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Study Objectives
Insomnia is a common sleep disorder that is associated with a range of adverse outcomes. Patients with insomnia exhibit hyperarousal in
multiple domains, including an elevated metabolic rate, but specific metabolic molecular perturbations are unknown. Furthermore, objective
clinical markers of insomnia are not available and current assessment of pathological extent relies on self-report. Here, we provide preliminary
evidence that chronic insomnia is remarkably reflected in the periphery through detailed metabolic assessments.

Methods
Serum from confirmed patients with insomnia and matched good sleepers (n = 15 per group) was sampled at high temporal resolution (every 2
hr over 48 hr). Food intake was controlled by providing hourly isocaloric snacks, and sleep architecture was assessed by overnight
polysomnography. Quantitative metabolic assessments were conducted using nuclear magnetic resonance spectroscopy.

Results
Global metabolic profiles differentiated patients with insomnia from healthy controls, with elevated amino acid and energy metabolites and
reduced branched-chain amino acid catabolic products. Strikingly, branched-chain amino acid catabolism was found to be specifically altered
during the night with ~10 per cent increased accumulation of glucose in insomnia patients. Rhythmicity analysis revealed 11 metabolites that
cycled diurnally across both groups, with phase advances noted for acetone and delays for lactate and branched-chain amino acids and their
products.

Conclusions
These preliminary observations suggest that insomnia is associated with quantitative metabolic dysregulation and supports the hyperarousal
hypothesis. Furthermore, we posit that these changes lead to a state of metabolic desynchrony in insomnia that is involved in the
pathophysiology of the disorder and/or mediates its impact on health outcomes.

Clinical Trials Registration
NCT01957111

  

https://academic.oup.com/
https://academic.oup.com/sleep
http://www.sleepresearchsociety.org/
https://academic.oup.com/sleep/search-results?f_OUPSeries=Editor's+Choice
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://doi.org/10.1093/sleep/zsy043
https://academic.oup.com/sleep/article-pdf/41/5/zsy043/25093055/zsy043.pdf
javascript:;
https://s100.copyright.com/AppDispatchServlet?publisherName=OUP&publication=1550-9109&title=Altered diurnal states in insomnia reflect peripheral hyperarousal and metabolic desynchrony%3A a preliminary study&publicationDate=2018-03-07&volumeNum=41&issueNum=5&author=Gehrman%2C Philip%3B Sengupta%2C Arjun&startPage=1&endPage=12&contentId=10.1093%2Fsleep%2Fzsy043&oa=&copyright=Oxford University Press&orderBeanReset=True
javascript:;
https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsz133/5519031?searchresult=1
https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsz117/5518328?searchresult=1
https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsz132/5516479?searchresult=1
https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsz122/5514570?searchresult=1
https://academic.oup.com/sleep/advance-article/doi/10.1093/sleep/zsz121/5513437?searchresult=1
http://global.oup.com/
http://globaljobs-careernetwork.oxfordjournals.org/home/index.cfm?site_id=20101


insomnia, metabolism, hyperarousal, NMR spectroscopy, metabolomics

Statement of Significance
Insomnia is associated with significant public health burden, but the biological mechanisms by which insomnia affects health are unknown.
Here, we provide preliminary evidence that chronic insomnia is associated with altered metabolism compared with good sleepers, with specific
alterations in rhythmicity of anabolic vs catabolic metabolite levels in blood. In particular, glucose metabolism was found to be elevated in
patients with insomnia. These results suggest that insomnia is associated with systemic metabolic dysregulation potentially involved in the
pathophysiology of the disorder and/or impact on health outcomes.

Introduction

Chronic insomnia is estimated to be one of the top 10 causes of neuropsychiatric disability in the world by the National Institutes of Mental Health [1].
Insomnia currently affects 10%–15% of the population [2] and is associated with a number of negative sequelae including daytime fatigue, cognitive
difficulties, impaired emotional regulation, and decreased quality of life [3]. Despite the public health impact of insomnia, very little is known about the
underlying pathophysiology of the disorder or the mechanisms through which insomnia affects physical and mental health.

The metabolome offers a promising target for identifying these mechanisms for several reasons. First, there have been several studies documenting
elevated metabolic parameters in patients with insomnia compared with good sleepers [4–6] although these studies did not seek to identify particular
metabolic processes driving these differences. Brain metabolism studies by magnetic resonance suggested altered brain energetics and cell
membrane dysregulation [7]. Second, it is likely that insomnia is associated with peripheral effects on physiology given that experimental sleep
deprivation has been shown to affect peripheral metabolism [8]. Finally, metabolic byproducts are exchanged with the bloodstream to potentially
reflect brain-related metabolism.

Comprehensive metabolic profiling of patients with insomnia and differential features from healthy controls is rare, and possibly absent. However,
there is a recent surge of comprehensive metabolic profiling to investigate the effects of experimental sleep restriction or deprivation [8]. We have
used mass spectrometry–based global profiling of blood serum in rodents and humans to demonstrate the presence of cross species biomarkers post
partial sleep restriction [7]. Similarly, Van den Berg et al. have reported that plasma acylcarnitines are significantly affected following one night of
sleep restriction [9].

We have recently performed a meta-analysis of sleep and circadian metabolomics studies and have shown that existing mass spec studies are over-
represented in nonpolar species [8]. As a result, the goal of this study was to conduct metabolite profiling on blood from patients with chronic
insomnia and matched good sleepers with high temporal resolution (sampling every 2 hr over 48 hr) in order to identify a metabolic signature of polar
metabolites to reveal insights into the pathophysiology of this common sleep disorder. Individuals were required to be free of comorbidities and
medications in order to determine whether insomnia is associated with metabolic differences in a relatively “pure” sample with fewer potential
confounding factors. Our results suggest that in spite of similar sleep architecture to normal participants, the metabolic profiles are perturbed both
globally through the day and temporally through the night sleep period. Specifically, we see preliminary evidence of a distinct signature of altered
energy metabolism throughout the day and nighttime changes in branched-chain amino acid (BCAA) metabolism. Furthermore, a number of
metabolites were rhythmic; however, there are phase differences between insomniacs and controls which lead to the hypothesis of metabolic
desynchrony. We thus propose a future platform for investigating metabolic disorder phenotypes of patients with chronic insomnia.

Methods

Participants
Participants consisted of a group of with chronic insomnia disorder (n = 15) and age- and sex-matched good sleepers (n = 15). All participants were
between the ages of 25 and 50 and had a BMI ≤ 29. Recruitment was from the general community and involved placement of advertisements in
online classified posting and local newspapers and other media. Both patients with insomnia and controls were recruited through the same methods.
Participants with insomnia met the following Research Diagnostic Criteria for primary insomnia: subjective complaint of difficulty initiating or
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maintaining sleep, waking up too early or nonrestorative sleep; daytime consequences as a result of the poor sleep; duration of at least 1 month; and
sleep disturbance was not secondary to a medical or psychiatric condition based on the effects of a substance, as determined by clinical history. To
exclude individuals with mild insomnia, insomnia had to occur on three or more nights per week for 3 months or longer. A 30 min criterion was used
such that participants had to report taking 30 min or longer to fall asleep and/or spend 30 min awake during the night. To be considered a good
sleeper, participants had to report no lifetime history of significant insomnia symptoms. A 15 min criterion was used such that good sleepers had to
report taking 15 min or less to fall asleep and spend 15 min or less awake during the night over the past month. Exclusion criteria for both groups
were as follows: medical or psychiatric comorbidities that could affect sleep (e.g. major depression or chronic pain) as assessed by a history and
physical and by structured clinical interview with the SCID-IV; sleep disorders other than insomnia as determined by clinical history and screening
polysomnography; engaging in shiftwork within the past 6 months; current use of any prescription medications of over the counter products; and
women who were pregnant or lactating in the preceding 6 months. These eligibility requirements were chosen in order to have a relatively “clean”
insomnia sample given that comorbidities, medications, and other factors would likely influence metabolism and confound the results of the study.
Although this limits the generalizability of results, a priority was placed on internal rather than external validity in order to determine whether there is a
metabolic signal worth further investigation.

