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Purpose: The purpose of this study is to investigate the relationship between the serum concentrations of the mitochondrial markers
sirtuins-1 and sirtuins-3, sleep quality and cognitive function in individuals with chronic insomnia disorder (CID).

Patients and Methods: A cohort of 80 patients with CID and 42 healthy controls (HCs) were recruited for the study. Serum
concentrations of SIRT1 and SIRT3 were quantified using enzyme-linked immunosorbent assays. Sleep quality was evaluated utilizing
the Pittsburgh Sleep Quality Index (PSQI) and polysomnography. The cognitive assessment tools employed included the Chinese
version of the Montreal Cognitive Assessment (MoCA-C) for evaluating overall cognitive function, the Nine Box Maze Test (NBMT)
for assessing multidimensional memory, and the Blue Velvet Arena Test (BVAT) for examining spatial memory.

Results: In comparison to HCs, patients with CID exhibited a significantly elevated PSQI score (Z=—9.094, P<0.001), reduced MoCA
score (Z=—4.075, P<0.001), and increased error distance in the BVAT task (Z=—2.096, P<0.05), with more errors in multi-memory
components consisting of spatial reference (Z=-2.963, P<0.01), spatial working (Z=-2.455, P<0.05), object working (Z=-2.356,
P<0.05), and object recognition (Z=—2.025, P<0.05) in the NBMT task. The patients also had increased serum levels of sirtuins-1
(Z=6.718, P<0.001) and sirtuins-3 (Z=—6.223, P<0.001). Analysis of partial correlation revealed that the patients’ serum concentra-
tions of sirtuins-1 and sirtuins-3 were positively associated with the PSQI score and spatial reference memory errors in the NBMT and
negatively correlated with the delayed recall score in the MoCA-C. The sirtuins-1 level were positively associated with object
recognition memory errors in the NBMT. Furthermore, sirtuins-3 level was negatively correlated with patients’ illness duration.
Conclusion: Patients with CID may have mitochondrial dysfunction in the brain which might be associated with worse sleep and cognition.
Keywords: cognition dysfunction, insomnia disorder, mitochondria, sirtuins

Introduction

Insomnia poses a significant challenge to public health, affecting nearly one-third of the population with its symptoms."
Difficulties in initiating sleep, maintaining sleep continuity, or arising earlier than expected are the hallmarks of insomnia
disorder, even when there is enough time for sleep.” The ICSD-3 outlines that the diagnostic standards for Chronic
Insomnia Disorder (CID) include a minimum duration of three months and a frequency of occurrence at least thrice
a week.” Every year, the prevalence of insomnia is rising. Long-term insomnia has a substantial adverse effect on
physical and emotional well-being, life, work, study, and interpersonal communication, and can even lead to unexpected
malignant events. Sleep can also lead to an increase in the incidence of physical diseases, such as hypertension, multiple
sclerosis (MS), Parkinson’s disease (PD), Alzheimer’s disease (AD), stroke, traumatic brain injury (TBI), and epilepsy.
Insomnia shows a particularly strong correlation with depression and can double the risk of suicidal ideation and
behavior.* Therefore, chronic insomnia imposes a significant burden on both individuals and communities. In recent

years, progress has been made in treating chronic insomnia,’ but the mechanism of chronic insomnia is not yet clear.
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The cognitive function impairment of insomnia patients is one of the main forms of daytime impairment, which is
also some patients’ primary concern for medical treatment. A meta-analysis of clinical studies has shown that cognitive
dysfunction in patients with insomnia mainly focuses on attention, memory, and executive function.®” However, the
precise connection between insomnia and cognitive decline remains uncertain, and few studies have investigated this
relationship, with inconsistent conclusions. In recent years, many scholars have studied the relationship between
biomarkers and cognitive function in patients with CID.* This study mainly reveals the relationship between mitochon-
dria and cognitive impairment in patients with chronic insomnia, which has never been explored before.

While it is well known that sleep is an extremely complex physiological process and its biological basis has not been
fully elucidated, there is strong evidence to support a connection between circadian rhythms, sleep, and metabolism,
suggesting that mitochondria play an essential role in sleep,'® However, it is less clear how mitochondria and sleep
interact. Animal studies have clearly indicated that mitochondria are involved in sleep, with oxidative stress and
mitochondrial malfunction identified as potential underlying causes. Although limited, human studies correspond with
animal research and further substantiate the role of sleep deprivation in inducing oxidative stress and mitochondrial
dysfunction.!' This indicates that mitochondria play a role in regulating the sleep-wake cycle.

