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Highlights 

 

 ▪ Several metabolites and specific pathway are altered in the hippocampus by SF.  

 ▪ The metabolite profiles vary according to the duration of SF.  

 ▪ The alanine, aspartate, and glutamate metabolism pathway is the most altered 

pathway.  

 

 

Abstract 

Sleep fragmentation (SF) commonly occurs in several pathologic conditions and is especially 

associated with impairments of hippocampus-dependent neurocognitive functions. Although 

the effects of SF on hippocampus in terms of protein or gene levels were examined in several 

studies, the impact of SF at the metabolite level has not been investigated. Thus, in this study, 

the differentially expressed large-scale metabolite profiles of hippocampus in a rat model of 

SF were investigated using untargeted metabolomics approaches. Forty-eight rats were 
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divided into the following 4 groups: 4-day SF group, 4-day exercise control (EC) group, 15-

day SF group, and 15-day EC group (n=12, each). SF was accomplished by forced exercise 

using a walking wheel system with 30-s on/90-s off cycles, and EC condition was set at 10-

min on/30-min off. The metabolite profiles of rat hippocampi in the SF and EC groups were 

analyzed using liquid chromatography/mass spectrometry. Multivariate analysis revealed 

distinctive metabolic profiles and marker signals between the SF and corresponding EC 

groups. Metabolic changes were significant only in the 15-day SF group. In the 15-day SF 

group, L-tryptophan, myristoylcarnitine, and palmitoylcarnitine were significantly increased, 

while adenosine monophosphate, hypoxanthine, L-glutamate, L-aspartate, L-methionine, and 

glycerophosphocholine were decreased compared to the EC group. The alanine, aspartate, 

and glutamate metabolism pathway was observed as the common key pathway in the 15-day 

SF groups. The results from this untargeted metabolomics study provide a perspective on 

metabolic impact of SF on the hippocampus.  

 

Word count: 234 

Keywords: sleep fragmentation, hippocampus, untargeted metabolomics, exercise control, 

metabolites  

 

 

 

 

1. Introduction 

Sleep is an essential process, and appropriate amounts of sleep are necessary to achieve 

normal body function. However, mounting evidence has shown that sleep continuity is also 

important for health, and decreased sleep continuity has been associated with several 

pathologic symptoms (e.g., increased inflammatory cytokines, elevated blood pressure, and 

impaired neurocognitive functions) and risk of chronic disease such as diabetes or 

cardiovascular disease (Dumaine and Ashley, 2015; Ekstedt et al., 2004; Qian et al., 2016; 
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Ramesh et al., 2012). Sleep fragmentation (SF), defined as brief arousals that occur during 

sleep, can be induced by external factors such as bright light, high temperature or humidity, 

and noise during sleep. Moreover, it occurs frequently in patients with sleep apnea, chronic 

pain (Blagestad et al., 2012), periodic leg movements(Mancebo-Sosa et al., 2016), and 

asthma (Luyster et al., 2012). SF causes excessive daytime sleepiness (EDS), possibly by 

inhibiting cholinergic neuronal activity in the basal forebrain and elevating adenosine level 

(McKenna et al., 2007). EDS increases the risk of motor vehicle accidents (Ward et al., 2013) 

and decreases daytime functioning (Gooneratne et al., 2003; Stepanski, 2002). In addition, 

EDS is strongly associated with incident cardiovascular morbidity and mortality (Newman et 

al., 2000).  

The hippocampus is a brain structure especially vulnerable to sleep disturbance in 

terms of morphological and functional aspects. In a recent experimental study, chronic sleep 

restriction (SR) resulted in a 10% reduction in hippocampal volume in rats, without an 

overall decrease in cortical thickness compared with controls (Novati et al., 2011). Human 

neuroimaging studies that examined the association between short sleep or disturbed sleep 

and hippocampal volume showed similar findings to those reported in animal studies (Joo et 

al., 2014; Taki et al., 2012). In animal studies, SF resulted in hippocampus-dependent 

learning and cognition deficits (Nair et al., 2011; Sportiche et al., 2010; Tartar et al., 2006). 

However, the appearance of negative impacts of SF varies depending on the duration of SF 

(Wallace et al., 2015). The possible mechanisms by which SF induces impairments include 

reduction in hippocampal neurogenesis (Guzman-Marin et al., 2007; Sportiche et al., 2010), 

increase of reactive oxygen species through upregulation and activation of nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase, and loss of N-methyl-D-aspartate 

(NMDA) receptor-dependent long-term potentiation in hippocampal area CA1 (Tartar et al., 

2010; Tartar et al., 2006).  

Metabolomics is an emerging field of ‘omics’ research for global or system-wide 

metabolite profiles under a given set of conditions (Goodacre et al., 2004; Wishart, 2008), 

using analytical chemistry techniques such as nuclear magnetic resonance (NMR), 

chromatography, and mass spectrometry (MS)(Azad and Shulaev, 2018; Zhang et al., 2012). 

This field of research promises a better understanding of the pathophysiology of several 

chronic diseases and development of potential biomarkers (Ivanisevic and Thomas, 2018). 
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Metabolomics has also been used for therapeutic monitoring and development of drugs 

(Puchades-Carrasco and Pineda-Lucena, 2017; Wei, 2011). Metabolomics is divided into two 

approaches (Patti et al., 2012), targeted and untargeted. Targeted metabolomics attempts to 

identify or quantitate defined individual metabolites (Roberts et al., 2012), whereas 

untargeted metabolomics investigates comprehensive profiles of all measurable metabolites 

using high-throughput methods (Vinayavekhin and Saghatelian, 2010).  

Molecular changes caused by SF or sleep deprivation (SD) in genes and protein levels 

of rodent brains have been previously investigated. Reportedly, genes or proteins associated 

with cellular response to stress, energy metabolism, neuronal transmission, and synaptic 

plasticity were altered by SF or SD (Cirelli, 2006; Franco-Perez et al., 2012; Guzman-Marin 

et al., 2006). However, previous studies have several weaknesses regarding use of the 

appropriate animal model and limited methodologies. First, occurrence of long-term SD in 

humans is rare. Second, high-throughput gene expression analysis approaches cannot predict 

a post-translational modification of proteins, complicating direct interpretation of the function 

of expressed genes. Third, specific types of proteins are difficult to analyze using proteomic 

technologies (Chandramouli and Qian, 2009). However, alteration of metabolites reflect the 

actual activity of the cells; thus, the changes in the metabolome are more amplified than those 

in the transcriptome and the proteome (Urbanczyk-Wochniak et al., 2003). Moreover, the 

metabolome shows greater diversity and thus is closer to the phenotype of the biological 

system than the transcriptome and the proteome (Horgan et al., 2009). Therefore, in the 

present study, the changes of metabolites in the hippocampus, a brain region vulnerable to 

sleep disturbance, were investigated using untargeted metabolomics. This approach could 

provide a better understanding of the hippocampus including pathophysiology of 

hippocampus-dependent learning and cognitive impairments subjected to SF in terms of 

individual metabolites or specific metabolic pathways.    