Interested participants meeting the basic criteria and who provided written informed consent for participation completed a screening visit, consisting
of several self-reported questionnaires, a psychiatric interview (Structured Clinical Interview for DSM-IV) [10], a clinical sleep interview, and a
physical examination, including height and weight. The Insomnia Severity Index (ISI) was used as a self-report estimate of sleep disturbance [11].
Individuals who met the inclusion criteria completed a 48 hr inpatient stay. Upon arrival, participants had an indwelling intravenous catheter placed
and blood samples were then taken every 2 hr, for a total of 25 blood samples per participant. In order to maintain consistent caloric intake,
participants ate small, isocaloric snacks every hour they were awake. Meals were prepared based on the participant’s height, weight, and body mass
index. Participants were allowed to sleep each night according to their habitual sleep schedule. On one night, sleep was measured using overnight
polysomnography.

Polysomnography
Standard polysomnographic (PSG) procedures were used to record the EEG, EOG, EMG, and EKG using an ambulatory system. Participants went to
bed at their habitual bedtime. Electrode placements of FpZ, CZ, and OZ were used according to the International 10/20 system. Two EOG electrodes
were placed, positioned 1 cm below and lateral to the outer canthus of the left eye and 1 cm above and lateral to the outer canthus of the right eye.
Two surface EMG electrodes were taped onto the chin 2 cm apart. Additional leads were used to measure leg movements and breathing in order to
rule out the presence of occult sleep disorders. Two electrodes were taped over the anterior tibialis muscle of each leg to detect leg movements
during the night. Flexible Resp-EZ belts were placed around the abdomen and chest to measure breathing-related movements during the night. A
nasal cannula was used to detect pressure and an oximeter probe placed on the finger to measure blood oxygen saturation. The criteria for defining
sleep disorders were an apnea–hypopnea index greater than 15 events per hour for sleep apnea and a periodic limb movement index greater than 15
events per hour for periodic limb movements in sleep. Records were manually scored in 30 s epochs according to standard criteria. All records were
scored by the same registered polysomnographic technician. PSG data were used to compute standard sleep architecture variables of the amount of
each stage of sleep in terms of minutes and percentage of total sleep time. In addition, the following sleep continuity variables were computed: sleep
latency (SL; time from lights out to the first epoch of any sleep stage), total sleep time (TST), wake after sleep onset (WASO; number of minutes
spent awake between lights out and lights on), and sleep efficiency (SE; total sleep time divided by the total recording period).

Metabolomic assays
Metabolomics analysis of serum samples was carried out using nuclear magnetic resonance (NMR) spectroscopy as described previously [12]. This
approach allows for rapid, unbiased, and quantitative metabolic profiles (fingerprints) to be acquired. The stability and reproducibility of the NMR
assay allow for quantitative comparisons across the large number of samples analyzed in this study. Samples for NMR analysis were stored at
−80°C, and subsequently thawed on ice with 250 μL serum removed and filtered using ultracentrifugation and buffered to pH 7.0 for analysis. One-
dimensional proton NMR spectra were acquired using standard methods (NOESY pulse sequence) on a 700 MHz Bruker instrument equipped with a
SampleJet sample changer. Samples from five participant pairs were acquired in analytical triplicates, whereas the samples from the remaining 10
pairs were acquired in analytical singlet, resulting in 1246 total spectral recordings. Additional two-dimensional NMR experiments were performed for
the purpose of confirming chemical shift assignments, including homonuclear total correlation spectroscopy (2D 1H-1H TOCSY) and heteronuclear
single quantum coherence spectroscopy (2D 1H-13C HSQC), using standard Bruker pulse programs. Raw NMR data were processed by spectral
fitting using the targeted profiling method [12] by Chenomx Inc. to obtain quantitative metabolite information for all nighttime samples.



Data analysis
Individuals with insomnia and good sleeper controls were compared on demographic and both self-report and PSG sleep variables using paired
sampled t-tests in order to account for the matched pair design based on age and sex matching.

Spectral preprocessing
All spectra were binned into 0.005 ppm bins throughout the spectral width. DSS, water, and urea signal regions were excluded from the binning
process. The binned spectral intensity was normalized to total spectral integral of individual spectrum to generate the working data matrix. The data
were mean centered followed by unit variance scaling and used for further multivariate analysis.

Multivariate data analysis
All multivariate data analyses were performed in Simca-P 14.0 (Umetrics AB, Umea, Sweden). Initially, principal component analysis (PCA), an
unsupervised method, was used to obtain a global overview of the data from 1246 recorded spectra. PCA is also a useful tool to identify outlier
samples in a multivariate data structure [13]. From the total data set of 1246 spectra, 59 outlier spectra were excluded (based on the 95% confidence
interval) due to poor water suppression/baseline correction issues. As a result, 1187 spectra for supervised multivariate analysis remained. These
samples were used for clustering using orthogonal partial least square—discriminant analysis (OPLS–DA). OPLS–DA is a supervised technique
which allows for separation of between-class and within-class variability [13, 14]. OPLS–DA was performed in two sets. In set 1, the analytical
triplicate samples were used and in set 2, the singlet samples were used. For each model, significant bins were selected by variable importance on
projection (VIP) > 1.0; overlapped and direction conserved bins from set 1 and set 2 were considered for further analysis. The model fit was judged
based on the cross-validation parameter Q  and CV-ANOVA p-value. The cross-validation process employs an internal sevenfold validation. Briefly,

1/7th of the total samples are left out from the dataset and the model is fitted with the remaining samples. This model is then validated using the
samples left out, thereby computing the Q  as a measure of the predictive ability of the model. This process is repeated seven times such that each

sample is used for prediction.

Initially, the bins representing spectral noise regions were excluded. Adjacent bins with opposing direction (a feature of spectral overlap) were also
excluded. Spectral regions were assigned from the remaining bins. These regions were further investigated using Chenomx v 8.0 (Edmonton, Alberta,
Canada) for metabolite assignment. The metabolites were assigned by targeted fitting of representative spectrum.

Targeted spectral profiling
In order to obtain a more quantitative temporal picture, nighttime samples (11 pm—7 am) from all participants were subjected to targeted spectral
profiling using Chenomx v 8.0 to identify the concentration of the metabolites. Metabolites that were judged significant using multivariate analysis
were profiled. Briefly, the processed spectral peaks were fitted using a pre-built metabolite library so that the residual signals could be minimized. A
detailed description of this method can be found in the work of Weljie et al. [12].

Time course analysis by significance analysis on microarrays
Time-course analysis of nighttime metabolites was performed by significance analysis on microarrays (SAM) [15] using MeV 4.6. A slope-based
method was employed. Briefly, SAM computes the signed area of two group time series data relative to one of the groups (baseline group) and a
SAM score based on the signed areas. A positive SAM score would mean that the signed area is larger in group 2 (insomnia) and a negative score
would mean the opposite.

The study was approved by the Institutional Review Board of the University of Pennsylvania and is listed on clinicaltrials.gov (NCT01957111).