Mitochondria are important and independent organelles in eukaryotic cells with a variety of functions, from biological
energy to cell signaling.'> Mitochondria are located in the axon terminals and dendrites of neurons, where they
significantly contribute to synaptic function and plasticity. The association between mitochondrial dysfunction and
reduced synaptic plasticity in the brain indicates that mitochondria are crucial for age-related memory decline.
Nonetheless, the precise role of mitochondria in regulating the cellular mechanisms of learning and memory remains
largely unclear.® Genetic mutations and cumulative damage to mitochondria during aging are key factors in cognitive
deficits in neurodevelopmental disorders and neurodegenerative diseases.'* Mitochondrial dysfunction is at the center of
many neurodegenerative diseases and can lead to harmful effects on neural stem cell function, both during development
and in the adult brain.'> Many mitochondrial diseases manifest as cognitive dysfunction in the central nervous system,
leading to behavioral abnormalities.'® When sleep is insufficient, the brain is in a state of high energy demand for a long
time,'” which leads to a series of negative events, starting from the increase in oxidative stress, leading to mitochondrial
dysfunction. When mitochondrial function is damaged, ATP production decreases, which has an immeasurable impact on
the plasticity of neurons and synapses, resulting in a decline in cognitive levels.

Existing studies have shown that histone deacetylases (HDAC) play a role in protecting neurons and helping them
survive.'® HDACs are categorized into four classes (I-IV), according to their functions and locations. Notably, class III
HDACs, known as SIRTs, exhibit both neuroprotective and neurotoxic effects.'” Past reports have highlighted that some
sirtuins, particularly silence-regulatory protein 1 (SIRT1) and 3 (SIRT3), are active in several brain regions.”’ They
support the maintenance of higher levels of brain function by representing the most significant sirtuins activity in
neurons, which control the majority of important brain activities and are believed to be implicated in the pathophysiology
of nearly all age-related and neurodegenerative brain diseases and protect neuronal cells from non-physiological factors
and neuronal degeneration.”' SIRT1 and SIRT3 play a role in neuron survival, proliferation, and response to stress
control, and their overexpression has protective effect on neurons.

SIRT1 is the most important and widely studied member of sirtuins and has been shown to be expressed primarily in
neurons.”? It is present in the nucleus of most cells, has both nuclear localization and nuclear output signals, and can
shuttle between the cytoplasm and the nucleus.”® Its activity is closely related to the biogenesis and turnover of
mitochondria. Depletion of SIRT1 may negatively impact cognitive processes, such as short-term memory, classical
conditioning, and spatial learning.** This indicates that SIRT1 is essential for sustaining advanced brain function and
synaptic remodeling.

SIRT3 is mainly located in the mitochondrial matrix, where it remains active. It is vital for reducing oxidative stress
and is involved in the control of mitochondrial activities.”> Additionally, it regulates mitosis to eliminate modified
mitochondria.?® SIRT3 has also been directly linked to increased longevity of nerve cells and human lifespan. Its
overexpression and stimulation may shield neurons against pathological modifications.”” SIRT3 is essential for preser-

ving mitochondrial integrity, making it a significant focus in investigating the pathogenesis of neurodegenerative
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encephalopathy, and therefore evaluating SIRT3 can be a possible target for therapy in managing neurological diseases
produced by mitochondrial dysfunction.?®

The objective of this study is to find out whether the concentration of mitochondrial biomarkers SIRT1 and SIRT3 changes
in patients with CID and, if so, whether the change is related to the severity of insomnia and cognitive function decline in CID
patients, and whether the serum marker is valuable for distinguishing patients with CID from healthy sleepers.

Materials and Methods

Subjects

Qualified and voluntary subjects were recruited from the Sleep Disorder Department of Chaohu Hospital affiliated with
Anhui Medical University from October 2021 to July 2023. The study included 122 participants in total, including 42
HCs and 80 individuals with CID. The flow-chart illustrating the study participants is shown in Figure 1. The Inclusion
criteria for patients were as follows: (1) CID group: meet the diagnostic guidelines of the third edition of the International
Classification of Sleep Disorders,” At the same time, meet the following requirements: (D Duration suffered from
insomnia > 6 months; @ 18-60 years old; ® Receiving education > 9 years of, without any understanding and hearing
impairment; @ The scores for the Pittsburgh Sleep Quality Index (PSQI) is > 7, while those for the Hamilton Anxiety
Scale-14 (HAMA-14) is < 14, and the Patient Health Questionnaire-9 (PHQ-9) scores are < 10; ® There was no history
of any sedative and hypnotic drugs in the two weeks prior to the visit. (2) Healthy control group: Gender, age, and
education level were matched with the CID group, no insomnia complaints and family history, no mood disorders and
cognitive dysfunction; PSQI score < 7, HAMA-14 score < 7, PHQ-9 score < 5, and score > 26 on the Montreal Cognitive
Assessment, Chinese Version (MoCA-C). The scales were used as part of the clinical assessment and were properly cited
for transparency and accountability. Moreover, patients with any medical conditions (such as immunological, endocrine,
cardiovascular, neurological, mitochondrial, or degenerative brain diseases) or psychological disorders were not included
in the study. In addition, patients during pregnancy or breastfeeding or patients who have taken sedative hypnotic drugs
or any other drugs that may affect sleep, mood, and cognitive function within two weeks were not eligible for the study.