In this study, 4-day and 15-day SF models were used and the metabolite profiles were 

compared to the corresponding exercise control groups. We considered both the 

chronological criteria and the periods in which appropriate phenotypes can be expressed 

based on previous studies to determine the appropriate duration of the experiment. In terms of 

duration, acute SF generally refers to a one-night or several-night period in which sleep is 

interrupted, while chronic SF refers to a relatively long period of interrupted sleep (weeks or 
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months). Indeed, electrophysiological data show that acute SF is different from chronic SF. 

Another study, with a different duration from our experimental period, have shown distinct 

effects on non-rapid eye movement (NREM) and rapid eye movement (REM) bout length 

during recovery periods in 3-day (acute) and 14-day (chronic) sleep-fragmented mice 

(Wallace et al., 2015). Other studies have also shown that 4-day and 15-day SF caused a 

reduction in hippocampal neurogenesis (Guzman-Marin et al., 2007) and deficits in 

hippocampus-dependent cognitive function (Nair et al., 2011), respectively. Thus, we chose 

4-day and 15-day to distinguish the acute and chronic effects of SF on biochemical changes 

in hippocampus.     

  

2. Materials and Methods 

2.1 Animals 

Seven-week-old male Wistar rats (Orient Bio, Korea) weighing 210–230 g were used 

in this study. Animals were maintained in a temperature-controlled room (24 ± 2oC) with 

alternating 12-h light and 12-h dark cycles (lights on at 8:00 a.m.) The rats had free access to 

food and water. After the 1-week acclimatization period, 48 rats were randomly divided into 

the following four groups: 4-day SF group (n=12), 4-day exercise control (EC) group (n=12), 

15-day SF group (n=12), and 15-day EC group (n=12). All experimental procedures 

involving animals were performed in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and approved by the Institutional Animal Care and Use Committee of the 

Korea University College of Medicine (KUIACUC-2012-148).  

 

2.2 Sleep recording and analysis 

In separate experiments, electroencephalography (EEG) was recorded in the 4-day and 

15-day SF and EC groups (n=4, each) to evaluate the suitability of the SF and EC models. 

Two pairs of EEG electrodes were implanted into the frontoparietal and lateral lobes and a 

pair of electromyography (EMG) electrodes (Pinnacle Technology Inc., Lawrence, KS, USA) 

was inserted into the neck muscles of rats. After surgery, the rats were recovered for 7 days. 

The rats were connected to a cable and acclimatized to the processes for 2 days before 

acquisition of baseline data. For 4-day group, we recorded and analyzed 24 hours of EEG and 
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EMG at a sampling rate of 200 Hz on baseline, Day 1, Day 2, Day 3, and Day 4 of SF and EC 

procedures. For the 15-day group, 24 hours of EEG and EMG were recorded at baseline, Day 

7, and on Day 15 of SF and EC procedures. Sleep data were semi-automatically analyzed 

using Sirenia software (Pinnacle Technology Inc., Lawrence, KS, USA), and were then 

confirmed by visual scoring to determine the percentage of sleep time by stage, bout number, 

and bout length. The duration of one epoch was set to 10 seconds. The frequency range for 

each waveform was defined as delta 0.5-4 Hz, theta 4-8 Hz, and alpha 8-13 Hz. A bout was 

defined as at least two consecutive 10-s epochs for a given state and ended with any single 

sate-change epoch.   

 

2.3 Experimental procedures for SF and EC   

Schematic experimental protocols are shown in Figure 1 (Fig. 1A and 1B). The forced 

exercise walking wheel system for rats was used to interrupt sleep in rats (Model number: 

80805A, Lafayette Instruments, Lafayette, IN, USA), a previously validated method for the 

effectiveness of SF in mice (Yoon, 2012). Briefly, the rats were placed in an individual 

motor-driven wheel 7 days before the start of SF or EC procedure to acclimate to the novel 

environment. Experimental conditions for the 4-day and 15-day SF groups were as follows: 

activation time (wheel running): 30 s, stopped time (wheel not running): 90 s, wheel speed: 

4.5 m/min, duration: 24 h/day. The condition consistently produced 30 awakenings per h, 

mimicking arousals observed in severe sleep apnea. To exclude the effects of non-specific 

movement, an additional EC group was used. The conditions for the EC group were 10 min 

on/30 min off, which offers the same amount of walking distance as for the rats in the SF 

group. The rats were weighted at baseline and on the day of sacrifice.   

 

2.4 Sample preparation 

On sacrifice day, the rats were deeply anesthetized using isoflurane and then 

decapitated using a rat guillotine. The hippocampi were excised, immediately snap-frozen in 

liquid nitrogen, and stored at -80℃ until further processing. The frozen hippocampi were cut 

into pieces approximately 0.7–0.8 cm x 1 mm in size using a surgical knife, transferred to a 

mortar chilled using liquid nitrogen, and homogenized. The pulverized samples were 

dissolved using 1.0 mL of cold methanol/acetonitrile/water buffer (5:3:2) and then transferred 
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to 1.5-mL microtubes. The centrifugation was performed at 28,756 g for 20 min at 4oC, and 

the supernatant was centrifuged under the same conditions for an additional 20 min to remove 

particulate matter. The supernatant was dried using a centrifugal concentration system (VS-

802 Centra-vac, Vision Scientific, Bucheon, Korea), and the extract was dissolved in 50 μL 

of methanol/acetonitrile/water buffer (5:3:2). The entire sample preparation was finished in 3 

h. 

 

2.5 Liquid chromatography/MS (LC/MS)  

The liquid chromatography/MS (LC/MS) analysis was performed as previously 

described (Jin et al., 2014). In brief, 5 µL of the dissolved sample was injected into the 

Agilent 1100 series high-performance LC (HPLC) system (Agilent Technologies, Santa Clara, 

CA, USA) coupled with LTQ-XL high performance linear ion trap mass spectrometer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with an ESI source. The 

Xcalibur software (Thermo Fisher Scientific Inc.) was used to control chromatographic and 

mass spectral functions. In addition, for further MS/MS analysis, the samples were injected 

into the Agilent 1200 Infinity HPLC system coupled with electrospray ionization (ESI)-

QTOF (Agilent Technologies). A Kinetex C18 column (2.6 µm, 100 × 4.6 mm; Phenomenex, 

Torrance, CA, USA) was maintained at 35oC for chromatographic sample separation. The 

mobile phases were 0.1% formic acid in deionized water (solvent A) and 0.1% formic acid in 

acetonitrile (solvent B). The flow rate of the mobile phase was set at 0.35 mL/min. Analytes 

were eluted with a mobile phase composed of 0.1% formic acid in water (A) and acetonitrile 

with 0.1% formic acid (B). The following gradient conditions were used: 0–14 min gradient 

5–25% B, 14–19 min gradient 25–40% B, and 19–23 min gradient 40–95% B. For 6 min, 95% 

B solvent was maintained to return the gradient to the starting conditions, and column re-

equilibration was performed for 6 min. Data were acquired in positive mode. 