Results

Recruitment of participants
Forty-four people were screened for participation: five individuals were considered screen fails (two had BMIs over the cutoff, one medical concern
precluding participation, one not meeting threshold for insomnia symptoms but not a good sleeper, one smoker), seven individuals were lost to follow-
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up before completing the hospital stay, and two individuals did not complete the full study protocol (see STROBE diagram in Figure 1). A total of 15
individuals with insomnia and 15 age- (± 5 years) and sex-matched good sleeper controls completed the study. The sample was largely non-Hispanic
(87%) and identified as white (63%), with a smaller portion of participants identifying as Black/African American (20%) and Asian (10%), and 10
per cent preferred not to disclose their race. Each group had 10 females and 5 males; the insomnia group’s mean (SD) age was 37 (7.88) and the
good sleeper group’s mean (SD) age was 35.93 (7.54). The insomnia group’s mean (SD) ISI was 15.14 (4.72) and the good sleeper group’s mean
(SD) ISI was 1.73 (2.74). The only statistically significant group difference in PSG-assessed sleep was in the percentage of the night spent in REM,
with the insomnia group having a slightly higher proportion compared with good sleepers (21.5% vs. 19.7%) (see Supplementary Table S1).

Correlation of sleep parameters with metabolic profiles of insomnia and good
sleepers
Among the PSG parameters, only sleep efficiency and WASO demonstrated statistically significant association with metabolic parameters. There
were no significant group differences on the variables (p = 0.13 and 0.07 for sleep efficiency and WASO, respectively, Figure 2), but they were used
as quantitative measures of insomnia severity. In order to understand if there is a quantitative relationship between these two parameters and
peripheral metabolism, regression analysis was performed on 49 metabolites measured from first morning serum samples (7 am, post-PSG night)
using quantitative NMR [12]. Each metabolite was compared with WASO and sleep efficiency using Pearson correlation separately for patients with
insomnia and good sleepers (Figure 2). Significant correlations of acetate and succinate (negative with sleep efficiency, positive with WASO) and
alanine (negative with sleep efficiency) were observed (Figure 2). Most of these correlations were weak/absent (|r| < 0.4, p > 0.1) in the good
sleepers. Only acetate level of good sleepers was moderately correlated to sleep efficiency (r = 0.49, p = 0.09, data not shown); however, unlike
insomnia group, the correlation was positive. Such observations suggest that the metabolic profile of patients with insomnia is closely related to the
severity of objective sleep disturbance.

Figure 1.
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STROBE diagram showing the flow of participants through the study.
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Global metabolic profile differentiates patients with insomnia from healthy
controls
Our previous metabolomics work has demonstrated that significant variation can exist between measured batches of samples [7], and thus, the
sample population was a priori divided into two subsets based on a matched-subjects design. The first subset was strategically designed with five
patients with insomnia and five age- and sex-matched controls and metabolomic samples measured in analytical triplicate to assess analytical variance
(total of 15 spectra/timepoint/group; 750 spectra total). In this subset—dubbed the triplicate subset—each objective time of day sampled was
represented by six spectra per participant (i.e. three replicates each on days 1 and 2 at 8 am, etc.). The second subset—termed the singlet subset—
consisted of the remaining 10 patients with insomnia and 10 matched controls measured across all time points over 48 hr (10 spectra/time point/group;
500 spectra total). Therefore, each objective time of day sampled was replicated across the 48 hr cycle. Outliers were detected using PCA as
indicated before. OPLS–DA modeling was performed independently on the two subsets, resulting in clustering of insomnia and control samples from
both (Figure 3A and B). The models were highly significant (Q  = 0.84, CV-ANOVA p < 0.0001 for the triplicate subset and Q  = 0.58, CV-

ANOVA p < 0.0001 for the singlet subset, respectively). Significant bins from both models were selected based on variable importance on projection
(VIP > 1.0) and they were overlapped across the two subsets (Figure 3C).
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Correlation of insomnia-specific parameters with level of metabolites at 7 am in the morning. Only sleep efficiency and WASO showed
some trend towards significance. The normalized levels of acetate, succinate, and alanine were significantly correlated with sleep
efficiency and those of acetate and succinate were significantly correlated with WASO.
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The overlapped bins were further pruned as detailed in Methods and the metabolites were assigned from the bins using Chenomx suite v 8.0 and 2-
dimensional HSQC and TOCSY experiments. Metabolites significantly perturbed are listed in Figure 3. In aggregate, 13 metabolites were elevated
and 9 metabolites were decreased in patients with insomnia across all times of day (Figure 3D). Loadings and VIP values are provided in
Supplementary Table S2.

Time-of-day variations in metabolic profiles
To understand whether the overall metabolic profiles of patients with insomnia and good sleeper controls followed a diurnal pattern, the data were
divided into discrete daytime (9 am–5 pm) or nighttime (11 pm–7 am) blocks, with the remaining time points excluded. OPLS-DA analysis indicated
that insomnia and control individuals were strongly segregated during the daytime (Figure 4A and B, Q  = 0.79, CV-ANOVA p < 0.0001 for triplicate

and Q  = 0.50, CV-ANOVA p < 0.0001 for singlet cohorts). Metabolites were assigned as before from the overlapped bins of two subsets (Figure

4C) and are listed in Figure 4D. During the daytime, patients with insomnia showed elevated levels of 15 metabolites and decreased levels of 8
metabolites (Figure 4D) compared with good sleepers. These metabolites were used for pathway analysis using the metaboanalyst server
(Metabanalyst v3.0). Significantly altered pathways (FDR < 0.05, pathway impact > 0) included arginine and proline metabolism, pyruvate
metabolism, glycine, serine and threonine metabolism, and glycolysis/gluconeogenesis (Supplementary Figure S3). Similar analysis on the nighttime
samples revealed significant clustering of the insomnia and control samples (Figure 4E and F, Q  = 0.77, CV-ANOVA p < 0.0001 for triplicates and

Q  = 0.41, CV-ANOVA p < 0.0001 for singlets). Overlapped bins (Figure 4G) were assigned to metabolites (Figure 4H). During nighttime hours,

patients with insomnia has elevated levels of 13 metabolites and decreased levels of 7 metabolites compared with good sleepers (Figure 4H).
Pathway analysis using metaboanalyst server revealed significant alteration in BCAA metabolism, arginine and proline metabolism, pyruvate
metabolism, and glycolysis/gluconeogenesis (Supplementary Figure S3). Interestingly, the BCAA metabolic pathway was specifically different in
nighttime samples. Pyroglutamate, creatine, and serine were specifically increased during daytime in patients with insomnia, whereas dimethylamine,
citrulline, glucose, and fructose were elevated at night. On the other hand, propylene glycol, glutamate, glycine, tryptophan, phenylalanine, and
methylhistidine were decreased during daytime, and 2-oxoisocaproate and leucine were decreased during night. Isoleucine and proline were elevated
during day and decreased during the nighttime in patients with insomnia. Loadings and VIP values from all the models described above are listed in
Supplementary Table S2.
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Multivariate OPLS-DA analysis of insomnia and control samples over all collection time points. Cross-validated OPLS-DA scores plot
showed significant clustering of insomnia and control samples over both triplicate (A) and singlet (B) sets. The bins were selected by
overlap analysis (C) and metabolites were assigned by spectral profiling (D).
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Time-dependent changes in metabolites significantly altered during nighttime
Metabolites that were differentially altered during the nighttime (11 pm–7 am) were further subjected to time course analysis using SAM. Individual
metabolites were profiled from NMR spectra and time course samples from each individual were subjected to time course analysis. Only the second
night was used to reduce possible acclimation effects. The analysis suggests a significant average elevation of glucose over the second night along
with acetate and tyrosine, whereas leucine metabolite 2-oxoisocaproate decreased overnight in patients with insomnia (Figure 5). Separate AUC
analysis on the metabolites suggested a 10%–12% elevation in overnight glucose in the patients with insomnia along with a 13 per cent elevation in
acetate and 10 per cent depletion in 2-oxoisocaproate (Supplementary Table S4).
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Multivariate OPLS-DA analysis of insomnia and control samples over day (9 am–5 pm, A–D) and night (11 pm–7 am, E–H) samples.
Cross-validated OPLS-DA scores plot showed significant clustering of insomnia and control samples over both triplicate (A/E) and
singlet (B/D) sets. The bins were selected by overlap analysis (C/G) and metabolites were assigned by spectral profiling (D/H).

