affects the nature of innate and adaptive immune sys-
tems, and the unbalance between sleep and immunity
can lead to disease.'” Sleep disorder was found to deterio-
rate immune functions, and thus induced various diseases,
such as infection, cancer,'* neurodegenerative disease,
autoimmune disease,'® metabolic, and vascular disease.!”
However, the current studies mainly focused on changes
in the number of immune cells and levels of inflamma-
tory factors, such as neutrophil and T cells,'® c-reactive
protein (CRP), and IL-6,'° etc. In order to provide the
prevention guidance for sleep insufficiency related dis-
eases, there is a need to further explore the molecular

immune cells, inflammatory factors and c-reactive protein. By disease enrich-
ment analysis, sleep deprivation induced signaling pathways for schizophrenia
and neurodegenerative diseases enriched. In sum, this is the first multiomics
approach to show that sleep deprivation causes prominent immune changes in
humans, and clearly identified potential immune biomarkers associated with
sleep deprivation. This study indicated that the blood profile following sleep
disruption, such as may occur among shift workers, may induce immune and
central nervous system dysfunction.

immune disorder, melatonin, multiomics, neurodegenerative disease, neutrophils, sleep

basis of immune changes caused by insufficient sleep.
The development of high throughput technology (genome,
transcriptome, proteome, and metabolome) has provided
a potential possibility. At present, there has little omics
studies in sleep deprivation, and most of them involved
only a single omics. Therefore, human-based multiomics
studies will be more helpful to reveal the molecular mech-
anisms for sleep deprivation-induced immune disorders
and related diseases.

Multiomics analysis of peripheral blood samples pro-
vides a window to monitor macroscopic and microenviron-
mental changes in vivo. The transcriptomics of peripheral
whole blood or leukocytes reflects the integrated physio-
logical status of multiple organs.’”?! Plasma proteomics
of peripheral blood provides a method to monitor disease
biomarkers.”> Metabolomics is an endpoint indicator of
environmental changes in vivo after gene expression and
protein translation.”>** Therefore, contemporary assess-
ment of the transcriptome, proteome and metabolome
of peripheral blood provides a comprehensive method to
assess health status, including adverse changes associ-
ated with sleep disorders. Blood transcriptomic changes
resulting from chronic sleep deprivation (1 week) have
been reported,” as have the characteristics of the plasma
metabolome after sleep deprivation (24 h)*® and the
effect of 24 h of irregular diet and sleep on plasma pro-
tein expression.27 However, the aforementioned studies
employed single (not multiomics) categories to assess the
effects of circadian rhythm changes on peripheral blood
within 24 h; in addition, the number of participants was
small, and some studies were based on a single gender.
Thus, there is no comprehensive multiomics analysis that
integrates the blood-based physiological effects of transient
sleep deprivation and sleep recovery.

The present study, which employs a multiomics
approach to address this question in healthy adults, finds
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FIGURE 1 Transient sleep deprivation induced changes in multiple-omics molecular and physiological indicators. (A) Basic

procedures for sleep deprivation experiments. (B) The statistical analysis of multiomics molecules on day 2 and day 3 relative to baseline (day
1). (C) Principal component analysis (PCA) revealed changes in the data distribution of genes, proteins and metabolites after sleep
deprivation. (D) Difference analysis of physiological indicators (heart rate, blood pressure, blood glucose and lipids, liver and kidney function,

and blood routine) after sleep deprivation.

that short-term (24 h) sleep deprivation perturbs for at
least 1—2 days both the immune system and the molecular
framework associated with disorders of the nervous
system. While the findings suggest that short-term sleep
supplementation cannot compensate for the adverse
physiological effects promoted by shift work, they provide
biomarkers that correlate with sleep deprivation that may
be useful for the prevention of associated diseases.

2 | RESULTS

2.1 | Characterization of plasma
molecules and physiological changes after
transient sleep deprivation

A total 17,251 genes were detected in the primary
blood mononuclear cell (PBMC) transcriptome, 793 high-
confidence proteins in the plasma proteome, and 776
metabolites in the plasma metabolome (Figure 1A). The
differential analysis showed that approximately half of
the plasma molecules (46.4% of genes, 59.3% of plasma
proteins, 55.6% of metabolites) changed after 24-h sleep
deprivation; most genes were downregulated and proteins
decreased, while the expression of metabolites was slightly

increased (Figure 1B). Unsupervised principal component
analysis (PCA) found that sleep deprivation discriminated
the expression of the transcriptome and proteome between
baseline (day 1) and sleep deprivation (day 2) or brief
sleep recovery (day 3), while the expression levels between
day 2 and day 3 were basically similar. Comparable anal-
ysis of metabolome data showed that sleep deprivation
resulted in sustained changes in metabolites (Figure 1C).
PCA analysis suggested that the brief sleep recovery period
(day 3) was actually a continued effect of the period of
sleep deprivation (day 2). Figure 1D shows that when com-
pared with baseline data (day 1), sleep deprivation was
associated with a significant increase in immune cells
(leukocytes, neutrophils, monocytes) and HbAlc, while
significant decreases were found for blood glucose concen-
tration, triglyceride (TRIG), ApoB, heart rate, creatinine,
aspartate aminotransferase (AST), and erythrocytes (day
1). At day 3, blood glucose, triglyceride, albumin, and total
protein were significantly decreased, and blood pressure,
heart rate, blood urea, cystatin c, leukocytes, monocytes,
and eosinophils were significantly increased (Figure 1D).
These results suggested that short-term recovery after
sleep deprivation can rapidly restore heart rate but failed
to reverse immune function (immune cells) and metabolic
processes (blood glucose, blood lipids, etc.), indicating that
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sleep deprivation has a longer-lasting effect on physiologi-
cal factors related to immunity and metabolism. These data
suggested that just one night sleep deprivation induced an
enormous effect, which nearly half of the blood molecules
changed.