2.6 Data processing, multivariate analysis, marker identification, and pathway analysis  

Before LC/MS data analysis, all metabolites in a sample were divided by the total 

observed number of ions in the sample to normalize the data. The LC/MS data were 

processed with MZmine 2.10 including data conversion and processing as previously 

described (Jin et al., 2014; Pluskal et al., 2010). Briefly, peaks were identified from LC/MS 

chromatograms using the local minimum search function, and a peak list was established by 

grouping ion intensities, matching m/z, and retention time. The peak list was exported to csv 
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form and imported into MetaboAnalyst (Xia et al., 2015). Normalization and peak alignment 

were performed using the sum of all detected peaks, and the processed data were transferred 

into SIMCA-P version 11.0 programs (Umetrics, Umeå, Sweden) for multivariate statistical 

analysis. The principle component analysis (PCA) and the partial least squares discriminant 

analysis (PLS-DA) were performed to determine metabolic differences between the 4-day 

and 15-day SF and EC groups. The orthogonal projections to latent structure discriminant 

analysis (OPLS-DA) were performed to determine whole metabolic differences between EC 

and SF group regardless of experimental times (4-day or 15-day). All multivariate models 

were constructed in an iterative procedure until the predictability value (Q2) did not increase. 

The contributing metabolites for group discrimination were identified by comparing the m/z 

and MS/MS fragmentation patterns from the Human Metabolome Database (www.hmdb.ca), 

METLIN (http://metlin.scripps.edu), and MassBank database (http://www.massbank.jp). 

Metabolic pathway analysis was performed by MetPa analysis through MetaboAnalyst 4.0 

(www.metaboanalyst.ca). 

 

2.7 Statistical analysis  

Differences in body weight and sleep parameters (percent of time spent in each stage, 

bout number, and bout length) between baseline and follow-up period in the same groups 

were determined by paired t-test. Differences in body weight and sleep parameters between 

EC and SF groups were examined by independent t-test for inter-group comparisons. All 

statistical analyses were conducted using SPSS version 20.0 (IBM, Chicago, IL, USA), and 

P<0.05 was considered statistically significant. 

 

 

3. Results 

3.1 Assessment of body weight and the effects of 4 days’ and 15 days’ SF or EC on sleep 

parameters  

Body weight was measured at baseline and on Day 4 (4-day group) or Day 15 (15-day 

group) in the EC and SF groups. 4-day SF group had a slightly lower body weight than the 4-

day EC group on the fourth day of experiment, but the difference was not statistically 

significant (P = 0.054) (Fig. 1C). There was no significant difference in body weight between 
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15-day EC and 15-day SF groups at baseline (P= 0.240) and on Day 15 (P = 0.324) (Fig. 1D). 

Throughout the experimental period of the 4-day group, the percentages of time spent in 

Wake and NREM sleep did not differ significantly between baseline and follow-up or 

between the EC and SF groups (Fig. 1E and 1F). However, the time spent in the REM sleep 

stage was significantly reduced during the entire experiment in the SF group, compared to 

those in the baseline and corresponding EC groups (Fig. 1G). The average Wake and NREM 

bout numbers in the 4-day SF groups were significantly higher than those in the baseline and 

corresponding EC groups throughout the experimental period (Fig. 1H and 1I). However, the 

average NREM bout length decreased in the 4-day SF group on all days of fragmentation, 

compared to the baseline and corresponding EC group (Fig. 1J). In the 15-day group, the 

percentages of time spent in Wake, NREM, and REM sleep did not differ between baseline 

and follow-up or between the EC and SF groups (Fig. 1K-1M). However, the average Wake 

and NREM bout numbers in the 15-day SF group were significantly higher than those in the 

baseline and corresponding EC group while NREM bout length was lower on Day 7 and Day 

15 (Fig. 1N-1P). A large number of Wake and NREM bouts but short NREM lengths indicate 

highly fragmented sleep. The EC group had no significant difference in the time spent in each 

sleep stage, the number of Wake and NREM bouts, and the NREM bout length compared to 

the baseline at all experimental periods, which shows well-preserved sleep continuity. 

3.2 Metabolic differences between SF and EC groups 

We performed multivariate statistical analysis and established a discrimination model 

(Fig. 2). The PCA and PLS-DA analysis showed group separation between SF and EC group, 

as well as clear discrimination on 4-day set and 15-day set (Fig. 2A and 2B). The PLS-DA 

analysis on SF and EC group from 4-day and 15-day showed much clear discrimination 

between 4-day SF and 4-day EC groups and 15-day SF and 15-day EC groups, with a Q2 

value of 0.782 (R2X = 0.594, R2Y = 0.988) and 0.797 (R2X = 0.621, R2Y = 0.905), 

respectively (Fig. 2C and 2D). The significantly changed metabolites were selected with the 

statistical significance based on p-value and false discovery rate (FDR) adjusted p-value. All 

the considered data sets were visualized for a substantial separation of the two groups of 

samples; for instance, 4-day SF vs. 4-day EC and 15-day SF vs. 15-day EC (Fig. 3). Based on 

metabolite selection criteria, 66 and 444 markers were selected from the 4-day and 15-day 

data sets, respectively.  
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3.3 Identification of metabolites significantly altered in SF groups 

Among the selected markers, total 10 key markers that contributed to group separation 

between the overall SF and EC groups were identified including adenosine monophosphate 

(AMP), glycerophosphocholine (GPCh), hypoxanthine, jasmonic acid, L-aspartate, L-

glutamate, L-methionine, L-tryptophan, myristoylcarnitine, and palmitoylcarnitine (PLC). 

Marker identification was performed by comparing the measured m/z value and the MS/MS 

fragmentation spectra of the main markers with the theoretical values of metabolites provided 

in the database (Supplementary Fig. 1 and Supplementary Table 1). The identified 

metabolites are summarized in Table 1 and represented in an S-plot (Fig. 4). According to the 

statistical significance based on p-value and FDR adjusted p-value, the metabolic changes in 

the 4-day group were neither so dramatic nor significant. Significant metabolic changes were 

observed only in the 15-day group. In the 15-day group, 9 markers were identified: adenosine 

monophosphate (AMP), glycerophosphocholine (GPCh), hypoxanthine, L-aspartate, L-

glutamate, L-methionine, L-tryptophan, myristoylcarnitine, and palmitoylcarnitine (PLC) 

(Fig. 4A). Among them, L-tryptophan (+0.749 fold), myristoylcarnitine (+0.913 fold), and 

PLC (+0.927 fold) were up-regulated in the SF group, while AMP (-0.750 fold), GPCh (-

7.543 fold), hypoxanthine (-1.472 fold), L-aspartate (-2.202 fold), L-glutamate (-0.727 fold), 

and L-methionine (-5.456 fold) were significantly down-regulated in the SF group compared 

with the EC group. The summary profiles of the individual metabolites altered in the 

hippocampus of the 4-day and 15-day SF groups compared to the corresponding EC groups 

are shown in Table 1. 

 

 

 

3.4 Metabolic pathway analysis 

Because a statistical significance was observed only in the 15-day groups, metabolites 

identified from the 15-day SF experiments were used for metabolic interpretation by pathway 

analysis using MetPa analysis through MetaboAnalyst. As shown in Fig. 5, alanine, aspartate, 

and glutamate metabolism was determined as the key metabolism important in the 15-day SF 

group. In addition, metabolic pathways involved in other amino acid metabolism, aminoacyl-
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tRNA biosynthesis, and nucleotides were metabolic pathways that were significantly altered 

in the 15-day SF group.  