Figure 5.
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Metabolic desynchrony between patients with insomnia and healthy controls
Recent studies have demonstrated that the metabolome and lipidome reflect diurnal rhythms in blood, urine, and saliva [16–18]. To understand how
insomnia affects metabolic oscillations, all data from patients with insomnia and controls were independently subjected to JTK Cycle analysis for 24
hr periodic oscillation using Metacycle 2D [19]. A total of 17 metabolites (Figure 6A and B) were found to be oscillating in controls (p-value < 0.05,
BH.Q < 0.2 for respective bins) (Figure 6A), whereas 18 metabolites were oscillating in patients with insomnia (Figure 6A and B). Eleven
metabolites were found to be cycling in both groups (Figure 6A and B). Notably, distinct differences in oscillatory amplitude and phase were noted
between insomnia and control groups for the common cyclers (Figure 6C). Specifically, lactate amplitude was increased in patients with insomnia
with a concomitant decrease in phase. Valine, isoleucine, and 3-methyl-2-oxovalerate phases were earlier, whereas those of acetone and proline
were later. 3-Hydroxyisobutyrate demonstrated suppressed amplitude. Control individual profiles revealed 6 metabolites that cycled only in this group,
whereas 7 unique cyclers in participants with insomnia were observed (Figure 6A). Supplementary Figure S5 shows 48 hr timecourse plots of the
metabolites demonstrating oscillations in both groups. Group differences in diurnal rhythms could be due to the insomnia group have delayed or
advanced circadian phases relative to the good sleepers. Circadian markers were not assessed; however, there was no evidence of significant
differences in habitual sleep/wake times between groups (mean [SD] bedtime was 11:14 [0:58] for the insomnia group and 10:55 [1:06] for the good
sleepers).
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Time series analysis of metabolites. Only the second night data are shown here. The samples were analyzed by two-group SAM for
significantly different temporal trend of metabolites in insomnia (red) and control (blue) population. Metabolites with significant
differences across control and insomnia population are presented.
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Discussion

Peripheral metabolic profiles of insomniacs support hyperarousal
This study is among the first to utilize comprehensive peripheral metabolic profiling to compare patients with insomnia and matched good sleeper
controls. We used time course blood sampling of patients with insomnia and healthy controls and employed two subsets from the sample population in
order to differentiate true biological and analytical variation. Using this design, we found preliminary evidence of clear metabolic differences in
patients with insomnia, with divergent patterns exhibited during the day and night.

Insomnia was defined for this study as meeting diagnostic criteria for DSMIV Insomnia Disorder based on clinical interview by an experienced sleep
disorders clinician (P.G.), but there was no requirement for a minimum severity on a quantitative measure such as the ISI. Although there were
significant differences on the ISI between the insomnia and good sleeper groups, the mean for the insomnia group was only slightly above the
standard cutoff of greater than 14 for moderate severity of insomnia [11]. The overall severity of insomnia for this sample was therefore not severe,
which is supported by the lack of significant PSG differences between groups. This makes the results all the more striking and suggests that even
milder insomnia is associated with robust metabolic effects in the periphery. Vgontzas and colleagues have made a compelling case that insomnia can
be subdivided into cases of “objective insomnia,” in which there is PSG evidence of sleep duration less than 6 hr, and “subjective insomnia,” in which
sleep duration is in a more normal range [20]. Objective insomnia is associated with greater biological severity across a range of measures and is
thought to be a more severe phenotype. We would expect, had our sample had greater evidence of sleep disturbance on PSG, that the metabolic
effects would be even larger. This also suggests that the metabolic differences between patients with insomnia and good sleepers are due to some
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Analysis of metabolite rhythm in insomnia and control population using Metacycle 2D. Insomnia and control population was subjected to
metabolite rhythm analysis separately. Control population showed 6 and insomnia population showed 7 unique cyclers, whereas 11
cyclers were common (A and B). Among the common cycling metabolites, many showed differences in fold change and amplitude (C).
Representative time course plots are shown for four common metabolites (D, insomnia—blue, control—red). A proposed general
metabolic state shift of insomniacs is shown over the diurnal day based on the time series analysis (E). 3-Me-2-OV = 3-methyl-2-
oxovalerate; 3-HIB = 3-hydroxyisobutyrate; 3-HB = 3-hydroxybutyrate; Trp = tryptophan.

https://academic.oup.com/view-large/figure/118226887/zsy04306.jpeg
https://oup.silverchair-cdn.com/DownloadFile/DownloadImage.aspx?image=https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/5/10.1093_sleep_zsy043/3/zsy04306.jpeg?Expires=1561428752&Signature=MUzSj8gVskQl0LBjjqt-Ye0iELdD1j6RPrmgmrVyVSZyA90CUdNq9eZmzJpI~ImsiQVcReY0n2-n4h3NnYU1cH49A3u-JNHHDFtCiOS-n3OrXvHf4uGhQIAUN7hsafRwKUimOBN4ut4SZ0qri8CBaBPK0J~ExoPmIkuuMJBRip7mMUJLKFWWh8NtbfQ4YlNLFLyDDRFxIG2YiIVWgADUJ3MbNTMekZ0Klg7oCGwiG3VSj3yyxU1-hTytlIWSf6P1NM3uIZPoK06sJMHCMjJ-9TRRhfeRY0ie~Dc3xPdyL4k4UrWv0RteKDFKWDw0RMcAoJ3eBlxzOBIgTzJT~GYZ9Q__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA&sec=118226887&ar=4924205&xsltPath=~/UI/app/XSLT&imagename=&siteId=5573


aspect of insomnia that is distinct from objective sleep disturbance. For example, patients with insomnia have been found to have dysregulation of the
HPA axis [21], and it may be that abnormal cortisol activity is partially responsible for these findings. This intriguing finding will need to be examined
in future studies that seek to disentangle the effects of sleep disturbance compared with other biological aspects of insomnia.

Given the variability in insomnia severity in the sample, the association between metabolite profiles and quantitative measures of sleep disturbance
was examined using PSG-defined sleep variables. Greater severity of sleep disturbance was associated with specific metabolites (acetate, alanine,
and succinate), but only in the insomnia group, supporting the hypothesis that metabolic effects would be stronger in a more severe insomnia sample.
Among these metabolites, nighttime acetate was also elevated in insomniacs, suggesting altered energy metabolism (Figures 4 and 5), potentially via
elevated lipid breakdown.

Harper et al. have used P magnetic resonance spectroscopy (MRS) to show that phosophcreatine and phosphocholine levels in grey and white

matter are differentially regulated in insomniacs with PSG-dependent differences, in support of the hyperarousal hypothesis, and increased energy
demand in the brain [4, 5]. Our results in the periphery are consistent with this hypothesis, although it is not clear what might be driving this arousal.
Changes in peripheral metabolites may cause central arousal, or vice versa.