2.2 | Sleep deprivation resulted in
differentially expressed plasma proteins
mainly enriched in immune process and
metabolic process

The results of plasma proteomics found that, com-
pared with Dayl, a total of 316 proteins was changed
on day 2. The Volcano plot showed that most of the
proteins (n = 292) were reduced, and only 24 pro-
teins were increased. Biological process revealed that
these differentially expressed (DE) proteins (subsequently
referred to as “differential proteins”) were enriched in
the functions of neutrophil-mediated immunity, leuko-
cyte degranulation, myeloid cell activation involved in
immune processes, neutrophil degranulation, among oth-
ers. Pathway analysis found that DE proteins participated
in complement and coagulation cascades, antigen pro-
cessing and presentation, cholesterol metabolism, focal
adhesion, phagosome, Parkinson’s disease, and glycoly-
sis/gluconeogenesis (Figures SIA and S2A). Compared
with Dayl, 372 proteins were changed on day 3, of which
78 proteins were increased and 294 proteins decreased.
The main biological processes included wound healing,
neutrophil-mediated immunity, neutrophil degranulation,
coagulation, complement activation, among others, and
pathways focused on complement and coagulation cas-
cade, focal adhesion, phagosome, Parkinson’s disease, gly-
colysis/gluconeogenesis, and estrogen signaling pathway
(Figures S1B and S2B). In concert, these results indicated
many common changes in the differential protein pattern
on day 2 and day 3 after 24 h of sleep deprivation. For
example, most proteins showed reduced expression, and
the differential proteins were mainly enriched in immune
processes (neutrophil activation, complement and coag-
ulation cascades, focal adhesion, phagosome), metabolic
processes (glycolysis/gluconeogenesis) and Parkinson’s
disease, suggesting that sleep deprivation may affect
immune, metabolic and brain function. In addition, com-
pared with day 2, the expression of 179 proteins was
changed (100 increased and 79 decreased) on day 3; these
were involved in humoral immune response, comple-
ment activation, acute inflammatory response, platelet
degranulation, among others. Complement and coagu-
lation cascade, cholesterol metabolism were the main
enriched pathways (Figures S1C and S2C), while the addi-
tion of data of day 2 versus day 1 plus day 3 versus day

1, revealed that immune-related molecules and pathways
were extremely sensitive to sleep deprivation and sleep
recovery.

To identify biological processes and pathways associ-
ated with sleep deprivation and recovery, the time cluster
analyzed 470 total differential proteins (summarized DE
proteins from day 2 vs. day 1 and day 3 vs. day 1). Dif-
ferential proteins were divided into Cluster 1 (89 proteins
decreased on day 2 and increased on day 3), Cluster
2 (89 proteins decreased on day 3), Cluster 3 (213 pro-
teins decreased on day 2 and day 3), and Cluster 4 (79
proteins increased on day 3). Cluster 1 proteins were
mainly involved in neutrophil-mediated immunity, choles-
terol metabolism, complement and coagulation cascade,
etc. Cluster 2 proteins were involved in complement
activation-related processes, complement and coagula-
tion, among others. Cluster 3 proteins participated in
platelet degranulation and activation, coagulation, carbon
metabolism and glycolysis/gluconeogenesis. Cluster 4 pro-
teins were focused on complement activation, immune
response-related processes, and pathways (Figure S3).
The cluster analysis showed that neutrophil-mediated
immune processes were consistent with sleep changes,
while expression of proteins involved in platelet activa-
tion, coagulation, glucose or carbon metabolism proteins
remained low after sleep deprivation, while the pro-
teins involved in complement-related processes showed no
regularity.

Reactome Pathway hierarchical enrichment analy-
sis showed that immune-related signaling pathways
ranked first, followed by protein metabolism, hemosta-
sis, metabolism, and other related signaling pathways,
among which neutrophil degranulation accounted for the
largest proportion in the immune system (Figure 2A).
Hierarchical analysis of biological process also showed
that the innate immune system accounted for the largest
proportion, followed by hemostasis, neutrophil degranu-
lation, complement cascade, among others (Figure 2B).
In addition, immunoglobulin continued to be downregu-
lated during sleep deprivation and recovery; complement
proteins and cholesterol metabolism proteins were mostly
decreased after sleep deprivation and began to increase
after sleep recovery, and glycolysis and gluconeogenesis
proteins were mostly decreased after sleep deprivation and
remained down after sleep recovery (Figure S4). Plasma
proteomics showed that immune processes were the main
changes after sleep deprivation, followed by metabolic
processes. The neutrophil-mediated immune processes
were closely related to the dynamic changes associated
with sleep. The above data showed that sleep deprivation
induced the prominent enrichment of DE plasma proteins
involved in immune-related biological processes and
pathways.
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FIGURE 2
Reactome analysis classified the signaling pathways and biological processes of the total differential proteins after sleep deprivation. (A) The

Proteomics and metabolomics showed significant changes in immune-related processes after sleep deprivation.

Sankey diagram of signaling pathways. (B) Chord diagram of biological processes. The fold change of total differential proteins was the mean
fold change related to baseline (day 1). (C) Metabolic pathway analysis for total differential metabolites in plasma after sleep deprivation; the
top 10 pathways are shown. (D) The pathway map of arginine and proline metabolism and TCA cycle after sleep deprivation. The metabolite
level is shown as blue to red, that is, from low level to high level. The protein expression is shown as green to orange, that is, from low
expression to high expression. (E) Wukong Cloud platform for enrichment analysis of differential metabolites and proteins. Shown are the top
three metabolic pathways, protein pathways and pathways of interaction between metabolism and protein.