 

4. Discussion 

In the present untargeted metabolomics study, we found that alanine, aspartate, and 

glutamate metabolism pathway is the most altered metabolic pathway in the 15-day SF group 

compared to the 15-day EC group. The 4-day SF group showed a typical pattern of SF in the 

EEG and clearly differentiated in the metabolites profiles on PCA or PLS-DA compared to 

the corresponding EC group, but the identified metabolites were not statistically significant. 

Indeed, only the 4-day SF group showed a significant decrease in REM sleep compared to 

those in the baseline and corresponding EC group. Thus, it is not possible to exclude the 

possibility that the reduced REM sleep, rather than the SF itself, may have affected the 

distinction of metabolites in the 4-day groups.     

Glutamate and aspartate are major excitatory neurotransmitters that can excite all 

neurons in the central nervous system including the hippocampal area (Fleck et al., 1993); 

however, excessive amounts of glutamate and aspartate can cause excitotoxicity through the 

NMDA receptor-dependent pathway. Glutamate level in hippocampi of sleep-restricted rats is 

likely to be affected by this type of SR and duration. In a study that examined glutamate level, 

6 or 12 h of SD produced a greater increase in glutamate level in the rat hippocampus and 

thalamus compared with control groups (Cortese et al., 2010). Interestingly, in our study, 

these excitatory neurotransmitters (aspartate and glutamate) showed a temporal variation in 

the levels according to the SF duration. Levels of aspartate and glutamate showed a tendency 

to increase in the 4-day SF group (acute condition), but these were significantly decreased in 

the 15-day SF group (chronic condition), implying that lowering of excitatory 

neurotransmitter levels in the hippocampus of sleep-fragmented rats could be a protective 

mechanism against excitotoxicity induced by frequent arousal. This possibility might be 

partially supported by the findings from Novati et al. showing that 30 days of SR induced by 

a rotating drum attenuated the loss of cholinergic neurons in the nucleus basalis 

magnocellularis (NBM) when a neurotoxic dose of NMDA was administered into the NBM, 

indicating activation of a protective mechanism such as desensitization following SR against 

NMDA-mediated neurotoxicity (Novati et al., 2012). Whether these phenomena are specific 
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events limited only to SF or can be generalized to any type of sleep disturbance requires 

further investigation. In addition to the role as a neurotransmitter, L-aspartate has a central 

effect on the stress responses. Intracerebroventricular injection of L-aspartate and its 

derivatives attenuated the stress response induced by social isolation (Erwan et al., 2012). To 

the best of our knowledge, aspartate level has not been determined in hippocampi of rats 

subjected to SF; however, the paradoxical SD (PSD) model using the multiple platform 

method, which also induces SF, 72-h of PSD increased aspartate in the rat hippocampus 

(Mohammed et al., 2011). Although not statistically significant, similar increases in aspartate 

levels were observed in the 4-day SF group. Therefore, it can be inferred that the stress 

response induced by SF in the hippocampus may show a temporal variation with the duration 

of SF and depend on the level of aspartate. To demonstrate this hypothesis, a functional study 

of the role of L-aspartate on the stress response in SF conditions is needed. 

     In the present study, up-regulation in tryptophan metabolism was observed in the 15-

day SF group. The tryptophan level in the hippocampus increases under various stress 

conditions due to the increase in demand for 5-HT as a response to stress (Hery et al., 1970). 

In a previous study, increased 5-HT level was observed in the rat ventral hippocampal 

region following restriction of 21-days of rapid eye movement (REM) (da Silva Rocha-

Lopes et al., 2017). This implies that increased tryptophan metabolism in the SF group can 

play a role in compensating for stress caused by frequent sleep interruption. In addition, 

tryptophan is a melatonin precursor, an important sleep-inducing hormone. However, the 

hippocampus is not a brain region directly associated with sleep induction; thus, the role of 

tryptophan as a sleep homeostatic regulator in rats subjected to SF is inconclusive. 

Melatonin also reduces the activity of the hippocampus and suppresses long-term 

potentiation induction (Ozcan et al., 2006; Wang et al., 2005).  

PLC and Myristoylcarnitine belonging to long-chain acyl derivatives of carnitine also 

increased in the SF group. PLC can regulate the expression or activity of specific signaling 

molecules/apoptosis-related proteins/neurotransmission-related proteins (Mutomba et al., 

2000; Sobiesiak-Mirska et al., 2003). PLC also plays an important role in the synthesis of 

lipids involved in neural membranes, brain plasticity, and downstream signal transduction 

(Jones et al., 2010). Currently, the biological function of myristoylcarnitine is not well 

known.  
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Hypoxanthine is an important purine derivative related to the purine salvage pathway 

in the brain, a pathway to convert bases and nucleosides salvaged from dietary sources and 

tissue breakdown back into purine nucleotides. Although the reason for decreased 

hypoxanthine level in the SF group is unknown, one possible explanation is to maintain 

brain energy homeostasis imbalanced by frequent arousals. ATP is released from the 

synaptic terminal of neurons due to neuronal activity and released into extracellular space. 

Released ATP and adenosine, a degraded form of ATP, bind to purine type 2 receptors and 

to adenosine type 1 receptors expressed on glia (Fields and Burnstock, 2006), respectively, 

resulting in the release of pro-inflammatory cytokines such as tumor necrosis factor and 

interleukin-1β, thereby promoting sleep. Maintaining brain energy levels is considered the 

main function of sleep (Krueger et al., 2016; Scharf et al., 2008). Thus, the hypoxanthine 

level in the SF group may be reduced to compensate for energy consumption caused by 

increased neuronal activity through recycling of ATP.  

We observed reduced AMP level in the SF group. AMP is a nucleotide used as a 

monomer in DNA and RNA and is composed of a phosphate group, sugar ribose, and 

adenine nucleobase. Decreases in AMP level were found in the Alzheimer mouse model 

(Esteve et al., 2017). AMP can exist in the form of a cyclic structure, cAMP. The principal 

target for cAMP is cAMP-dependent protein kinase A (PKA) whose activity is dependent 

on cellular levels of cAMP. It has been known that cAMP/PKA signaling has a pivotal role 

in hippocampus-dependent memory (Abel and Nguyen, 2008). Thus, a reduced AMP level 

might reflect a decrease in the reservoir that restores ATP levels and may reflect the 

functional attenuation of hippocampal-dependent memory induced by cAMP/PKA 

signaling.  

L-methionine was also decreased in the hippocampus of rats subjected to chronic SF. 