Baseline Data Collection
General information, such as name, age, gender, educational background, current and previous histories of all subjects,
were collected.

Participant recruitment(n=165)

Interviews Excluded(n=43)
-Not meeting inclusion criteria(n=31)
-Declined to participate(n=12)

;

Chronic insomnia
disorder(n=80)

| General date | | Emotion | | Sleep quality | | Cognitive function |

| | | |
.

| Blood sample(n=122) |

Control(n=42)

Figure | The flowchart for study participant selection.
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Assessment of Subjects’ Emotions

We used the PHQ-9* and HAMA-14°° to assess the emotional state of the patients. The PHQ-9 has good reliability and
validity for the diagnosis and evaluation of the severity of depression which contains 9 items that relate to the patient’s
emotions. The range of total scores is 0—27, where 0 to 4 demonstrates no depression, 5 to 9 indicates minor depression,
and 10 to 14 suggests moderate depression, and more than 15 signifies severe depression, with higher scores indicating
more severe depression. The HAMA was used to assess anxiety levels, where a score of > 7 suggests the presence of
anxiety, while a score of < 7 shows an absence of anxiety.

Assessment of Sleep Status

Subjective sleep quality: The PSQI is a useful tool for measuring sleep quality and patterns,®' widely used in clinical and
scientific research, it can evaluate the sleep quality of the subjects for nearly a month.’* The scale comprises seven
variables, including subjective sleep quality, sleep onset latency, sleep duration, habitual sleep efficiency, sleep disorders,
sleep medication use, and daytime sleep disturbance in the past month.>* The scale’s total score ranges from 0 to 21, with
higher scores reflecting a deterioration in sleep quality. In China, the score line that distinguishes sleep disorders from
healthy sleepers is PSQI score > 7 points.**

Objective sleep quality: Polysomnography (PSG) can monitor a number of parameters related to sleep, such as breathing,
blood oxygen saturation, snoring, heart rate, electroencephalogram, electrocardiogram, etc. Following the collection of data
overnight, skilled technicians interpreted stages of sleep and sleep-related events in compliance with the most recent edition of
the American Academy of Sleep Medicine Manual for the Scoring of Sleep and Associated Events,*” and the data indicators
were finally obtained: total sleep time (TST), wake time after sleep onset (WASO), sleep efficiency (SE), sleep onset latency
(SOL), wake (W), rapid eye movement (REM) sleep, REM latency (REMSL), non-rapid eye movement (NREM) sleep
(including N1, N2, N3), and time percentage of each phase in TST (N1%, N2%, N3%, REM%).

Evaluation of Cognitive Function

General cognitive function: The Chinese version of the Montreal cognitive assessment (MoCA-C) was used for the
subjects’ general cognitive function assessment.***’” MoCA-C covers eight cognitive domains, encompassing short-term
memory, delayed recall, naming, attention, language, abstraction, executive function, orientation, and visuospatial and
executive function. The scale has an overall score of 30 points. One extra point can be given if the person has not
completed twelve years of education, but the final score should not exceed more than 30 points. The higher the MoCA-C
score, the less severe the cognitive impairment.

Multidimensional memory function: In this study, the multi-dimensional memory function of all participants was
evaluated using a modified Nine Box Maze Test (NBMT), including spatial working memories (SWM), object working
memories (OWM), spatial reference memories (SRM), object Reference Memories (ORM), and object recognition
memory (ORcM). The final result of the test is expressed as the number of errors. An increase in errors is associated
with a decline in memory function. This experiment has been widely used in our research group, and the results are
supported by relevant literature.*®°

Spatial memory function: The subjects’ spatial memory function was assessed using the Blue Velvet Arena Test
(BVAT), which was introduced and modified by our research group.” BVAT is a human simulation of the Morris Water
Maze used in animal studies.*® The experiment was carried out in eight rounds, and the average of the results was taken,
which was called the average error distance. An increase in the average error distance is indicative of a decline in spatial
navigation ability, which consequently reflects deterioration in spatial memory ability.