Central energy metabolism is desynchronized in insomniacs
A significant strength of this study was the use of 48 hr blood sampling so that group comparisons could be made both globally and at particular times
of day, as well as decreasing reliance on single time-point assessments that are subject to a number of confounding factors. Specifically, central
carbon pathway (glycolysis/gluconeogenesis) metabolites were perturbed irrespective of time of day (Figures 3 and 4), pointing to a connection
between insomnia and changes in energy metabolism. Indeed, decreased levels of lactate across the night and day along with increased glucose at
night and pyruvate during the day (Figures 4 and 5) suggest specific, and chronic, changes in glycolysis/gluconeogenesis. Nighttime buildup of glucose
in patients with insomnia compared with good sleepers (Figure 5) indicates that there is a decrease in nighttime glucose utilization. We should point
out that such build-up/decay is not entirely free from diet-related effects. To that end, however, our data suggest that patients with insomnia and good
sleepers may handle nutrient resources via significantly different modes. Metabolic oscillation analysis revealed that lactate levels began to increase
at midnight and peaked around midday in insomniacs (Figure 6). Hyperarousal and hypermetabolism are hallmarks of insomnia and may be reflected
by elevated nighttime glycolysis [23]; on the other hand, this suggests that there is an elevated bedtime catabolic activity. In general, sleep is
considered to be important for anabolic processes [24], which seems to be affected by insomnia. However, irrespective of glycolytic activity,
nighttime glucose build-up (Supplementary Table S4) in insomnia raises the possibility of prediabetic phenotypes. Epidemiological studies have found
associations between chronic insomnia with incident diabetes [25]. These results are also reminiscent of circadian alignment studies which
demonstrate that elevated glucose results from both time-of-day and circadian misalignment effects, affecting glucose tolerance [26].

Branched-chain amino acid catabolism is phase advanced in insomniacs
Recent research has unraveled potential underlying molecular mechanism of diabetes in addition to classic parameters such as blood glucose. For
example, BCAAs have been implicated in development of diabetes and obesity [27, 28]. Interestingly, BCAA metabolism was perturbed only during
the nighttime (Supplementary Figure S5). Specifically, branched-chain oxo-acids were decreased during nighttime in patients with insomnia (Figure
4H). Moreover, patients with insomnia also showed overall depletion of in leucine catabolic product 2-oxoisocaproate (Figure 5, Supplementary Table
S4) during the second night compared with controls and an almost 1.5–2 hr peak offset of BCAAs and related metabolite 3-methyl-2-oxovalerate in
oscillatory analysis (Figure 6). Together, this implies elevated and advanced nighttime BCAA catabolism can potentially hamper glucose oxidation
leading to nighttime accumulation of glucose [21]. Therefore, bedtime metabolic activity is shifted towards catabolism in insomnia. Oishi et al. have
created a mouse model of chronic sleep disturbance by exposure to psychophysiological stress that leads to increased sleep fragmentation and
reduced circadian amplitude [29]. Animals with chronic sleep disturbance, compared with controls, had elevated levels of BCAAs in plasma at night,
similar to what we observe in day time (Figure 4). Lim and colleagues examined the influence of dietary BCAA supplementation on sleep or wake
disturbance in a mouse model of traumatic brain injury in which there was an impairment in both the ability to maintain sleep at night and wakefulness
during the day, leading to greater state fragmentation [30]. BCAA supplementation led to reduced fragmentation and hence better sleep at night in
part through improvement in the function of the orexin system, which is a critical component of the sleep/wake regulatory system [31]. Furthermore,
it has been argued that BCAAs can lead to daytime fatigue because of their capacity to reduce central nervous system uptake of tryptophan and
affect serotonin levels [22]. Interestingly, our data also suggest decreased daytime phenylalanine and tryptophan in the patients with insomnia (Figure
4). Given that serotonin plays a significant role in sleep/wake regulation, a similar mechanism at night could impair the ability initiate and maintain
sleep. These disparate results suggest that BCAA metabolism has multiple interrelationships with the sleep/wake system and that insomnia may be
associated with BCAA dysregulation. The role of BCAAs in the progression of glucose intolerance is also well documented [28]. Broadly, BCAA
catabolism seems to be elevated and enter the tricarboxylic acid (TCA) cycle barring the glucose carbon, resulting in elevated glucose and glucose
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intolerance. We showed that altered nighttime BCAA catabolism and relative elevation in glucose concentration may be initial signs of glucose
intolerance. Interestingly, acetate and succinate—the dethiolated forms of two entry points of BCAAs into TCA cycle—are positively correlated with
WASO and sleep efficiency in patients with insomnia, indicating a phenotypic connection of molecular events. The hypothesis of potential circadian
desynchrony in the insomnia group needs to take into consideration the fact that this study was not designed as a rigorous circadian protocol. No
circadian phase markers were assessed, and there was no control of lighting levels or activity in the laboratory.

Biomarkers of insomnia compared with biomarkers of sleep
deprivation/restriction
Insomnia is a chronic clinical disorder and is not directly equivalent to any acute experimental protocols such as recent reports describing metabolic
effects of experimental sleep deprivation (SD)/restriction in healthy population [8], primarily because most human SD experiments are performed on
otherwise healthy individuals who do not have any chronic conditions. Although SD experiments may be used to gauge acute effects of sleep
disturbance, chronic insomnia models are not available. In spite of this important difference, some biomarker similarities are striking and may provide
insight into common pathophysiological mechanisms for exploration. The most striking similarity is the elevation of glucose along with creatine post
SD observed by Bell et al. [32]. Tryptophan and phenyalanine were found to be significantly altered in other studies [8]; however, the directionality
does not match with our data. On the other hand, Davies et al. found that the rhythm of isoleucine remains conserved under regular and perturbed
sleep [18]. Indeed, isoleucine was one of the conserved metabolites in our study. This pattern of conserved BCAA rhythm and elevated glucose post
SD in multiple studies suggest that sleep loss may be generally related to altered glucose and BCAA metabolism.

A limitation of this study is the strict eligibility requirements, which required participants to be free of comorbidities and medications. This produced a
relatively “clean” insomnia sample that may not be representative of the broader population of patients with insomnia. Although this limits the
generalizability of results, a priority was placed on internal rather than external validity given that these other factors would likely also influence
metabolism and act as confounder. For this initial foray into the metabolomics of insomnia, the goal was to determine whether there is a meaningful
metabolic worth pursuing in future samples that are more representative.

Clinical implications of the study
Currently, there are no objective biomarkers of insomnia in clinical use and the availability of such a tool would be of tremendous value to sleep
medicine. These data provide a proof of principle that metabolic profiling can be used to identify a biological “signature” of insomnia. This biomarker
signature will need to be validated in future studies, especially given the relatively small sample size reported here. A validated signature would have
potential use as a diagnostic tool for insomnia and for monitoring of treatment outcome. Recently, the work of Irwin and colleagues has shown that
insomnia is associated with inflammatory biomarkers of disease risk and that these indices improve following nonpharmacologic treatment [22, 33].
The addition of metabolic profiling adds to the biomarkers identified in these studies and may lead to more comprehensive biomarker panels that could
be integrated into routine clinical care. Second, the identification of metabolic processes that are dysregulated in insomnia may shed light on the
pathophysiology of the disorder and the mechanisms through which it negatively affects physical and mental health, both of which are not understood.
This study was not designed to assess whether the metabolic effects were a cause or a consequence of insomnia but future work in this area can
begin to delineate the direction of causation and may lead to novel approaches to prevention and treatment of insomnia. Finally, the availability of
biomarkers of insomnia would facilitate the identification of subtypes. It is widely assumed that insomnia can result from myriad biological processes,
much as fever is a common endpoint of many mechanisms. Efforts to delineate diagnostic subtypes of insomnia-based self-report and clinical
measures have failed to demonstrate sufficient reliability for clinical use [34]. Ultimately, a thorough understanding of insomnia will require a better
understanding of the different pathways to insomnia so that prevention and treatment can be tailored to the unique constellation of factors present for
each patient.

Supplementary Material

Supplementary material is available at SLEEP online.