According to a previous study, methionine level is likely associated with stress-induced 

cognitive impairments (Naninck et al., 2017). In that study, methionine level was decreased 

in brains of mice exposed to early-life stress (ES), and its supplementation restored 

methionine level and ES-induced cognitive impairments. In another study, long-term 

dietary restriction of methyl-donors including methionine, choline, and folic acid impaired 

hippocampus-dependent memory in mice, accompanying CpG hypermethylation of the 

specific gene promoter region in the hippocampus (Tomizawa et al., 2015). In addition, 
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methionine is an acetylcholine precursor. Acetylcholinesterase (AChE) activity, a crucial 

enzyme that hydrolyzes acetylcholine, was increased in hippocampi of mice subjected to 

dietary restriction of methionine (Vucevic et al., 2016). Because methionine is an 

acetylcholine precursor and its deficiency resulted in increased activation of AChE, a 

decrease in methionine level in the hippocampus of rats subjected to SF may indicate the 

impaired status of cholinergic neurotransmission in hippocampus subjected to long-term SF.  

GPCh showed the greatest reduction in the SF group. Choline is a precursor of 

acetylcholine, which is an important neurotransmitter for brain cognitive functions such as 

learning and memory (Fadda et al., 2000; Hasselmo, 2006). When choline intake is restricted 

due to a choline-deficient diet, AChE activity and (Na+, K+, and Mg2+) ATPase activity were 

differentially activated in the hippocampus, hypothalamus, cerebellum, and pons (Liapi et al., 

2009). These findings indicate the modulating roles of choline in cholinergic 

neurotransmission, neural excitability, and Mg2+ homeostasis in the brain. Whether GPCh has 

an important role by itself or as choline storage is unknown, but reductions of GPCh, similar 

to decreased methionine, likely reflect impaired cholinergic neurotransmission observed in 

the chronic SF group, possibly resulting in hippocampus-dependent learning and memory 

impairment.  

Some limitations of our study should be addressed. First, we evaluated the metabolite 

profile of the whole hippocampus. It was therefore impossible to distinguish whether these 

compounds and amino acids were inside or outside the hippocampus cells. The analysis of 

metabolites from tissue samples can be influenced by mixing the intracellular and 

extracellular levels and the disturbance by intracellular enzymes which rapidly degrade the 

target substance. However, untargeted metabolomics of whole tissue sample are generally not 

intended to distinguish the inner and outer metabolites of the cell. An additional experiment, 

such as flux analysis using isotope labeled tracer, is needed to determine the origin of 

metabolites altered by SF. Second, there was no home cage control group in the present study. 

We used exercise group which offers the same amount of walking distance as the rats in the 

SF group, but continuous movement lasting 10 minute without a pause in the EC group may 

affect metabolite profiles of the hippocampus.   
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In this untargeted metabolomics study, significantly altered metabolic pathways and 

metabolite profiles were observed in the hippocampi of rats subjected to chronic SF. The 

altered pathways and metabolite profiles varied according to the duration of SF. Further 

studies are required to clarify the biological meanings or functions of these metabolites in 

hippocampi of rats subjected to SF to understand the impact of SF on hippocampus-

dependent neurocognitive behavior.  

 

Author contributions statement 

Conception and design, D.W.Y., H.N.K., C.H.Y., and C.S; data collection, D.W.Y., H.N.K., 

X.J., S.K.L., and J.K.K; data analysis and interpretation, D.W.Y., C.H.Y., H.N.K., and S.H.P; 

drafting the manuscript, D.W.Y., H.N.K., X.J., and C.H.Y; revision for important intellectual 

content, C.H.Y., C.S., and S.H.P. 

 

 

Conflicts of interest 

None of the authors have conflicts of interests to disclose. 

 

Acknowledgements 

This work was supported by BK21-plus education program provided by the National 

Research Foundation of Korea; a National Research Foundation of Korea (NRF) grant funded 

by the Korea government (MSIT) NRF-2018R1A3B1052328 and NRF-

2018R1C1B6002290 

 

References 

Abel T, Nguyen PV. 2008. Regulation of hippocampus-dependent memory by cyclic AMP-

dependent protein kinase. Prog Brain Res 2008;169:97-115. 

Azad RK, Shulaev V. 2018. Metabolomics technology and bioinformatics for precision 

medicine. Briefings in bioinformatics. 

Blagestad T, Pallesen S, Lunde LH, Sivertsen B, Nordhus IH, Gronli J. 2012. Sleep in older 



Jo
ur

na
l P

re
-p

ro
of

17 

 

chronic pain patients: a comparative polysomnographic study. Clin J Pain 28(4):277-

83. 

Chandramouli K, Qian PY. 2009. Proteomics: challenges, techniques and possibilities to 

fovercome biological sample complexity. Hum Genomics Proteomics 2009. 

Chen PE, Geballe MT, Stansfeld PJ, Johnston AR, Yuan H, Jacob AL, Snyder JP, Traynelis SF, 

Wyllie DJ. 2005. Structural features of the glutamate binding site in recombinant 

NR1/NR2A N-methyl-D-aspartate receptors determined by site-directed mutagenesis 

and molecular modeling. Mol Pharmacol 67(5):1470-84. 

Cirelli C. 2006. Cellular consequences of sleep deprivation in the brain. Sleep Med Rev 

10(5):307-21. 

Cortese BM, Mitchell TR, Galloway MP, Prevost KE, Fang J, Moore GJ, Uhde TW. 2010. 

Region-specific alteration in brain glutamate: possible relationship to risk-taking 

behavior. Physiol Behav 99(4):445-50. 

da Silva Rocha-Lopes J, Machado RB, Suchecki D. 2017. Chronic REM Sleep Restriction in 

Juvenile Male Rats Induces Anxiety-Like Behavior and Alters Monoamine Systems in 

the Amygdala and Hippocampus. Mol Neurobiol. 

Dumaine JE, Ashley NT. 2015. Acute sleep fragmentation induces tissue-specific changes in 

cytokine gene expression and increases serum corticosterone concentration. Am J 

Physiol Regul Integr Comp Physiol 308(12):R1062-9. 

Ekstedt M, Akerstedt T, Soderstrom M. 2004. Microarousals during sleep are associated with 

increased levels of lipids, cortisol, and blood pressure. Psychosom Med 66(6):925-31. 

Erwan E, Tomonaga S, Yoshida J, Nagasawa M, Ogino Y, Denbow DM, Furuse M. 2012. 

Central administration of L- and D-aspartate attenuates stress behaviors by social 

isolation and CRF in neonatal chicks. Amino Acids 43(5):1969-76. 

Esteve C, Jones EA, Kell DB, Boutin H, McDonnell LA. 2017. Mass spectrometry imaging 

shows major derangements in neurogranin and in purine metabolism in the triple-

knockout 3xTg Alzheimer mouse model. Biochim Biophys Acta 1865(7):747-754. 

Fadda F, Cocco S, Stancampiano R. 2000. Hippocampal acetylcholine release correlates with 

spatial learning performance in freely moving rats. Neuroreport 11(10):2265-9. 

Fields RD, Burnstock G. 2006. Purinergic signalling in neuron-glia interactions. Nat Rev 

Neurosci 7(6):423-36. 

Fleck MW, Henze DA, Barrionuevo G, Palmer AM. 1993. Aspartate and glutamate mediate 



Jo
ur

na
l P

re
-p

ro
of

18 

 

excitatory synaptic transmission in area CA1 of the hippocampus. J Neurosci 

13(9):3944-55. 