Blood Sample Collection and Storage

Following the PSG procedure, a 3 mL venous blood sample was collected at approximately 8:00 am. The collected blood
samples were left for half an hour before being centrifuged at 3000r/min for a duration of 5 min. The upper serum was
extracted and placed in a refrigerator maintained at ultra-low temperatures of —80°C until the sample was tested. The
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enzyme-linked immunosorbent assay (ELISA) was applied for measuring the concentrations of SIRT1 and SIRT3 in all
samples, in accordance with the manufacturer’s guidelines (Wuhan USCN, Wuhan, China).

Statistical Analysis

All experimental data were analyzed using SPSS26.0 statistical software. A normality test was conducted on the measure-
ment data, and variables that followed a normal distribution were expressed as the mean + standard deviation (SD).
Comparison between the two groups was performed via 7-test of the mean of two independent samples. Data conforming to
non-normal distributions were represented by interquartile spacing [P50 (P25, P75)], and group differences were examined
using the Mann—Whitney U-test. Classified data was compared using the Chi-square test. Partial correlation analysis was
applied to the continuous variables, and the correlation between serological indicators in the CID group and clinical scales,
PSG parameters, illness duration, number of errors in the NBMT, and mean error gap in the BVAT was evaluated by
adjusting for confounding variables such as gender, age, education level, and PHQ-9. In order to evaluate the diagnostic
accuracy of the biomarkers, receiver operating characteristic (ROC) curves were constructed, and the areas under the curve
(AUCs) were computed. Statistical significance in all analyses was assessed using a threshold of P< 0.05.

Results

Baseline Information and Subjective Sleep Quality

Analysis revealed no significant changes between the two groups regarding the gender, age, body mass index (BMI), and
education years, as indicated by P > 0.05 (Table 1). In comparison to the HC group, patients with CID exhibited
markedly elevated scores on the PSQI, HAMA, and PHQ-9 assessments (P < 0.001, Table 1), suggesting that the subjects
in the CID group had mild depression and moderate to severe insomnia. These results suggested that the subjects met the
inclusion criteria.

Cognitive Function

General Cognitive Function

In comparison to the HC group, patients with CID exhibited significantly lower MoCA-C scores (P<0.001, Table 2). The
MoCA-C evaluation indicated that individuals with CID experienced significant reductions in scores across the
visuospatial and executive function, language, delayed recall, and orientation domains (P< 0.05, Table 2).

Memory Function

In the CID group, there was a marked increase in the mean error distance of BVAT (P<0.05), and more errors in the SRM
(P<0.01), SWM (P<0.05), OWM (P<0.05), and ORcM tasks of the NBMT (P<0.05, Table 3) in contrast to the HC.

Table | General Demographic Data and PSQI and PHQ-9 Scores

Items CID HC Statistics | P-values
Number of Cases 80 42

Gender (Male/female) | 18/62 13/29 £=1.038 0.382
Age (years) 49.0 (42.0, 53.0) | 45.6 + 85 Z=-0.955 | 0.340
Education (years) 9.0 (6.0, 11.5) 7.5 (5.0, 14.0) Z=-0.222 | 0.824
BMI (kg/m?) 21.5 (15.0, 23.2) | 22.3 (20.3, 23.5) | Z=—1.807 | 0.07I
PSQI (score) 14.0 (13.0, 16.0) | 1.0 (0.0, 2.0) Z=-9.094 | 0.000
HAMA (score) 7.0 (5.0, 8.8) 2.0 (0.0, 2.0) Z=-8.683 | 0.000
PHQ-9 (score) 6.0 (4.0,7.8) 1.0 (0.0, 2.0) Z=-8.583 | 0.000

Notes: Normal distribution variables (Mean + SD); non-normal distribution variables (P50 [P25, P75]).
Abbreviations: CID, chronic insomnia disorder; HC, healthy control; BMI, body mass index; PSQI,
Pittsburgh Sleep Quality Index; PHQ-9, The Patient Health Questionnaire-9.
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Table 2 Results From the MoCA-C Assessment