Funding

Supported in part by a research grant from the Investigator-Initiated Studies Program of Merck, Sharp & Dohme Corp. The project described was



supported by the National Center for Research Resources and the National Center for Advancing Translational Sciences, National Institutes of
Health, through Grant UL1TR000003. The content is solely the responsibility of the authors and does not necessarily represent the official views of
the National Institutes of Health.

Notes

Conflict of interest statement. The authors have no competing financial or nonfinancial interests related to the work presented in this manuscript.

References

1. Organization WH. The Global Burden of Disease: 2004 Update . Geneva, Switzerland: World Health Organization;
2008.

2. Roth T , et al.  Prevalence and perceived health associated with insomnia based on DSM-IV-TR; International
Statistical Classification of Diseases and Related Health Problems, Tenth Revision; and Research Diagnostic
Criteria/International Classification of Sleep Disorders, Second Edition criteria: results from the America Insomnia
Survey. Biol psychiatry . 2011;69(6):592–600.

Google Scholar Crossref PubMed  

3. Benca RM . Consequences of insomnia and its therapies. J Clin Psychiatry . 2001;62Suppl 10:33–38.

Google Scholar PubMed  

4. Harper DG , et al.  Energetic and cell membrane metabolic products in patients with primary insomnia: a 31-
phosphorus magnetic resonance spectroscopy study at 4 tesla. Sleep . 2013;36(4):493–500.

Google Scholar Crossref PubMed  

5. Bonnet MH , et al.  24-Hour metabolic rate in insomniacs and matched normal sleepers. Sleep . 1995;18(7):581–588.

Google Scholar Crossref PubMed  

6. Bonnet MH , et al.  Physiological activation in patients with Sleep State Misperception. Psychosom Med .
1997;59(5):533–540.

Google Scholar Crossref PubMed  

7. Weljie AM , et al.  Oxalic acid and diacylglycerol 36:3 are cross-species markers of sleep debt. Proc Natl Acad Sci
U S A . 2015;112(8):2569–2574.

Google Scholar Crossref PubMed  

8. Rhoades SD , et al.  Time is ripe: maturation of metabolomics in chronobiology. Curr Opin Biotechnol .
2017;43:70–76.

Google Scholar Crossref PubMed  

9. van den Berg R , et al.  A single night of sleep curtailment increases plasma acylcarnitines: novel insights in the
relationship between sleep and insulin resistance. Arch Biochem Biophys . 2016;589:145–151.

Google Scholar Crossref PubMed  

10. First M , et al.  Structured Clinical Interview for Axis I DSM-IV-TR Disorders . New York: New York State
Psychiatric Institute; 2001.

11. Bastien CH , et al.  Validation of the Insomnia Severity Index as an outcome measure for insomnia research. Sleep

https://scholar.google.com/scholar_lookup?title=Prevalence and perceived health associated with insomnia based on DSM-IV-TR%3B International Statistical Classification of Diseases and Related Health Problems%2C Tenth Revision%3B and Research Diagnostic Criteria%2FInternational Classification of Sleep Disorders%2C Second Edition criteria%3A results from the America Insomnia Survey&author=T Roth&publication_year=2011&journal=Biol psychiatry&volume=69&pages=592-600
http://dx.doi.org/10.1016/j.biopsych.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/21195389
https://scholar.google.com/scholar_lookup?title=Consequences of insomnia and its therapies&author=RM Benca&publication_year=2001&journal=J Clin Psychiatry&volume=62&pages=33-38
http://www.ncbi.nlm.nih.gov/pubmed/11388589
https://scholar.google.com/scholar_lookup?title=Energetic and cell membrane metabolic products in patients with primary insomnia%3A a 31-phosphorus magnetic resonance spectroscopy study at 4 tesla&author=DG Harper&publication_year=2013&journal=Sleep&volume=36&pages=493-500
http://dx.doi.org/10.5665/sleep.2530
http://www.ncbi.nlm.nih.gov/pubmed/23564996
https://scholar.google.com/scholar_lookup?title=24-Hour metabolic rate in insomniacs and matched normal sleepers&author=MH Bonnet&publication_year=1995&journal=Sleep&volume=18&pages=581-588
http://dx.doi.org/10.1093/sleep/18.7.581
http://www.ncbi.nlm.nih.gov/pubmed/8552929
https://scholar.google.com/scholar_lookup?title=Physiological activation in patients with Sleep State Misperception&author=MH Bonnet&publication_year=1997&journal=Psychosom Med&volume=59&pages=533-540
http://dx.doi.org/10.1097/00006842-199709000-00011
http://www.ncbi.nlm.nih.gov/pubmed/9316187
https://scholar.google.com/scholar_lookup?title=Oxalic acid and diacylglycerol 36%3A3 are cross-species markers of sleep debt&author=AM Weljie&publication_year=2015&journal=Proc Natl Acad Sci U S A&volume=112&pages=2569-2574
http://dx.doi.org/10.1073/pnas.1417432112
http://www.ncbi.nlm.nih.gov/pubmed/25675494
https://scholar.google.com/scholar_lookup?title=Time is ripe%3A maturation of metabolomics in chronobiology&author=SD Rhoades&publication_year=2017&journal=Curr Opin Biotechnol&volume=43&pages=70-76
http://dx.doi.org/10.1016/j.copbio.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27701007
https://scholar.google.com/scholar_lookup?title=A single night of sleep curtailment increases plasma acylcarnitines%3A novel insights in the relationship between sleep and insulin resistance&author=R van den Berg&publication_year=2016&journal=Arch Biochem Biophys&volume=589&pages=145-151
http://dx.doi.org/10.1016/j.abb.2015.09.017
http://www.ncbi.nlm.nih.gov/pubmed/26393786


Med . 2001;2(4):297–307.

Google Scholar Crossref PubMed  

12. Weljie AM , et al.  Targeted profiling: quantitative analysis of 1H NMR metabolomics data. Anal Chem .
2006;78(13):4430–4442.

Google Scholar Crossref PubMed  

13. Madsen R , et al.  Chemometrics in metabolomics–a review in human disease diagnosis. Anal Chim Acta .
2010;659(1-2):23–33.

Google Scholar Crossref PubMed  

14. Trygg J , Wold S. Orthogonal projections to latent structures (O-PLS). J Chemom . 2002;16(3):119–128.

Google Scholar Crossref  

15. Tusher VG , et al.  Significance analysis of microarrays applied to the ionizing radiation response. Proc Natl Acad
Sci U S A . 2001;98(9):5116–5121.

Google Scholar Crossref PubMed  

16. Dallmann R , et al.  The human circadian metabolome. Proc Natl Acad Sci U S A . 2012;109(7):2625–2629.

Google Scholar Crossref PubMed  

17. Chua EC , et al.  Extensive diversity in circadian regulation of plasma lipids and evidence for different circadian
metabolic phenotypes in humans. Proc Natl Acad Sci U S A . 2013;110(35):14468–14473.

Google Scholar Crossref PubMed  

18. Davies SK , et al.  Effect of sleep deprivation on the human metabolome. Proc Natl Acad Sci U S A .
2014;111(29):10761–10766.

Google Scholar Crossref PubMed  

19. Wu G , et al.  MetaCycle: an integrated R package to evaluate periodicity in large scale data. Bioinformatics .
2016;32(21):3351–3353.

Google Scholar Crossref PubMed  

20. Vgontzas AN , et al.  Insomnia with objective short sleep duration: the most biologically severe phenotype of the
disorder. Sleep Med Rev . 2013;17(4):241–254.

Google Scholar Crossref PubMed  

21. Vgontzas AN , et al.  Sleep deprivation effects on the activity of the hypothalamic-pituitary-adrenal and growth axes:
potential clinical implications. Clin Endocrinol (Oxf) . 1999;51(2):205–215.