Franco-Perez J, Ballesteros-Zebadua P, Fernandez-Figueroa EA, Ruiz-Olmedo I, Reyes-

Grajeda P, Paz C. 2012. Sleep deprivation and sleep recovery modifies connexin36 

and connexin43 protein levels in rat brain. Neuroreport 23(2):103-7. 

Goodacre R, Vaidyanathan S, Dunn WB, Harrigan GG, Kell DB. 2004. Metabolomics by 

numbers: acquiring and understanding global metabolite data. Trends Biotechnol 

22(5):245-52. 

Gooneratne NS, Weaver TE, Cater JR, Pack FM, Arner HM, Greenberg AS, Pack AI. 2003. 

Functional outcomes of excessive daytime sleepiness in older adults. J Am Geriatr 

Soc 51(5):642-9. 

Guzman-Marin R, Bashir T, Suntsova N, Szymusiak R, McGinty D. 2007. Hippocampal 

neurogenesis is reduced by sleep fragmentation in the adult rat. Neuroscience 

148(1):325-33. 

Guzman-Marin R, Ying Z, Suntsova N, Methippara M, Bashir T, Szymusiak R, Gomez-

Pinilla F, McGinty D. 2006. Suppression of hippocampal plasticity-related gene 

expression by sleep deprivation in rats. J Physiol 575(Pt 3):807-19. 

Hasselmo ME. 2006. The role of acetylcholine in learning and memory. Curr Opin Neurobiol 

16(6):710-5. 

Hery F, Pujol JF, Lopez M, Macon J, Glowinski J. 1970. Increased synthesis and utilization 

of serotonin in the central nervous system of the rat during paradoxical sleep 

deprivation. Brain Res 21(3):391-403. 

Horgan RP, Clancy OH, Myers JE, Baker PN. 2009. An overview of proteomic and 

metabolomic technologies and their application to pregnancy research. BJOG 

116(2):173-81. 

Ivanisevic J, Thomas A. 2018. Metabolomics as a tool to understand pathophysiological 

processes. Clinical Metabolomics: Springer. p 3-28. 

Jin X, Yun SJ, Jeong P, Kim IY, Kim WJ, Park S. 2014. Diagnosis of bladder cancer and 

prediction of survival by urinary metabolomics. Oncotarget 5(6):1635-45. 

Jones LL, McDonald DA, Borum PR. 2010. Acylcarnitines: role in brain. Prog Lipid Res 

f49(1):61-75. 

Joo EY, Kim H, Suh S, Hong SB. 2014. Hippocampal substructural vulnerability to sleep 



Jo
ur

na
l P

re
-p

ro
of

19 

 

disturbance and cognitive impairment in patients with chronic primary insomnia: 

magnetic resonance imaging morphometry. Sleep 37(7):1189-98. 

Krueger JM, Frank MG, Wisor JP, Roy S. 2016. Sleep function: Toward elucidating an 

enigma. Sleep Med Rev 28:46-54. 

Lardy HA, Paetkau V, Walter P. 1965. Paths of carbon in gluconeogenesis and lipogenesis: 

the role of mitochondria in supplying precursors of phosphoenolpyruvate. Proc Natl 

Acad Sci U S A 53(6):1410-5. 

Liapi C, Kyriakaki A, Zarros A, Al-Humadi H, Stolakis V, Gkrouzman E, Anifantaki F, 

Skandali N, Margaritis M, Tsakiris S. 2009. Effects of adult-onset choline deprivation 

on the activities of acetylcholinesterase, (Na+,K+)- and Mg2+-ATPase in crucial rat 

brain regions. Food Chem Toxicol 47(1):82-5. 

Luyster FS, Teodorescu M, Bleecker E, Busse W, Calhoun W, Castro M, Chung KF, Erzurum 

S, Israel E, Strollo PJ and others. 2012. Sleep quality and asthma control and quality 

of life in non-severe and severe asthma. Sleep Breath 16(4):1129-37. 

Mancebo-Sosa V, Mancilla-Hernandez V, Miranda-Ortiz J, Hernandez-Torres A, Gutierrez-

Escobar R, Poblano A, Jimenez-Correa U. 2016. Sleep architecture alterations in 

patients with periodic limb movements disorder during sleep and sleep breathing 

disorders. Sleep Sci 9(2):84-8. 

McKenna JT, Cordeira JW, Christie MA, Tartar JL, McCoy JG, Lee E, McCarley RW, 

Strecker RE. 2008. Assessing sleepiness in the rat: a multiple sleep latencies test 

compared to polysomnographic measures of sleepiness. J Sleep Res 17(4):365-75. 

McKenna JT, Tartar JL, Ward CP, Thakkar MM, Cordeira JW, McCarley RW, Strecker RE. 

2007. Sleep fragmentation elevates behavioral, electrographic and neurochemical 

measures of sleepiness. Neuroscience 146(4):1462-73. 

Mohammed HS, Aboul Ezz HS, Khadrawy YA, Noor NA. 2011. Neurochemical and 

electrophysiological changes induced by paradoxical sleep deprivation in rats. Behav 

Brain Res 225(1):39-46. 

Mutomba MC, Yuan H, Konyavko M, Adachi S, Yokoyama CB, Esser V, McGarry JD, 

Babior BM, Gottlieb RA. 2000. Regulation of the activity of caspases by L-carnitine 

and palmitoylcarnitine. FEBS Lett 478(1-2):19-25. 

Nair D, Zhang SX, Ramesh V, Hakim F, Kaushal N, Wang Y, Gozal D. 2011. Sleep 

fragmentation induces cognitive deficits via nicotinamide adenine dinucleotide 



Jo
ur

na
l P

re
-p

ro
of

20 

 

phosphate oxidase-dependent pathways in mouse. Am J Respir Crit Care Med 

184(11):1305-12. 

Naninck EF, Oosterink JE, Yam KY, de Vries LP, Schierbeek H, van Goudoever JB, Verkaik-

Schakel RN, Plantinga JA, Plosch T, Lucassen PJ and others. 2017. Early 

micronutrient supplementation protects against early stress-induced cognitive 

impairments. FASEB J 31(2):505-518. 

Newman AB, Spiekerman CF, Enright P, Lefkowitz D, Manolio T, Reynolds CF, Robbins J. 

2000. Daytime sleepiness predicts mortality and cardiovascular disease in older adults. 

The Cardiovascular Health Study Research Group. J Am Geriatr Soc 48(2):115-23. 

Novati A, Hulshof HJ, Granic I, Meerlo P. 2012. Chronic partial sleep deprivation reduces 

brain sensitivity to glutamate N-methyl-D-aspartate receptor-mediated neurotoxicity. J 

Sleep Res 21(1):3-9. 

Novati A, Hulshof HJ, Koolhaas JM, Lucassen PJ, Meerlo P. 2011. Chronic sleep restriction 

causes a decrease in hippocampal volume in adolescent rats, which is not explained 

by changes in glucocorticoid levels or neurogenesis. Neuroscience 190:145-55. 

Ozcan M, Yilmaz B, Carpenter DO. 2006. Effects of melatonin on synaptic transmission and 

long-term potentiation in two areas of mouse hippocampus. Brain Res 1111(1):90-4. 