Items CID HC Statistics | P-values

Number of Cases 80 42

Total Score 24.0 (20.0, 26.0) | 27.0 (24.0, 28.0) | Z=—4.075 | <0.00I

Domain Scores | Visuo-spatial and executive functions | 3.0 (2.0, 4.0) 4.0 (4.0, 5.0) Z=—4359 | <0.001
Naming 3.0 3.0, 3.0 3.0 (3.0, 3.0 Z=—1.851 | 0.064
Attention 6.0 (5.0, 6.0) 6.0 (5.0, 6.0) Z=-0.704 | 0.481
Language 2.0 (2.0, 3.0 3.0 (2.0, 3.0) Z=-2474 | 0.013
Abstraction 1.0 (1.0, 2.0) 2.0 (1.0, 2.0) Z=-1.072 | 0.284
Delayed memory 2.0 (1.0, 4.0 4.0 (2.0, 4.0) Z=-2.65| | 0.008
Orientation 6.0 (5.0, 6.0) 6.0 (6.0, 6.0) Z=-4.520 | <0.00I

Note: Non-normal distribution variables (P50 [P25, P75]).
Abbreviations: CID, chronic insomnia disorder; HC, healthy control; MoCA-C, the Chinese-Beijing Montreal Cognitive Assessment.

Table 3 Results of Blue Velvet Arena Test and Nine Box Maze Test Assessment

Items CID HC Statistics | P-values
Number of Cases 80 42

Blue Velvet Arena Test (cm) 25.1 + 11.4 19.2 (16.6, 21.7) | Z=-2.096 | 0.036
Nine Box Maze Test (number of errors) | SRM 1.0 (0.0, 2.0) | 0.0 (0.0, 1.0) Z=-2.963 | 0.003

ORM | 1.0 (0.0, 1.0) | 1.0 (0.0, 1.0) Z=-0.133 | 0.894
SWM | 1.5(0.0,3.0) | 1.0 (0.0, 1.0) Z=-2455 | 0.014
OWM | 1.0 (0.0, 2.0) | 0.0 (0.0, 1.0) Z=-2.356 | 0.018
ORcM | 0.0 (0.0, 0.0) | 0.0 (0.0, 0.0) Z=-2025 | 0.043

Notes: Normal distribution variables (Mean * SD); non-normal distribution variables (P50 [P25, P75]).
Abbreviations: CID, chronic insomnia disorder; HC, healthy control; ORM, object reference memory; OWM, object working
memory; SRM, spatial reference memory; SWM, spatial working memory; ORcM, object recognition memory.

Levels of Serum Biomarkers
Within the CID group, the concentrations of SIRT1 and SIRT3 were considerably higher than those observed in the HC
group (P < 0.001, Table 4).

Correlations Between Biomarkers and Sleep Quality and lliness Duration

Partial correlation analysis was conducted to evaluate the outcomes, with adjustments made for variables such as gender,
age, education level, and PHQ-9 scores. The serum concentrations of SIRT1 and SIRT3 showed a positive correlation
with PSQI scores (=0.376, P < 0.001; »=0.441, P < 0.001), but not with the objective sleep parameters (P>0.05,
Table 5). Serum SIRTI1 level was marginally (=—0.206, P=0.074), while SIRT3 level was significantly (»=—0.381,
P=0.001) correlated with illness duration negatively.

Table 4 Comparison of Serum Biomarkers Levels Between Two Groups

Items CID HC Statistics | P-values
Number of Cases | 80 42

SIRTI (ng/mL) 1.17 (1.05, 1.30) | 0.85 + 0.22 Z=-6.718 | <0.001
SIRT3 (ng/mL) 031 £ 0.08 0.11 (0.07,0.23) | Z=—6.223 | <0.001

Notes: Normal distribution variables (Mean + SD); non-normal distribution variables (P50 [P25, P75]).
Abbreviations: CID, chronic insomnia disorder; HC, healthy control; SIRTI, sirtuin |; SIRT3,
Sirtuin 3.
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Table 5 Correlations of Biomarkers with Sleep Quality in the CID

Group

Items Clinical Parameters | SIRTI | SIRT3

Subjective sleep (n=80) | PSQI 0.376%F | 0.441%*

Objective sleep (n=26) | Total Sleep Time —0.246 | —0.109
Sleep Onset Latency 0.141 0.212
Sleep Efficiency -0.212 | —0.009
Wakefulness Frequency | 0.175 —0.039
Wake Time 0.197 —0.016
WASO 0.159 —0.120
REMSL 0.082 —0.033
NI 0.007 0.351
N1% 0.054 0.368
N2 —0.201 | —0.415
N2% —0.094 | —0.462
N3 —0.163 | 0.265
N3% —0.058 | 0.336
Rapid Eye Movement -0.019 | —0.103
Rapid Eye Movement % | 0.072 —0.104

Note: **P < 0.01.