Google Scholar Crossref PubMed  

22. Carroll JE , et al.  Improved sleep quality in older adults with insomnia reduces biomarkers of disease risk: pilot
results from a randomized controlled comparative efficacy trial. Psychoneuroendocrinology . 2015;55:184–192.

Google Scholar Crossref PubMed  

23. Nofzinger EA , et al.  Functional neuroimaging evidence for hyperarousal in insomnia. Am J Psychiatry .
2004;161(11):2126–2128.

Google Scholar Crossref PubMed  

24. Borbély AA , et al.  The two-process model of sleep regulation: a reappraisal. J Sleep Res . 2016;25(2):131–143.

https://scholar.google.com/scholar_lookup?title=Validation of the Insomnia Severity Index as an outcome measure for insomnia research&author=CH Bastien&publication_year=2001&journal=Sleep Med&volume=2&pages=297-307
http://dx.doi.org/10.1016/S1389-9457(00)00065-4
http://www.ncbi.nlm.nih.gov/pubmed/11438246
https://scholar.google.com/scholar_lookup?title=Targeted profiling%3A quantitative analysis of 1H NMR metabolomics data&author=AM Weljie&publication_year=2006&journal=Anal Chem&volume=78&pages=4430-4442
http://dx.doi.org/10.1021/ac060209g
http://www.ncbi.nlm.nih.gov/pubmed/16808451
https://scholar.google.com/scholar_lookup?title=Chemometrics in metabolomics%E2%80%93a review in human disease diagnosis&author=R Madsen&publication_year=2010&journal=Anal Chim Acta&volume=659&pages=23-33
http://dx.doi.org/10.1016/j.aca.2009.11.042
http://www.ncbi.nlm.nih.gov/pubmed/20103103
https://scholar.google.com/scholar_lookup?title=Orthogonal projections to latent structures (O-PLS)&author=J Trygg&author=S Wold&publication_year=2002&journal=J Chemom&volume=16&pages=119-128
http://dx.doi.org/10.1002/(ISSN)1099-128X
https://scholar.google.com/scholar_lookup?title=Significance analysis of microarrays applied to the ionizing radiation response&author=VG Tusher&publication_year=2001&journal=Proc Natl Acad Sci U S A&volume=98&pages=5116-5121
http://dx.doi.org/10.1073/pnas.091062498
http://www.ncbi.nlm.nih.gov/pubmed/11309499
https://scholar.google.com/scholar_lookup?title=The human circadian metabolome&author=R Dallmann&publication_year=2012&journal=Proc Natl Acad Sci U S A&volume=109&pages=2625-2629
http://dx.doi.org/10.1073/pnas.1114410109
http://www.ncbi.nlm.nih.gov/pubmed/22308371
https://scholar.google.com/scholar_lookup?title=Extensive diversity in circadian regulation of plasma lipids and evidence for different circadian metabolic phenotypes in humans&author=EC Chua&publication_year=2013&journal=Proc Natl Acad Sci U S A&volume=110&pages=14468-14473
http://dx.doi.org/10.1073/pnas.1222647110
http://www.ncbi.nlm.nih.gov/pubmed/23946426
https://scholar.google.com/scholar_lookup?title=Effect of sleep deprivation on the human metabolome&author=SK Davies&publication_year=2014&journal=Proc Natl Acad Sci U S A&volume=111&pages=10761-10766
http://dx.doi.org/10.1073/pnas.1402663111
http://www.ncbi.nlm.nih.gov/pubmed/25002497
https://scholar.google.com/scholar_lookup?title=MetaCycle%3A an integrated R package to evaluate periodicity in large scale data&author=G Wu&publication_year=2016&journal=Bioinformatics&volume=32&pages=3351-3353
http://dx.doi.org/10.1093/bioinformatics/btw405
http://www.ncbi.nlm.nih.gov/pubmed/27378304
https://scholar.google.com/scholar_lookup?title=Insomnia with objective short sleep duration%3A the most biologically severe phenotype of the disorder&author=AN Vgontzas&publication_year=2013&journal=Sleep Med Rev&volume=17&pages=241-254
http://dx.doi.org/10.1016/j.smrv.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23419741
https://scholar.google.com/scholar_lookup?title=Sleep deprivation effects on the activity of the hypothalamic-pituitary-adrenal and growth axes%3A potential clinical implications&author=AN Vgontzas&publication_year=1999&journal=Clin Endocrinol (Oxf)&volume=51&pages=205-215
http://dx.doi.org/10.1046/j.1365-2265.1999.00763.x
http://www.ncbi.nlm.nih.gov/pubmed/10468992
https://scholar.google.com/scholar_lookup?title=Improved sleep quality in older adults with insomnia reduces biomarkers of disease risk%3A pilot results from a randomized controlled comparative efficacy trial&author=JE Carroll&publication_year=2015&journal=Psychoneuroendocrinology&volume=55&pages=184-192
http://dx.doi.org/10.1016/j.psyneuen.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25770704
https://scholar.google.com/scholar_lookup?title=Functional neuroimaging evidence for hyperarousal in insomnia&author=EA Nofzinger&publication_year=2004&journal=Am J Psychiatry&volume=161&pages=2126-2128
http://dx.doi.org/10.1176/appi.ajp.161.11.2126
http://www.ncbi.nlm.nih.gov/pubmed/15514418


Google Scholar Crossref PubMed  

25. Vgontzas AN , et al.  Insomnia with objective short sleep duration is associated with type 2 diabetes: a population-
based study. Diabetes Care . 2009;32(11):1980–1985.

Google Scholar Crossref PubMed  

26. Morris CJ , et al.  Endogenous circadian system and circadian misalignment impact glucose tolerance via separate
mechanisms in humans. Proc Natl Acad Sci U S A . 2015;112(17):E2225–E223

Google Scholar Crossref PubMed  

27. White PJ , et al.  Branched-chain amino acid restriction in Zucker-fatty rats improves muscle insulin sensitivity by
enhancing efficiency of fatty acid oxidation and acyl-glycine export. Mol Metab . 2016;5(7):538–551.

Google Scholar Crossref PubMed  

28. Newgard CB . Interplay between lipids and branched-chain amino acids in development of insulin resistance. Cell
Metab . 2012;15(5):606–614.

Google Scholar Crossref PubMed  

29. Oishi K , et al.  Disruption of behavioral circadian rhythms induced by psychophysiological stress affects plasma
free amino acid profiles without affecting peripheral clock gene expression in mice. Biochem Biophys Res
Commun . 2014;450(1):880–884.

Google Scholar Crossref PubMed  

30. Lim MM , et al.  Dietary therapy mitigates persistent wake deficits caused by mild traumatic brain injury. Sci Transl
Med . 2013;5(215):215ra173.

Google Scholar Crossref PubMed  

31. Brisbare-Roch C , et al.  Promotion of sleep by targeting the orexin system in rats, dogs and humans. Nat Med .
2007;13(2):150–155.

Google Scholar Crossref PubMed  

32. Bell LN , et al.  Effects of sleep restriction on the human plasma metabolome. Physiol Behav . 2013;122:25–31.

Google Scholar Crossref PubMed  

33. Irwin MR , et al.  Tai chi, cellular inflammation, and transcriptome dynamics in breast cancer survivors with
insomnia: a randomized controlled trial. J Natl Cancer Inst Monogr . 2014;2014(50):295–301.

Google Scholar Crossref PubMed  

34. Edinger JD , et al.  Testing the reliability and validity of DSM-IV-TR and ICSD-2 insomnia diagnoses. Results of a
multitrait-multimethod analysis. Arch Gen Psychiatry . 2011;68(10):992–1002.