2.3 | Combined metabolome and ued to increase after sleep deprivation. Most metabolites

proteome analysis revealed the dominance
of immune changes after sleep deprivation

Metabolomics found that 223 metabolites were changed
on day 2 after sleep deprivation, of which 117 metabo-
lites were decreased and 106 metabolites were increased.
Differential metabolites were enriched in central carbon
metabolism in cancer, protein degradation and absorption,
pyruvate metabolism, arginine, and proline metabolism
(Figure S5A). Compared with day 1, 383 metabolites
were changed on day 3, among which 209 metabo-
lites were increased, and 174 metabolites were decreased.
These metabolites were also enriched in central carbon
metabolism in cancer, protein degradation and absorp-
tion, arginine and proline metabolism. Additionally, the
metabolites of day 3 versus day 2 were still enriched in argi-
nine and proline metabolism, and in pyruvate metabolism
(Figure S5B,C). Metabolic classification found that orotic
acid (which is involved in nucleotide metabolism) was
persistently elevated, while TCA (tricarboxylic acid)-cycle
pyruvate continued to decrease and oxaloacetate contin-

in lipid metabolism decreased after sleep deprivation,
especially 3-hydroxybutanoate and linoleic acid. More-
over, amino acids accounted for a large proportion of
metabolites, and levels of D-glutamate, phenylacetalde-
hyde, guanidinoacetic acid, hippuric acid synchronized
with sleep changes (Figure S6).

Searching the KEGG (kyoto encyclopedia of genes
and genomes) compound database revealed a total 298
differential metabolites after sleep deprivation, with
enriched pathways mainly in arginine and proline
metabolism, followed by carbon metabolism-related
processes (Figure 2C). The map of arginine and proline
metabolism and of the TCA cycle showed that most
metabolites were decreased after sleep deprivation; these
included D-glutamate, pyruvate, guanidinoacetic acid,
and creatinine, among others, and the pathway-involved
proteins (IDH1, MDHI, GOT1) were also decreased
(Figure 2D), while arginine and proline metabolism were
closely related to the immune process. This result indicated
that sleep deprivation was associated with some degree of
immunosuppression, a result consistent with proteomic
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The transcriptome of peripheral blood mononuclear cell (PBMCs) after sleep deprivation. Chord diagram showing

enriched biological processes associated with differentially expressed genes, and the results of gene set enrichment analysis (GSEA) to
identify potential signaling pathways after sleep deprivation. (A) Chord diagram and GSEA analysis of differential genes on day 2 and (B) day
3. The p value of enriched biological processes and pathways were corrected by Bonferroni-Holm (BH).

data showing of the reduced presence of most proteins
involved in immune pathways. In addition, interaction
analysis of differential proteins and metabolites showed
that the top 3 pathways for protein-metabolic interac-
tion were innate immune system, immune system and
hemostasis (Figure 2E). Analysis of protein-metabolism
interaction showed that immune-related processes still
dominated the changes induced by sleep deprivation, and
arginine and proline metabolism were the main metabolic
processes, followed by TCA cycle-related metabolic pro-
cesses. Integrative metabolomic and proteomic analyses
suggested that immune function changes are the most
prominent response to sleep deprivation.

2.4 | Transcriptome and proteome
correlation analysis highlighted
neutrophil-mediated immune disorder

Since proteomic and metabolomic data revealed that
immune changes were significantly altered after sleep
deprivation, we performed transcriptomic analysis of

PBMCs to find the core genes that induced observed
changes in measures of immune function. Among 17,251
genes, 7998 genes (Q < 0.05) were changed on day 2 and day
3 after sleep deprivation. Among them, 6498 genes with
FPKM > 1, and 625 genes with fold change (FC) >2. Com-
pared with day 1, the expression of 3063 genes was upreg-
ulated and 3984 genes downregulated after sleep depriva-
tion (day 2). The biological processes of DE genes were
enriched in exocytosis, cell activation, intracellular trans-
port, myeloid leukocyte activation. Gene set enrichment
analysis (GSEA) identified the suppressed signaling path-
ways were: cytokines-cytokine receptor interaction, cell
adhesion, IL-17 signaling pathway, and neutrophil extra-
cellular trap formation, among others, and the activated
signaling pathways included aminoacyl—tRNA biosynthe-
sis, valine, leucine and isoleucine degradation (Figure 3A).
On day 3, 2019 genes were upregulated and 2663 genes were
downregulated, and biological process focused mainly
on exocytosis, myeloid leukocyte-mediated immunity, cell
activation, platelet degranulation, among others. The
GSEA showed that the activation signal pathways included
lysosome, valine, leucine, and isoleucine degradation,
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FIGURE 4 Correction analysis of differential genes and proteins after sleep deprivation. (A) GO functional analysis of total
differential genes (FC > 2) and proteins after sleep deprivation. Top 15 biological processes are shown. (B) KEGG pathway analysis of
differential genes and proteins. The darker the color, the smaller the p value. (C) Heat map analysis of differential genes and proteins in

pathways of neutrophil extracellular trap formation, complement and coagulation cascade. Blue represents low expression abundance and

red represents high expression abundance. (D) Venny analysis of total differentially expressed genes and proteins after sleep deprivation (day

3 or day 2 vs. day 1), and (E) Heat map of shared omics molecules. (F) 2D annotation analysis of the shared differential genes and proteins.
The mean fold change of genes or proteins is shown along with the biological processes and pathways with p value less than 0.05.

while the suppressed signal pathways included cytokine-
cytokine receptor interaction, neutrophil extracellular trap
formation, among others (Figure 3B). Molecular Complex
Detection analysis was used to find the core genes regu-
lated after sleep deprivation. For day 2 versus day 1, the DE
genes were mainly enriched in chemokines and inflam-
matory responses, immune and inflammatory responses,
platelet degranulation and neutrophil degranulation, and
oxygen transport (Figure S7A). DE genes on Day 3 versus
day 1 included those involved in immune and inflamma-
tory responses, oxygen transport and leukocyte migration,
and platelet degranulation (Figure S7B). In addition, the
core DE genes on day 2 and day 3 were basically downreg-
ulated, which was consistent with the reduction of most
proteins in the plasma proteome. Additionally, the genes
and proteins associated with immune processes showed,
respectively, a mostly reduced expression and presence
after sleep deprivation.