Patti GJ, Yanes O, Siuzdak G. 2012. Innovation: Metabolomics: the apogee of the omics 

trilogy. Nature reviews Molecular cell biology 13(4):263. 

Pluskal T, Castillo S, Villar-Briones A, Orešič M. 2010. MZmine 2: modular framework for 

processing, visualizing, and analyzing mass spectrometry-based molecular profile 

data. BMC bioinformatics 11(1):395. 

Puchades-Carrasco L, Pineda-Lucena A. 2017. Metabolomics Applications in Precision 

Medicine: An Oncological Perspective. Curr Top Med Chem 17(24):2740-2751. 

Qian Y, Yi H, Zou J, Meng L, Tang X, Zhu H, Yu D, Zhou H, Su K, Guan J and others. 2016. 

Independent Association between Sleep Fragmentation and Dyslipidemia in Patients 

with Obstructive Sleep Apnea. Sci Rep 6:26089. 

Ramesh V, Nair D, Zhang SX, Hakim F, Kaushal N, Kayali F, Wang Y, Li RC, Carreras A, 

Gozal D. 2012. Disrupted sleep without sleep curtailment induces sleepiness and 

cognitive dysfunction via the tumor necrosis factor-alpha pathway. J 

Neuroinflammation 9:91. 

Roberts LD, Souza AL, Gerszten RE, Clish CB. 2012. Targeted metabolomics. Curr Protoc 



Jo
ur

na
l P

re
-p

ro
of

21 

 

Mol Biol Chapter 30:Unit 30 2 1-24. 

Sase A, Dahanayaka S, Hoger H, Wu G, Lubec G. 2013. Changes of hippocampal beta-

alanine and citrulline levels are paralleling early and late phase of retrieval in the 

Morris Water Maze. Behav Brain Res 249:104-8. 

Scharf MT, Naidoo N, Zimmerman JE, Pack AI. 2008. The energy hypothesis of sleep 

revisited. Prog Neurobiol 86(3):264-80. 

Sobiesiak-Mirska J, Nalecz MJ, Nalecz KA. 2003. Interaction of palmitoylcarnitine with 

protein kinase C in neuroblastoma NB-2a cells. Neurochem Int 42(1):45-55. 

Sportiche N, Suntsova N, Methippara M, Bashir T, Mitrani B, Szymusiak R, McGinty D. 

2010. Sustained sleep fragmentation results in delayed changes in hippocampal-

dependent cognitive function associated with reduced dentate gyrus neurogenesis. 

Neuroscience 170(1):247-58. 

Stepanski EJ. 2002. The effect of sleep fragmentation on daytime function. Sleep 25(3):268-

76. 

Taki Y, Hashizume H, Thyreau B, Sassa Y, Takeuchi H, Wu K, Kotozaki Y, Nouchi R, Asano 

M, Asano K and others. 2012. Sleep duration during weekdays affects hippocampal 

gray matter volume in healthy children. Neuroimage 60(1):471-5. 

Tartar JL, McKenna JT, Ward CP, McCarley RW, Strecker RE, Brown RE. 2010. Sleep 

fragmentation reduces hippocampal CA1 pyramidal cell excitability and response to 

adenosine. Neurosci Lett 469(1):1-5. 

Tartar JL, Ward CP, McKenna JT, Thakkar M, Arrigoni E, McCarley RW, Brown RE, 

Strecker RE. 2006. Hippocampal synaptic plasticity and spatial learning are impaired 

in a rat model of sleep fragmentation. Eur J Neurosci 23(10):2739-48. 

Tiedje KE, Stevens K, Barnes S, Weaver DF. 2010. Beta-alanine as a small molecule 

neurotransmitter. Neurochem Int 57(3):177-88. 

Tomizawa H, Matsuzawa D, Ishii D, Matsuda S, Kawai K, Mashimo Y, Sutoh C, Shimizu E. 

2015. Methyl-donor deficiency in adolescence affects memory and epigenetic status 

in the mouse hippocampus. Genes Brain Behav 14(3):301-9. 

Urbanczyk-Wochniak E, Luedemann A, Kopka J, Selbig J, Roessner-Tunali U, Willmitzer L, 

Fernie AR. 2003. Parallel analysis of transcript and metabolic profiles: a new 

approach in systems biology. EMBO Rep 4(10):989-93. 

Vinayavekhin N, Saghatelian A. 2010. Untargeted metabolomics. Curr Protoc Mol Biol 



Jo
ur

na
l P

re
-p

ro
of

22 

 

Chapter 30:Unit 30 1 1-24. 

Vucevic DB, Cerovic IB, Mladenovic DR, Veskovic MN, Stevanovic I, Jorgacevic BZ, Jesic 

Vukicevic R, Radosavljevic TS. 2016. Methionine-choline deprivation alters liver and 

brain acetylcholinesterase activity in C57BL6 mice. Gen Physiol Biophys 35(3):363-

70. 

Wallace E, Kim DY, Kim KM, Chen S, Blair Braden B, Williams J, Jasso K, Garcia A, Rho 

JM, Bimonte-Nelson H and others. 2015. Differential effects of duration of sleep 

fragmentation on spatial learning and synaptic plasticity in pubertal mice. Brain Res 

1615:116-128. 

Wang LM, Suthana NA, Chaudhury D, Weaver DR, Colwell CS. 2005. Melatonin inhibits 

hippocampal long-term potentiation. Eur J Neurosci 22(9):2231-7. 

Ward KL, Hillman DR, James A, Bremner AP, Simpson L, Cooper MN, Palmer LJ, Fedson 

AC, Mukherjee S. 2013. Excessive daytime sleepiness increases the risk of motor 

vehicle crash in obstructive sleep apnea. J Clin Sleep Med 9(10):1013-21. 

Wei R. 2011. Metabolomics and its practical value in pharmaceutical industry. Curr Drug 

Metab 12(4):345-58. 

Wishart DS. 2008. Applications of metabolomics in drug discovery and development. Drugs 

in R & D 9(5):307-322. 

Xia J, Sinelnikov IV, Han B, Wishart DS. 2015. MetaboAnalyst 3.0—making metabolomics 

more meaningful. Nucleic acids research 43(W1):W251-W257. 

Yoon DW, Lee, S.K, Yun, Chang-Ho, Baik, I.K, Shin, C. 2012. Validation of a walking wheel 

method to fragment sleep in rats. Sleep Medicine Research 3:8. 

Zhang A, Sun H, Wang P, Han Y, Wang X. 2012. Modern analytical techniques in 

metabolomics analysis. Analyst 137(2):293-300. 



Jo
ur

na
l P

re
-p

ro
of

23 

 

Figure legends 

Figure 1. Schematic representation of the experimental protocols for SF and EC 

procedures, comparison of body weight, and effects of 4 days’ and 15 days’ SF or EC on 

sleep parameters.  

A. Experimental protocol for the 4-day experiment. Prior to SF or EC, animals were placed in 

an individual wheel for 7 days to acclimate to the novel environment. B. Experimental 

protocol for the 15-day experiment. C. Average body weight (g) of 4-day group at baseline 

and on Day 4. D. Average body weight (g) of 15-day group at baseline and on Day 15. E. 