Abbreviations: SIRTI, sirtuin I; SIRT3, sirtuin 3; PSQI, Pittsburgh Sleep Quality
Index; WASO: duration of wakefulness after sleep onset; REMSL: the duration of
REM sleep latency; N1, sleep stage |; N1%, percentage of the sleep stage |; N2, sleep
stage 2; N2%, percentage of the sleep stage 2; N3, sleep stage 3; N3%, percentage of

the sleep stage 3.

Correlations Between Biomarkers and Cognitive Function in CID
According to the identical partial correlation analysis, the serum concentrations of SIRT1 and SIRT3 were not

significantly correlated with the total score but were negatively correlated with the delayed recall in the MoCA-C
scale (=—0.230, P=0.046;, —=—0.297, P=0.009), with no significant correlation with other factors (P>0.05, Table 6).
There was a positive correlation between SIRT1 and SIRT3 levels and NBMT’s SRM errors (r=0.299, P=0.009; =0.250,

Table 6 Correlations of Biomarkers with Cognitive Function and lliness Duration in CID Group

Items CiD HC
SIRTI SIRT3 | SIRTI | SIRT3
MoCA-C Total Score —0.201 | —0.167 0.350 —0.249
Domain Scores
Visuo-spatial and executive functions | —0.107 | —0.110 0.395 —-0.182
Naming 0.001 0.100 0.212 —-0.199
Attention —0.083 | —0.058 0.366 o.116
Language —0.67 —0.071 —0.139 | —0.272
Abstraction -0.113 | —0.110 0.215 —0.026
Delayed memory —0.230% | —0.297** | 0.203 —0.321
Orientation —0.015 | —0.030 0.040 —0.269
Nine Box Maze Test (number of errors) | ORM 0.206 0.101 0.053 0.257
SRM 0.299% | 0.250* 0.334 0.170
OWM 0.092 —0.060 0.256 0.276
SWM 0.039 —0.188 0.366 —0.016
ORcM 0.262*% | 0.144 0.227 | 0.341
(Continued)
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Table 6 (Continued).

Items CID HC

SIRT | SIRT3 | SIRTI | SIRT3

Blue Velvet Arena Test (cm) —0.161 -0.229 0313 —0.274
lliness Duration (month) —0.206 | —0.387%*

Note: *P < 0.05 and **P < 0.01.
Abbreviations: SIRT |, sirtuin |; SIRT3, sirtuin 3; MoCA-C, the Chinese-Beijing Montreal Cognitive Assessment; ORM, object reference memory;
OWM, object working memory; SRM, spatial reference memory; SWM, spatial working memory; ORcM, object recognition memory.

Table 7 Characteristics of Potential Serum Biomarkers for CID in ROC

Analysis
AUC | Cut-Off | Sensitivity | Specificity | 95% CI
SIRTI (ng/mL) | 0.871 | 0.626 0.888 0.738 (0.803, 0.939)
SIRT3 (ng/mL) | 0.843 | 0.698 0.975 0.714 (0.755, 0.932)

Notes: ROC, receiver operating characteristic; AUC, area under the curve; SIRTI, sirtuin I;
SIRT3, sirtuin 3.

P=0.029), and SIRT1 was positively correlated with ORcM errors (#=0.262, P=0.022; Table 6), whereas no significant
correlation existed between SIRTs and the mean error distance in the BVAT.

Diagnostic Value of Serum Biomarkers

Receiver operating characteristic (ROC) curves of SIRT1 and SIRT3 diagnosis of CID were plotted (Table 7). The AUC
areas of SIRT1 and SIRT3 were 0.871 and 0.843, respectively, both of which had high sensitivity and specificity,
suggesting that they were good predictors for distinguishing CID patients from healthy sleeper. The optimal cut-off
values were 0.626 ng/mL and 0.698 ng/mL, respectively.

Discussion
CID Patients Might Have Mitochondrial Dysfunction

Mitochondrial dysfunction is a fundamental factor in the development of many neurodegenerative conditions, such as
Alzheimer’s, Parkinson’s, and Huntington’s diseases. Insomnia is a neurodegenerative disease closely related to circadian
rhythm disturbances.*'** Substantial evidence demonstrates that mitochondria play a crucial role in regulating sleep and
wake cycles.'” According to related research, sleep disorders are often connected with primary mitochondrial diseases,
and the clinical phenotype affects the type of sleep disorders associated with mitochondrial dysfunction.*® Currently, the
majority of research investigating the relationship between sleep and mitochondrial dysfunction has been conducted in
animal models, with limited studies available in human subjects. In rodent models, sleep deprivation which can result in
oxidative stress, is associated with mitochondrial dysfunction.** A European study involving human participants revealed
that monozygotic twins with shorter sleep durations and diminished sleep efficiency exhibited a lower count of
mitochondrial DNA copies.45 Therefore, mitochondrial markers SIRT1 and 3, which are closely related to neurons,
were selected for this study.