Since the results of the PBMC transcriptome and plasma
proteome were consistent, we subsequently performed
correlation analysis to find common gene and protein
modules. Biological process analysis found that the dif-

ferential plasma proteins caused by sleep deprivation
were mainly enriched in complement activation, immune
response, neutrophil degranulation and immune response,
platelet degranulation, complement activation and cas-
cade, among others, and the differential genes (FC > 2) of
the transcriptome were also mainly enriched in neutrophil
degranulation, neutrophil activation involved in immune
response, hemostasis, platelet degranulation, among oth-
ers (Figure 4A). KEGG pathway analysis showed that
neutrophil extracellular trap formation, complement and
coagulation cascades with the smallest p value were
covered in the enrichment of differential genes and dif-
ferential proteins (Figure 4B). Moreover, the heat map of
differential genes and proteins from these two pathways
showed that most genes in the neutrophil extracellular
trap formation were downregulated on day 2 and day 3
after sleep deprivation, while many proteins in the com-
plement and coagulation cascades were decreased on day
2 and increased on day 3 (Figure 4C). This difference indi-
cated that the variation trend of genes and proteins was
different in the two immune system-related pathways. In
addition, the coverage of genes and proteins in neutrophil
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extracellular trap formation was much greater than that
in complement and coagulation cascades, and the proteins
of complement and coagulation cascades changed irregu-
larly, while the levels of genes and proteins in the pathway
of neutrophil extracellular trap formation were changed
consistent with the state of sleep.

Venny analysis showed a total 175 DE genes and pro-
teins that overlapped after sleep deprivation (Figure 3D),
and the heat map also showed that shared proteins
and genes were respectively mostly downregulated and
reduced after sleep deprivation, while the expression of
genes and content of proteins was similar on Day2 and
Day3 (Figure 4E). Two-dimensional annotation enrich-
ment analysis, used here to find the commonality of
transcriptome and proteome, showed the logFCprotein
and logFCgene ranged from —1 to 1 corresponding to
the enrichment scores at the protein and transcript lev-
els, respectively. Positive values represent the activation
of the process or pathway, and negative values corre-
spond to suppression of the process or pathway. From
the map, the common activated biological processes were
also enriched in neutrophil degranulation, and neu-
trophil activation involved in immune response, while
the common suppressed biological processes included
hemostasis, platelet degranulation, platelet activation,
among other. Genes and proteins involved in neutrophil-
related process accounted for major proportion of both
(Figure 4F). Taken together, these results suggested that
neutrophil-mediated immune processes best reflect the
immune system-related changes seen after sleep depri-
vation. By integrating proteomic and transcriptomic,
sleep deprivation-induced prominent immune changes in
neutrophil-mediated immunity, which have a high degree
of consistency in the transcriptional level and protein
level.

2.5 | Sleep deprivation resulted in
abnormal expression of immune cells and
inflammatory factors

Immune cells, immune cell typing, inflammatory
cytokines, and acute CRP expression were analyzed
to determine if the aforementioned effects of sleep depri-
vation on immune system status could be confirmed.
Routine blood results showed the numbers of red blood
cells, white blood cells, neutrophils and monocytes were
significantly changed after sleep deprivation. Only the
number of neutrophils increased significantly on day 2
and decreased significantly on day 3, while there was
no difference in their numbers between day 1 and day
3. White blood cells and monocytes were significantly
increased in number on day 2, and still significantly

increased on day 3, while eosinophils only increased
significantly on day 3 (Figure 5A); this result showed
that neutrophils may better reflect the effects of sleep
changes on immunocompetence. After the proportion
calculation, neutrophils, lymphocytes, monocytes, and
eosinophils were significantly changed, among which
the proportions of neutrophils and lymphocytes changed
most obviously (Figure 5B). Since there was no statistical
difference between the number of lymphocytes, while
significant changes were evident in the proportion of lym-
phocytes; immunotyping of lymphocytes was performed
to identify specific immune cells. Flow cytometric T cell
typing showed that CD4*T cells increased significantly
after sleep deprivation (day 2) and sleep recovery (day
3), and the ratio of CD4*T/CD3*T and CD4*tT/CD8*T
also increased significantly (Figure 5C,D), suggesting
that CD4 helper T cells exerted an effective role after
sleep deprivation. Therefore, we also detected plasma
inflammatory factors, and the heat map showed that
most of the anti-inflammatory and pro-inflammatory
factors were significantly increased on sleep recovery
(day 3) (Figure 5E,G), while only IL-6 was significantly
increased on day 2, IL-8 (accounting for largest change)
was significantly decreased on day 2 and day 3. The
plasma level of CRP was also increased on day 3, which
was consistent with the result of proteomic analysis, a
finding that confirmed the reliability of the multiomics
results. The altered expression of inflammatory factors and
CRP indicated that sleep deprivation induced a delayed
effect in the stage of immune status effect, such that most
inflammatory factors appeared to be significantly elevated
on day 3 after sleep deprivation.

I1-8 was the only inflammatory factor that was sig-
nificantly decreased after sleep deprivation (day 2), and
this remained significantly decreased after sleep recov-
ery (day 3). IL-8 chemotaxis and activates neutrophils,
promotes lysosomal enzyme activity and phagocytosis of
neutrophils, while the number of neutrophils increased
significantly after sleep deprivation and the level of IL-8
significantly decreased, which indicated that elevated neu-
trophils consumed large amounts of IL-8. Moreover, the
number of neutrophils was significantly negatively cor-
related with the level of IL-8 (Figure 5H). Therefore, the
result showed that neutrophil elevation required IL-8 acti-
vation, which then depleted amounts of IL-8 in blood.
Sleep deprivation-induced neutrophil hyperplasia was the
initial step, followed by downregulation of related gene
and reduced protein expression to inhibit neutrophil acti-
vation. The above data show a high concordance between
inflammatory factor levels and immune cell counts, and
those changes proofed the result of multiomics analysis
that sleep deprivation induced the prominent changes in
immunity.
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Sleep deprivation-resulting changes of immune cell and inflammatory cytokine profiles. (A) The statistics of

immune cells (leukocytes, neutrophils, lymphocytes, monocytes, eosinophils, basophils) from routine blood detection after sleep deprivation,
and (B) the proportions of various immune cells in total leukocytes. (C) Representative graphs of flow lymphocyte typing after sleep
deprivation, and (D) statistics of the numbers and proportions of CD3*T, CD4*T, and CD8T cells. (E) Heat map of inflammatory factor
profiles after sleep deprivation. (F) Statistical analysis of pro-inflammatory factors (interleukin [IL]-2, IL-6, IL-8, IL-12p70, IL-17, TNF-a,
INF-y), c-reactive protein (CRP) acute response protein and (G) anti-inflammatory factors (IL-4, IL-10, IL-13). (H) Correction analysis of IL-8
and neutrophils. Data are presented as the mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 15—32 individuals per group.