Comparison of time spent in Wake (%) between baseline and follow-up or between 4-day EC 

and SF groups (n=4, each). F. Comparison of time spent in NREM (%) between baseline and 

follow-up or between 4-day EC and SF groups. G. Comparison of time spent in REM (%) 

between baseline and follow-up or between 4-day EC and SF groups. H. Assessments of 

mean Wake bout number between baseline and follow-up or between 4-day EC and SF 

groups. I. Assessments of mean NREM bout number between baseline and follow-up or 

between 4-day EC and SF groups. J. Assessments of mean NREM bout length between 

baseline and follow-up or between 4-day EC and SF groups. K. Comparison of time spent in 

Wake (%) between baseline and follow-up or between 15-day EC and SF groups (n=4, each). 

L. Comparison of time spent in NREM (%) between baseline and follow-up or between 15-

day EC and SF groups. M. Comparison of time spent in REM (%) between baseline and 

follow-up or between 15-day EC and SF groups. N. Assessments of mean Wake bout number 

between baseline and follow-up or between 15-day EC and SF groups. O. Assessments of 

mean NREM bout number between baseline and follow-up or between 15-day EC and SF 

groups. P. Assessments of mean NREM bout length between baseline and follow-up or 

between 15-day EC and SF groups. B, baseline; EC, exercise control; SF, sleep fragmentation; 

NREM, non-rapid eye movement; REM, rapid eye movement. *P<0.05 vs. baseline, 

determined by paired t-test; †P<0.05 vs. corresponding EC group, determined by independent 

t-test.  
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Figure 2. Difference in metabolite profiles between SF and EC groups. 

Principle component analysis (PCA) and Partial least square discrimination analysis (PLS-

DA) score plots of metabolite profiles from rat hippocampi in the SF and EC groups. PCA 

and PLS-DA score plots derived from untargeted metabolite profiling of hippocampus were 

analyzed by LC/MS. Each symbol represents the metabolomics profile of an individual 

sample. A. Comparison of SF and EC group from 4-day (black) and 15-day (red) by PCA. B. 

Comparison of SF (open boxes and triangles) and EC (squares and triangles) group from 4-

day (black) and 15-day (red) by PLS-DA. C. Discrimination of metabolic profiles between 4-

day SF (red triangles) and 4-day EC (black squares) groups by PLS-DA. D. Discrimination of 

metabolic profiles between 15-day SF (red triangles) and 15-day EC (black squares) groups 
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by PLS-DA. SF, sleep fragmentation; EC, exercise control.  

 

Figure 3. Differently expressed level of metabolites by SF 

Differently expressed metabolites levels from 4-day (A) and 15-day (B) were presented 

including AMP, L-aspartate, L-glutamate, GPCh, hypoxanthine, jasmonic acid, L-methionine, 

myristoylcarnitine, PLC, and L-tryptophan. Y-axis represents relative intensity from LC/MS 

detection. SF, sleep fragmentation; EC, exercise control; PLC, palmitoylcarnitine; AMP, 

adenosine monophosphate; GPCh, glycerophosphocholine. *FDR adjusted P<0.05; **FDR 

adjusted P <0.001; ***FDR adjusted P <0.00001. 
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Figure 4. Identification of differentially expressed metabolites between SF and EC 

groups.  

To identify differentially expressed metabolites between SF and EC groups, S-plot analysis 

was performed. Potential marker signals that were significantly biased across the two groups 

are enclosed in red-color boxes. A. Differentiation of contributing signals between 4-day SF 

and 4-day EC groups. B. Differentiation of contributing signals between 15-day SF and 15-

day EC groups. The upper right panel shows contributing metabolites in the SF group and the 

lower left panel in the EC group. L-Asp, L-aspartate; L-Trp, L-tryptophan; AMP, adenosine 

monophosphate; L-Glu, L-glutamate; L-Met, L-methionine. 
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Figure 5. The analysis results of metabolic pathways significantly altered in the 15-day 

SF group.   

MetPa analysis was performed to determine metabolic pathways affected by SF. Metabolites 

from comparison between 15-day SF and 15-day EC groups were used to draw pathway 

contributions using MetPa analysis. The pathway impact values on X-axis were results from 

pathway topology analysis and y-axis values present a view of all the matched pathways 

arranged by p-values (pathway enrichment analysis). Each different radius sizes indicates the 

number of metabolites matched on the pathway and colors from beige to red is matched with 

p-value from pathway enrichment analysis. Therefore, alanine, aspartate, and glutamate 
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metabolism is the most important pathway. 1, Alanine, aspartate, and glutamate metabolism; 

2, Aminoacyl-tRNA biosynthesis; 3, Nitrogen metabolism; 4, D-glutamine and D-glutamate 

metabolism; 5, Purine metabolism; 6, Arginine and proline metabolism; 7, Cysteine and 

methionine metabolism; 8, Histidine metabolism; 9, Glycine, serine and threonine 

metabolism; 10; Tryptophan metabolism. 
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Table 

 

Table 1. Metabolite profiles identified in the 4-day SF and 15-day SF groups based on 

LC/MS analysis  
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Table 1. Metabolite profiles identified in the 4-day SF and 15-day SF groups based on LC/MS 

analysis  

4-day SF 

Identification Measured m/z RT (min) P-value 
FDR adjusted  

P-value 

Fold change  

compared with EC 

Jasmonic acid 211.17522 14.68 4.674E-03 0.0511 0.556 

L-aspartate 134.08177 3.39 4.494E-03 0.0511 0.602 

L-glutamate 148.08522 2.74 1.807E-03 0.0683 0.121 

Lipoamide 189.1447 14.67 7.246E-03 0.0511 0.553 

15-day SF 

Metabolites Measured m/z RT (min) P-value 
FDR adjusted  

P-value 

Fold change  

compared with EC 

AMP 348.21896 2.83 1.972E-03 1.577E-04 - 0.750 

GPCh 258.22021 2.72 1.552E-08 2.021E-07 - 7.543 

Hypoxanthine 137.10307 4.11 2.250E-05 4.812E-07 - 1.472 

L-aspartate 134.08177 3.39 8.481E-05 9.110E-06 - 2.202 

L-glutamate 148.08522 2.74 3.298E-06 2.303E-06 - 0.727 

L-methionine 150.12025 3.33 3.942E-05 2.330E-06 - 5.456 

L-tryptophan 205.16923 8.74 2.497E-09 8.629E-09  0.749 

Myristoylcarnitine 372.5415 26.64 4.689E-07 1.118E-05  0.913 

PLC 400.58891 27.18 1.426E-10 2.300E-08  0.927 

SF, sleep fragmentation; EC, exercise control; LC/MS, liquid chromatography/mass spectrometry; 

m/z, mass-to-charge ratio; RT, retention time; PLC, palmitoylcarnitine; AMP, adenosine 

monophosphate; GPCh, glycerophosphocholine  

The fold change values are from area-normalized peak intensities and calculated by following formula: 

(SF-EC)/SF. Negative values represent decreases and positive values represent increases. All the 

LC/MS-identified metabolites with significant changes are included. P-values and the FDR adjusted 

P-value were used for metabolites selection. 

 

 