SIRT1 and 3 are regulators of cell and mitochondrial activity with beneficial effects and are protective biomarkers.
Mitochondria are key targets when it comes to oxidative stress. SIRT1 plays a role in boosting mitochondrial efficiency
and alleviates oxidative stress. The process of autophagy triggered by oxidative stress via SIRT1 leads to less
mitochondrial damage, which in turn results in reduced apoptosis and enhanced cell protection, indicating that autophagy
initiated by SIRT1 plays a role in preserving mitochondrial function and ameliorating mitochondrial biogenesis, thus
protecting the cells.*® In mitochondria, SIRT3, the primary deacetylase, performs the deacetylation activity and is
dependent on NAD". It plays a role in all stages of mitochondrial metabolism, including synthesis and mobility,
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which is essential for maintaining mitochondrial function and mitochondrial homeostasis.** It can strengthen the
mitochondrial defense mechanisms and decrease the damage caused by oxidative stress.*’

Sleep is regulated by homeostasis and circadian processes that control all aspects of sleep behavior and related
variables. In mammals, systemic circadian regulation is accomplished through central oscillators in the anterior
hypothalamic suprachiasmatic nucleus (SCN).*® SIRT1 acts as a negative regulator by deacetylating BMALI1 and
histones at circadian gene promoters to promote the repression of the inhibitory component of the oscillator.*’ It plays
a regulatory role in the expression of circadian clock genes. Change of SIRT1 may lead to circadian clock dysfunction,
leading to the occurrence and development of age-related diseases.’® It has been found that SIRT1 appears to be central
to the age-related decline in central circadian function.”’ SIRT3 is the major mitochondrial deacetylase, and its activity is
controlled by the circadian clock. The circadian clock regulates SIRT3 activity by controlling nicotinamide adenine
dinucleotide concentration, which in turn regulates mitochondrial function.’? SIRT3 also affects locus coeruleus
noradrenergic neurons (LCns), a type of arousal neurons that are highly sensitive to metabolic stress, by maintaining
mitochondrial redox homeostasis. Therefore, LCns may be susceptible to the metabolic demands of prolonged
wakefulness.® Short-term sleep deprivation is a metabolic stressor for LCns, and mitochondria are involved in the
homeostatic reaction to sleep insufficiency through SIRT3.

This study is the first to research the combination of serum markers SIRT1 and SIRT3 in CID patients. According to
this study, individuals with CID showed significantly elevated serum SIRT1 and SIRT3 levels compared to HCs. This
suggests that CID patients might experience a certain level of mitochondrial dysfunction. However, as protective
biomarkers, elevated blood levels of SIRT 1 and SIRT 3 might also be a compensatory mechanism. We cannot rule
out this possibility, and further exploration is required.

Mitochondrial Biomarkers is Associated with Insomnia Severity and Duration
Sleep serves a vital function in safeguarding and restoring the mitochondria. Studies on sleep deprivation and sleep apnea
reveal that a significant benefit of sleep is its capacity to mitigate mitochondrial dysfunction and protect mtDNA from
damage.> Lack of sleep not only affects the shape of mitochondria but also reduces their quantity and leads to
mitochondrial dysfunction. Additionally, this dysfunction is linked to the development and progression of various
neurological diseases associated with sleep disorders.>

Currently, there is a lack of studies exploring the connection between serum SIRT1 and 3 levels and sleep quality in
individuals with CID. Based on previous studies, we speculated that SIRT1 and SIRT3 reflect sleep status to a certain
extent. In the present study, patients’ subjective and objective sleep quality was measured using the PSQI and PSG.
Higher serum SIRT1 and SIRT3 levels were significantly related to increased overall PSQI scores, indicating poorer
subjective sleep quality in patients. However, no statistically significant correlation was found with objective sleep
quality. (as indicated by the PSG results). We also found that SIRT3 expression was significantly negatively correlated
with the duration of disease. It can be inferred that the levels of serum SIRT1 and SIRT3 can reflect a certain extent of
subjective severity of insomnia. However, their impact on objective sleep is unclear. This suggests that subjective and
objective sleep arise from different neurophysiological processes. We conclude that a range of confounding factors could
be involved in this process, which remains a promising avenue for future exploration.