2.6 | SOD1 and S100A8 may serve as
biomarkers of immune disorders caused by
sleep deprivation

Preliminary analysis showed that biological processes
and signaling pathways related to neutrophil-mediated
immune function were dominant after sleep deprivation.
Therefore, correlation analysis was used to find the molec-
ular network that regulated the neutrophil changes to
reflect disordered immune functions after sleep depri-
vation. Immune-related molecules in differential plasma
proteins were screened for correlation analysis with neu-
trophils; the results showed that the expression of differ-
ential proteins was negatively correlated with the number
of neutrophils, and the network showed that most corre-
lated proteins interacted with each other (Figure 6A). The
protein-metabolite interaction analysis showed that CAT,
SOD1, and PNP interacted with differential metabolites,
while catalase (CAT) interacted with many metabolites
(Figure 6B). The correlation rank showed that superoxide
dismutase-1 (SOD1) occupied the top rank of correlation
with neutrophils, and the interacted metabolites were basi-

cally correlated with CAT, SODI1, or purine nucleoside
phosphorylase (PNP), while hypoxanthine also correlated
with neutrophils (Figure 6C). In addition, we analyzed the
correlation of proteins with another indicator of neutrophil
activation, namely IL-8, and found that 10 DE proteins sig-
nificantly correlated with both neutrophils and IL-8 level,
while protein-protein interaction analysis found that SOD1
was at the center of the protein network (Figure S8A).
These results indicated that SOD1 was a central plasma
biomarker of the neutrophil-mediated immune changes
following sleep deprivation.

At the PBMC transcript level, the transcriptome
weighted correlation network analysis showed that
neutrophils were significantly negatively correlated
with darkmagenta module (involved in circadian
rhythm/protein binding) and positively correlated
with darkorange module (mainly focused in neutrophil-
mediated immunity) (p < 0.01) (Figure 6D). In the
modular gene network analysis, the hub genes (filtered
according to the value of the gene significance (GS)
and module membership (MM)) positively correlated
with the neutrophils included NCFI, SI00A8, MAPKS3,



| MedComm

10 of 16

CHEN ET AL.

0 en Access,

(A) Correlated with (B) Purine [ [0 (C) sovill  L-Histidine
Neutrophils (proteins | PNP Epinephrine
Uracil PNP m IXN| | Homocysteine
CAT L-Methionine
ALDOC —
NME2 B7RP1 (S)-Malate PGAM1 Bilirubin
Hypoxanthine [ [ ] | Methimazole . Gme Uracil
VNN1 L-Histidine, = % i
L SR D:]:l \ \ g . ] TALDO1 Lmnjleu: acid
Creatinine \ / SODi 5 IDH1 (S)-Malate
PNP !:D " £ VNN1 D-Glutamate
/ C 41 8
P4HB TXN Blllrubm D-Glutamate T FUCA2 Methimazole
SOD1  |pH1 Plpendme S 1cosLG Purine
.. 3 RAP1B Homocpsleme Epinephrine P4HB Piperidine
FUCA2 GDI2 .- -:\ L ~Tyrosine TUBB Pyruvaldehyde |
Pyruvaldehyde | ipgleic acid ALDOC Creatinine |
Correlation i i
5 - 2 0 1 NME2 Hypoxanthine ]
O Log10 (P-value) Protein l ] Metabolite I - | RAPIB| | L-Tyrosine
e 0 1 o Circadian rhythm/protein binding Y
4 Neutrophils CAT PNP SOD1 Neutrophils
(D) Module-trait relationships ’ (E) (F)
E—— | i
weredll ! 2 o g
MEsalmon_| “ ™ 0.0d / Darkmagenta \
MEsaddiebrown o / IL28A @ \
MElightcyan F0s 35 ] : 0BBP2 I
MElightgreen A R e | TNFRSF4 IRp2 2 I
- . Q R e =
MEdarkmagen.la. | l, 54 .~ . o | [ ) FCGR2A THEAIRS : " MaP3Ks
MExtits ’ . 2 i i i I TNFRSFIA FCGR1A @ .2 I
MEplum1 | S Neutrophil mediated immunity I —} e Vv PIK3RA wAPSKRa | MAPKS s100a8
MEyellowgreen | i, , darkorange lTNFRSF1B CSELL e DOK3 HSPAS5 | .
MEskyblue S N | : MNDA - IFNG | . TNFAID
MEdarkgrey ‘ 0.2 : S1PR1 ' Was. GMFG HIF1A B7RP1 | PBMFCcemA
MEdarkorange - ‘ 00 | MAPK3 /LYN/~ UBE2S | s genes
MEgrey e : RANBP2 TLR10 I
W 02 L . . goe 4 e !
eoQ\&e{@ N l NCFq S100A8 VASP = - O ] [~ W Correlation
‘_o \s\s’ & 0.4 \ bl 1 0 1 = MM R 0 1 or (GS)
. - /
P 06l? n.asl(vs Day2) . . N _ STO0ATT .
Day1 Day2 Day3 - - - - - - - - - - - - - - -—-—-—--=
FIGURE 6 Correlation molecular network of differential genes and proteins with neutrophils. (A) String analysis of proteins

correlated with neutrophils. Blue represents a negative correlation, and the size of the circle represents the magnitude of the correlation
p-value. (B) Interaction analysis of correlated proteins with total differential metabolites. (C) Correlation rank of proteins correlated with

neutrophils, and the correlation of interacted metabolites with correlated proteins and neutrophils. Darker colors represent higher
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FCGRIA, while the negatively correlated hub genes were
mainly PIK3RI, TNFAIP3, MAP3K8 (Figure 6E). The
neutrophil solute factor 1 (NCFI) is involved in reactive
oxygen species and required for activation of the latent
NADPH oxidase. SIO0A8 induces chemotaxis and adhe-
sion of neutrophils. MAPK3 belongs to the MAP kinase
signaling pathway, which controls cell proliferation and
differentiation. FCGRIA regulates the immune response.
MAP3KS is involved in the production of TNF-a (tumor
necrosis factor-) in the inflammatory response. PIK3RI
participates in phosphatidylinositol 3-kinase signaling,
while TNFAIP3 is involved in regulating inflammatory
responses. The protein function showed that SI00A8
was closely related neutrophil activation, and the GS
for neutrophils was prominent among those hub genes.
Although the protein level of SIO0A8 had no correlation
with neutrophil number, the gene level of SI00A8 in
PBMCs was significantly correlated with neutrophil
content (Figure S8B). Moreover, protein-gene interaction
analysis found that SODI1 interacted with the PBMC gene
network, which included S1I00A8 (Figure 6F), and the
protein expression of SI00A8 was also changed in plasma.

In conclusion, the SIO0AS8 gene level of PBMC may bet-
ter reflect changes in neutrophil content. At the plasma
level, SOD1 may reflect both neutrophils and IL-8 levels
after sleep deprivation. Thus, SI00A8 and SOD1 may act as
biomarkers of immune-function changes associated with
sleep deprivation.

2.7 | Sleep deprivation can also induce
enrichment of neurodegenerative disease

Other than the main effects of sleep deprivation on
immune-system function, plasma proteins associated with
neurodegenerative diseases (APP, NOTCH3, SNCA, SOD1)
were decreased after sleep deprivation, while only ATF6
continued to increase (Figure SOA-C). Interaction anal-
ysis of differential genes, proteins, and metabolites with
diseases was performed with MetaboAnalyst software to
test for potential relationships between sleep depriva-
tion and diseases. The results showed that differential
proteins and metabolites were enriched in Alzheimer’s
disease (AD) and schizophrenia by proteomics analyses
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FIGURE 7 Analysis of melatonin level and its correlation with multiple-omics molecules after sleep deprivation. (A) The

melatonin level of plasma after sleep deprivation detected by ELISA kit. Pearson correlation analysis to identify multiomics molecules
correlated with melatonin levels, (B) GO and KEGG enrichment analysis of correlated differentially expressed genes, and (C) differential

proteins. (D) Pathway analysis of corrected differential metabolites. (E) The interactions analysis of multiomics molecules and disease

connected with melatonin. Data are presented as mean + SEM. *p < 0.05, n = 25 individuals per group.

on day 2 and day 3, and differential genes and metabo-
lites were also enriched in AD and schizophrenia in the
transcriptome (Figure S9D,E). These results indicated that
sleep deprivation-induced changes in peripheral blood
multiomics molecules have potential associations with
neurodegenerative diseases.

Since melatonin is known to regulate sleep and its secre-
tion synchronizes with circadian rhythms, we assessed
melatonin levels after sleep deprivation. There was a
significant decrease in plasma melatonin levels on day
3 after sleep deprivation (Figure 7A), suggesting that
this can affect the normal secretion of melatonin. Pear-
son correlation analysis was used to find the differential
molecules that correlated with melatonin expression lev-
els. The correlated differential genes were involved in
neutrophil degranulation neutrophil activation involved in
immune response, Huntington’s disease, pathway of neu-
rodegenerative diseases, and neurotrophic factor pathway,
among others (Figure 7B). Correlated differential proteins
were focused on platelet degranulation, platelet activation,
synaptic organization, coagulation, focal adhesion, phago-
some, and so on (Figure 7C). Similarly, metabolites that
correlated with melatonin were mainly involved in argi-
nine and proline metabolism (Figure 7D). GO and KEGG
analysis revealed that molecules correlated with melatonin
were also involved in immune and neurodegenerative

diseases. Further analysis of disease interaction among
metabolites, genes or proteins indicated that melatonin-
correlated omics molecules were associated with hyper-
tension, schizophrenia and AD. Therefore, these results
indicated that the changes of melatonin caused by sleep
deprivation have a potential association with neuropsy-
chiatric and neurodegenerative diseases (especially AD).
In addition to the effects of immune function, sleep
deprivation also indued a widely enrichment pathways of
neurodegenerative diseases and decreased melatonin level
in the plasma, these changes implied that sleep depri-
vation may contribute to the potential development of
neurodegenerative diseases.

3 | DISCUSSION

This is the first time that an integrated multiomics
approach has been used to assess the impact of sleep depri-
vation on blood parameters. Transcriptome and proteome
analysis showed that sleep deprivation was associated with
genomic downregulation and reduction of many plasma
proteins, changes that were not fully rectified during the
1-2-day recovery period. Bioinformatics analysis showed
that the immune system is the most sensitive to sleep
deprivation. This is consistent with previous research
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demonstrating that sleep deprivation can adversely impact
immune function and that brief sleep recovery does not
restore normal immune status.”® Metabolomic analysis
showed that differential metabolites were mainly involved
in amino acid metabolism and carbon metabolism, among
which arginine and proline metabolism and the TCA
cycle were the main processes. And the analysis also
indicated that the immune system may be somewhat
suppressed after sleep deprivation, a finding consistent
with the results of proteomic analysis. Moreover, com-
bined analysis of differential proteins and metabolites
showed that innate immunity and immune system pro-
cesses were the principal functions perturbed by sleep
deprivation.