Relationship Between Serum Mitochondrial Biomarkers Levels and Cognitive

Impairment

Sirtuins are crucial in the processes of aging and neurodegenerative diseases, particularly SIRT1 and SIRT3, which are
present in most areas of the brain. They contribute to the maintenance of higher-level brain function, and protect brain
cells from adverse insults and neurodegeneration.>” Moreover, they are highly active in neurons and control the majority
of vital brain processes. SIRT1 is mainly localized in the nucleus of hippocampal pyramidal and granule neurons, a key
cognitive process structure that plays a key role in memory formation and maintenance of normal cognitive function.>®
The absence of SIRT1 negatively affects cognitive functions, such as immediate, associative, and spatial memory, as well
as classical conditioning. This indicates that SIRT1 plays a vital role in sustaining advanced brain function and synaptic
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plasticity. A research study involving animals discovered that the absence of SIRT1 in mice led to cognitive challenges,
which were connected to problems with synaptic plasticity. Conversely, mice exhibiting elevated SIRT1 expression in
their brains displayed normal synaptic plasticity and memory, indicating that SIRT! is crucial for typical learning,
memory, and synaptic plasticity in mice.*

SIRT3 is mainly active in neuronal mitochondria, and its expression in the brain is not limited to neurons, but also
includes astrocytes and microglia. Studies have shown that SIRT3 expression is significantly decreased in the cortex and
hippocampus of aging rats, suggesting that it plays an important role in aging-related brain diseases.’’ It has been
reported that overexpression of SIRT3 prevents neuronal degeneration, whereas loss of SIRT3 accelerates neurodegen-
eration in excitotoxic brain tissue.”® Neurodegeneration will lead to cognitive dysfunction, synaptic loss and impaired
synaptic plasticity.””®® A study has shown that SIRT3 regulation can restore the health of mitochondria and neurons
in AD.®' Animal studies have shown that SIRT3 depletion leads to AD in mouse models.*” And SIRT3 deficient mice
were shown to have reduced neuronal number, synaptic plasticity, and poor long-range memory, thus significantly
increasing the neuronal vulnerability.”*** The increased expression of SIRT3 contributes to the prolongation of neuronal
lifespan.®®> These suggest that SIRT3 is highly relevant to the regulation of cognitive function.

Our study revealed that SIRT1 and SIRT3 did not exhibit a significant connection with the overall MoCA-C score.
Nonetheless, both SIRT1 and SIRT3 were found to have a negative association with the delayed recall component of
MoCA-C, with SIRT3 demonstrating a notably strong negative correlation (P<0.001), indicating that the higher the
concentration of SIRT1 and SIRT3, the worse the delayed recall ability of the patients. SIRT1 and SIRT3 may not be
suitable for the evaluation of overall cognitive function, but can be used to reflect the impairment of memory function in
patients, which may be related to the fact that CID patients often complain of memory decline. Besides these, SIRT1 was
positively correlated with SRM (P<0.01) and ORcM, however, SIRT3 was only positively correlated with SRM. These
findings indicate that shifts in the serum concentrations of SIRT1 and SIRT3 in patients with CID were linked to partial
memory deficits, particularly affecting spatial memory to a certain extent. But there was no correlation between the
average error distance of BVAT and SIRT1, SIRT3. We think this may be due to the fact that the detection property of
BVAT is different from the MoCA-C. One of them represents a objective detection method, while another one is
subjective. Or the number of samples collected by BVAT is too small to reflect the problem. It is worth further
exploration in the future.

In view of the previous papers published by myself and our research group,®*

this study has a certain novelty. This
study sets the stage for further investigation to identify the fundamental mechanisms of chronic insomnia and opens an

innovative pathway for future research.

Limitations

There are still some shortcomings in this study. First, as this study is cross-sectional, we are unable to establish a causal
link between mitochondria-related markers and the pathogenesis of CID. Second, the sample size is quite small, and
further expansion is needed to make the results more convincing. Third, due to the limitation of subjects’ compliance and
economic conditions, the number of PSG and BVAT completed in this study was low, so there may be data bias in the
statistical analysis of the results of these two experiments.

Conclusions

In CID patients, the serum levels of SIRT1 and SIRT3 markers were increased, suggesting that there was mitochondrial
function damage, which was correlated with the severity of insomnia and cognitive dysfunction. The detection of
mitochondrial dysfunction biomarkers is of great significance for the diagnosis of CID and evaluation of the degree of

cognitive impairment.
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