Analysis of the peripheral blood mononuclear cell tran-
scriptome showed that sleep deprivation resulted in down-
regulation of a large number of immune-related genes that
remained downregulated upon sleep recovery. Correction
analysis of DE genes and proteins showed that neutrophil-
and complement-mediated immune processes accounted
for the major changes induced by short-term sleep depri-
vation. Compared with the complement-involved signal-
ing pathway, sleep deprivation significantly changed the
expression of genes in the neutrophil-related signaling
pathway and had a greater overlap with the DE pro-
teins. Blood analysis also reflected altered immune sta-
tus following sleep deprivation: leukocytes, neutrophils,
monocytes, and eosinophils were increased, and the
proportion of each cell type was changed significantly.
Plasma interleukin-8 (IL-8), which plays a pathogenic
role in acute inflammation by recruiting and activating
neutrophils,”” was significantly decreased in both sleep
deprivation and recovery states. By correlation analysis,
plasma superoxide dismutase-1 (SOD1) was most likely to
be involved in changes in neutrophil-mediated immunity
after sleep deprivation, followed by catalase (CAT), PNP,
and hypoxanthine. SI00A8, inducing neutrophil chemo-
taxis and adhesion®’ and serving as a biomarker for
inducing neutrophil activation,* was the crucial hub gene
connected with neutrophils, which revealed through cor-
relation analysis of neutrophils and IL-8 on the PBMC
transcriptome. Thus, SI00A8 in PBMC and SODI in
plasma appear from the present results to be sensitive
immune-system biomarkers of sleep changes at gene
and protein levels, respectively. By multiomics analy-
sis, we found that sleep deprivation induced levels of
multitudinous molecules change. Among them, the reduc-
tion of levels of molecules involving immune function
(especially neutrophil-mediated immune processes) was
most obvious. Levels of molecules involving in processes
such as neutrophil-mediated immunity and cholesterol
metabolism decreased by sleep deprivation and recov-

ered after sleep recovery, whereas the sleep deprivation-
induced decrease level of molecules relate to complement
and coagulation cascades and gluconeogenic processes
could not be reversed by sleep recovery.

Moreover, disease enrichment analysis showed that
sleep deprivation led to a substantial enrichment of
categories of neurodegenerative disease, including AD,
PD (Parkinson‘s disease), and ALS (Amyotrophic lateral
sclerosis), which implied sleep deprivation or loss has
been linked to the potential for neurodegenerative dis-
eases, such as memory loss and cognitive impairment®***
and increased brain Aﬁ.g In addition, we further ana-
lyzed plasma proteins that did not change during sleep
deprivation and found that there have many immune
molecules/signaling pathways that are not affected by tran-
sient sleep deprivation. Notably, in this study, although the
integration analysis of PBMC transcriptome, plasma pro-
teome, and plasma metabolome has found a lot of changes
after sleep deprivation, these changes may be caused by
different cells at different times.

However, there also have some limitations in this
research. Firstly, the immune analysis of PBMC was not
detailed enough. Secondly, lipidomics analyses of plasma
metabolites were not performed. Finally, the major limita-
tion is that the changes of multiomics molecules and/or
immune markers were not detected during a longer
recovery period after sleep deprivation. Considering the
above-mentioned limitations in the experimental design,
although this study cannot determine whether the harms
of sleep deprivation are restored or persisted in the longer
future, at least demonstrated that even one day’s sleep
deprivation, such as staying up late or shift work in daily
life, has enormous potential health risks. Moreover, those
omics data also indicated that sleep deprivation has a
greater impact on peripheral blood molecules, which may
be a beneficial method for monitoring sleep deprivation-
induced disease by peripheral blood. And the long-term
follow-up of these data in the future will be helpful to
explore the molecular basis of the long-term harm caused
by sleep deprivation.

4 | CONCLUSION

The multiomics analysis of blood from healthy young male
and female adults showed that short-term sleep depriva-
tion principally perturbs immune function and neutrophil
activation dominated sleep deprivation-induced changes
in immune status. The level of SOD1 plasma protein level
and transcriptional profile of SI00A8 in PBMC may serve
as biomarkers reflecting changes in immune status caused
by sleep deprivation.
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5 | MATERIAL AND METHODS

5.1 | Participants and study design

We recruited 32 medically examined healthy Chinese
volunteers to participate in the sleep-deprivation exper-
iments. Study participants comprised 14 males and 18
females aged 22—27 years (mean + s.d. 24.2 + 1.4 years)
and with a body mass index of 16.8-30.3 (mean =+ s.d.
22.1 & 3.4). All participants had no significant medical his-
tory or chronic disease. Blood (10 ml) draws were taken as
follows at 08:30 a.m. (1) following an overnight fast (day 1,
baseline blood sample), (2) after 24 h of sleep deprivation
(day 2, sleep-deprivation blood sample) and (3) after a fur-
ther 24 h during which participants resumed a normal diet
and sleep (day 3, recovery blood sample) (Figure 1A). All
participants underwent rigorous physical screening, con-
sistent schedules and diets to avoid experimental errors in
baseline data. Heart rate and blood pressure was recorded
prior to each blood collection.

5.2 | Biochemical detection and blood
routine test

Daily blood samples were analyzed by the Shenzhen Occu-
pational Disease Prevention Hospital for content of red
blood cells, white blood cell content and platelets, glu-
cose and lipid content, liver and kidney function, and
HbACcI.

5.3 | Transcriptomics analysis of PBMCs

PBMCs were isolated with lymphocyte separation solution
(Ficoll, USA) followed by total RNA extraction with the
RNeasy Mini Kit (Qiagen, China), and a total 60 samples
from 20 participants were used for transcriptomics analy-
sis. This protocol was referred to previous studies.>* mRNA
was obtained from total RNA by oligo(dT)-attached mag-
netic beads and used for library construction. After cDNA
synthesis, end repair and joint connection, with circular-
ization by the splint oligo sequence, the libraries obtained
thereby were amplified with phi29 for DNA nanoball
(DNB) construction and sequencing using a MGI2000
platform (BGI-Shenzhen, China). Sequencing data were
filtered with SOAPnuke (v1.5.2) to acquire clean reads
(stored in Fragments per kilobase of sequence per million
mapped reads, i.e., FPKM format) and then mapped to
the Homo sapiens genome using HISAT2 (v2.0.4). Bowtie2
(v2.2.5) aligned the clean reads to the reference gene
sequence, after which RSEM (v1.2.12) was used to calcu-
late the gene expression level of each sample. Differential

expression analysis was performed using DESeq2(v1.4.5)
with Q value < 0.05.

5.4 | Proteomics analysis of plasma
Supernatant plasma was removed after centrifuging
(3000 g) the EDTA-treated blood sample, a total 90
samples from 30 participants were used for proteomics
analysis. High Select Topl4 Abundant Protein Depletion
Mini Spin Columns (Thermo Fisher, USA) were used to
remove the top 14 high-abundant proteins (albumin, IgA,
IgD, IgE, IgG, IgG [light chains], IgM, etc.) from plasma
samples, after which the solvent was replaced by urea
lysis buffer (8 M urea, 1 X PBS, 1xProtease and Phos-
phatase Inhibitor, PH = 8.0) by ultrafiltration tube. The
protocol used for proteomic analysis has been described
previously.®> In brief, protein concentration was measured
by BCA kit (Thermo Fisher, USA) and then 50 ug protein
were incubated with dithiothreitol (DTT) followed by
incubation with indole-3-acetic acid, and trypsin digestion
(Promega, USA). After digestion, the peptide was desalted
and redissolved with trimethylammonium bicarbonate.
The TMTI10plex kit (Thermo Fisher, USA) was used to
label peptides, which were then desalted and fractionated
by UltiMate 3000 UHPLC for a total of 15 fractions. Finally,
the fractions were analyzed by LC-MS/MS (Q-Exactive,
Thermo Fisher, USA). Proteome Discoverer Software (2.5)
was used for protein quantification and annotation from
the database of UniProt-Homo sapiens (2021 update).
Samples in which protein expression had a coefficient of
variation < 0.3 were retained, and the blank value (<0.6
proportion) was filled using a random forest algorithm.
The guideline for protein differentiation was set at
q < 0.05 (Bonferroni-Holm correction) using Perseus (1.5)
software.

5.5 | Metabolomics analysis of plasma

Protein metabolites were extracted from plasma by pre-
cipitation with cold methanol,*® a total 96 samples from
32 participants were used for metabolomics analysis. The
metabolites were lyophilized, redissolved in 5% methanol,
and analyzed by LC-MS/MS (liquid chromatography-
tandem mass spectrometry) using reverse phase chro-
matography to acquire data in positive and negative ion
modes. Data were analyzed using Compound Discov-
erer 3.0 for retention time alignment, peak extraction
and area normalization, and metabolite identification.
Inter- and intra-batch variation was corrected by robust
LOESS (locally estimated scatterplot smoothing) signal
based on QC (quality control) samples. The DE metabolite
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detection was set at q < 0.05 (Bonferroni-Holm correction),
and fold change >1.1. DE metabolites were matched by ID
using the KEGG metabolic database to facilitate functional
analysis.

5.6 | Bioinformatics analysis

PCA (principal component analysis) was performed to
identify differences in multiomics results before and after
sleep deprivation. For DE genes and proteins, the Cluster
Profiler plugin of R studio was used to perform enrichment
analysis with GO and KEGG, and the Mfuzz plugin was
used to perform temporal cluster analysis. Signaling path-
ways were drawn using Clue GO to display DE proteins.
The interaction of proteins and metabolites was analyzed
by MetaboAnalyst 5.0 software. The correlation between
DE molecules and biochemical criteria was analyzed using
the Hmisc plugin in R studio, and WGNA was used to dis-
cover molecular modules related to phenotypic changes.
Differential metabolites were enriched for KEGG analysis,
and correlation analysis of proteomics and metabolomics
used the “Wu Kong” platform (https://www.omicsolution.
com).

5.7 | Flow T cell typing analysis
Lymphocytes were separated from fresh blood by Ficoll
buffer and resuspended in stain buffer. After washing twice
in cold stain buffer, lymphocytes were diluted for a final
concentration to 2 X 107 cells/ml. Appropriate amounts of
specific surface antibodies (CD3, CD4, CD8) were added
to the cell suspension and incubated on ice in the dark.
After incubation, cells were washed twice with stain buffer
and then resuspended in stain buffer and analyzed by flow
cytometry.

5.8 | Inflammatory factor detection
Plasma levels of inflammatory cytokines were measured
by MESOTM QuickPlex SQ 120 (Meso Scale Diagnostics,
Rockville, MD, USA). Briefly, after the plasma samples
were centrifuged for 10 min at 12,000 g, the supernatant
was diluted with MSD solution. The standard and sam-
ples were added to the MSD plate for incubation, then
washed with 1 X PBS and re-incubated with detection anti-
body. After incubation, the plate was washed with 1 X PBS
and added detection liquid, and then measured by Meso
QuickPlex SQ 120.

5.9 | ELISA (enzyme-linked
immunosorbnent assay) detection for
melatonin, CRP, and IL-17 levels in plasma

Levels of CRP (C-reactive protein), IL-17, and melatonin in
plasma supernatant were detected according to the proto-
col for ELISA kits (elabscience, China). In brief, samples
were diluted in a suitable range (according to instructions)
and then added with the standard to the plate. For CRP and
melatonin detection, samples were incubated with biotiny-
lated antibody immediately for a certain period of time
(90 min) at optimum temperature (37°C). For IL-17 detec-
tion, the sample was incubated with the plate followed
by incubation with the biotinylated antibody. Then, the
plate was washed several times and incubated with HRP
(horseradish peroxidase) enzyme conjugate working solu-
tion, substrate solution, and stop solution. Finally, the plate
was immediately read at 450-nm wavelength by Microplate
Reader (Bio-RAD, USA).

5.10 | Statistical analysis

All data are presented as mean + standard error (SEM,
standard error of mean). The two-tailed Student’s t-test
and paired Wilcoxon test were used to determine statisti-
cal significance between two groups. Statistical plots were
performed with GraphPad Prism 8 software.
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