Google Scholar Crossref PubMed  

Author notes

Co-first author

© Sleep Research Society 2018. Published by Oxford University Press on behalf of the Sleep Research Society. All rights reserved. For
permissions, please e-mail journals.permissions@oup.com.

This article is published and distributed under the terms of the Oxford University Press, Standard Journals Publication Model
(https://academic.oup.com/journals/pages/about_us/legal/notices)

https://scholar.google.com/scholar_lookup?title=The two-process model of sleep regulation%3A a reappraisal&author=AA Borb%C3%A9ly&publication_year=2016&journal=J Sleep Res&volume=25&pages=131-143
http://dx.doi.org/10.1111/jsr.12371
http://www.ncbi.nlm.nih.gov/pubmed/26762182
https://scholar.google.com/scholar_lookup?title=Insomnia with objective short sleep duration is associated with type 2 diabetes%3A a population-based study&author=AN Vgontzas&publication_year=2009&journal=Diabetes Care&volume=32&pages=1980-1985
http://dx.doi.org/10.2337/dc09-0284
http://www.ncbi.nlm.nih.gov/pubmed/19641160
https://scholar.google.com/scholar_lookup?title=Endogenous circadian system and circadian misalignment impact glucose tolerance via separate mechanisms in humans&author=CJ Morris&publication_year=2015&journal=Proc Natl Acad Sci U S A&volume=112&pages=E2225-E223
http://dx.doi.org/10.1073/pnas.1418955112
http://www.ncbi.nlm.nih.gov/pubmed/25870289
https://scholar.google.com/scholar_lookup?title=Branched-chain amino acid restriction in Zucker-fatty rats improves muscle insulin sensitivity by enhancing efficiency of fatty acid oxidation and acyl-glycine export&author=PJ White&publication_year=2016&journal=Mol Metab&volume=5&pages=538-551
http://dx.doi.org/10.1016/j.molmet.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27408778
https://scholar.google.com/scholar_lookup?title=Interplay between lipids and branched-chain amino acids in development of insulin resistance&author=CB Newgard&publication_year=2012&journal=Cell Metab&volume=15&pages=606-614
http://dx.doi.org/10.1016/j.cmet.2012.01.024
http://www.ncbi.nlm.nih.gov/pubmed/22560213
https://scholar.google.com/scholar_lookup?title=Disruption of behavioral circadian rhythms induced by psychophysiological stress affects plasma free amino acid profiles without affecting peripheral clock gene expression in mice&author=K Oishi&publication_year=2014&journal=Biochem Biophys Res Commun&volume=450&pages=880-884
http://dx.doi.org/10.1016/j.bbrc.2014.06.083
http://www.ncbi.nlm.nih.gov/pubmed/24971530
https://scholar.google.com/scholar_lookup?title=Dietary therapy mitigates persistent wake deficits caused by mild traumatic brain injury&author=MM Lim&publication_year=2013&journal=Sci Transl Med&volume=5&pages=215ra173
http://dx.doi.org/10.1126/scitranslmed.3007092
http://www.ncbi.nlm.nih.gov/pubmed/24337480
https://scholar.google.com/scholar_lookup?title=Promotion of sleep by targeting the orexin system in rats%2C dogs and humans&author=C Brisbare-Roch&publication_year=2007&journal=Nat Med&volume=13&pages=150-155
http://dx.doi.org/10.1038/nm1544
http://www.ncbi.nlm.nih.gov/pubmed/17259994
https://scholar.google.com/scholar_lookup?title=Effects of sleep restriction on the human plasma metabolome&author=LN Bell&publication_year=2013&journal=Physiol Behav&volume=122&pages=25-31
http://dx.doi.org/10.1016/j.physbeh.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/23954406
https://scholar.google.com/scholar_lookup?title=Tai chi%2C cellular inflammation%2C and transcriptome dynamics in breast cancer survivors with insomnia%3A a randomized controlled trial&author=MR Irwin&publication_year=2014&journal=J Natl Cancer Inst Monogr&volume=2014&pages=295-301
http://dx.doi.org/10.1093/jncimonographs/lgu028
http://www.ncbi.nlm.nih.gov/pubmed/25749595
https://scholar.google.com/scholar_lookup?title=Testing the reliability and validity of DSM-IV-TR and ICSD-2 insomnia diagnoses. Results of a multitrait-multimethod analysis&author=JD Edinger&publication_year=2011&journal=Arch Gen Psychiatry&volume=68&pages=992-1002
http://dx.doi.org/10.1001/archgenpsychiatry.2011.64
http://www.ncbi.nlm.nih.gov/pubmed/21646568
https://academic.oup.com/journals/pages/about_us/legal/notices


View Metrics

Email alerts
New issue alert

Advance article alerts

Article activity alert

Subject alert

Receive exclusive offers and
updates from Oxford Academic

More on this topic
Insomnia is Associated with Cortical
Hyperarousal as Early as Adolescence

Does Physiological Hyperarousal Enhance
Error Rates among Insomnia Sufferers?

Cortical GABA Levels in Primary Insomnia

Assessment of sympathetic neural activity in
chronic insomnia: evidence for elevated
cardiovascular risk

Related articles in

Topic:

sleep

insomnia

metabolites

hyperarousal

Issue Section:  Insomnia and Psychiatric Disorders

Supplementary data

Supplementary data

Supplementary Material  - pdf file
Supplementary Figure Legend  - docx file

https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=sleep
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=insomnia
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=metabolites
https://academic.oup.com/sleep/search-results?f_SemanticFilterTopics=hyperarousal
https://academic.oup.com/sleep/search-results?f_TocHeadingTitle=Insomnia and Psychiatric Disorders
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/5/10.1093_sleep_zsy043/3/zsy043_suppl_supplementary_material.pdf?Expires=1561428752&Signature=aZCrQBMiVUYc8XJtYrYOeH22ob7~xdcGgiu6t8hC0ojn3tBJj3s99jMIS~d2QMfnUgGur-ynhxmaGHCmLcR1xoGA43buBG-1YDHL-3nf8amBH395Ov1mvFz~KElVf1fDzPxUIwks7h9Bzz0hRTg7JUiLBTfgQc0-A1nRR7nXLa77rhISnWdbRhvQrR5gYx6So~arCPQJOfRCeMj~86yVsvx-j-CSJ9l~4yxrj7KIcaaHeyGJIaqFiX-yWD-Xeh-hafCeMN3YipYxX7umDpF22G0veK7-gOT~RA~cGtqE1dPQe4h2Mca~yqUI-4eccihZqFhW9wFrL6GXXpY4c2nmXQ__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/sleep/41/5/10.1093_sleep_zsy043/3/zsy043_suppl_supplementary_figure_legend.docx?Expires=1561428752&Signature=I59iFecjsuEczSANFKxkddiSoco9vK0Cl4OAq6N5AEhQ~P2qq7TeOp2ZnhpeUlSUAKdHOEUPnuLd5xUNjILiMPa-LWiSmxOghjJsNF5fUrZbQcubEP7P0F76IZgJF-hbl5rZKIwQPyULqKBhj5VQZuEVwl9vFrPErQjL7BnChYRz4UiGC5AFudVejpLvwfQ55ECTm7xQFP9XYO-Eucb7OHC~SfqABcStvfcF7ArN1b-Vp-1Qz9q5HhYMdl9DVzMegK05nm6JXxk8naUGjz7~S4~5IVGAc~UX-Mi3aiPaq4TyH5ceFLAnjeg15gsSIV1r-JD2MJQ9dTRT5gE~VFgNLw__&Key-Pair-Id=APKAIE5G5CRDK6RD3PGA
https://www.altmetric.com/details.php?domain=academic.oup.com&citation_id=34240082
https://academic.oup.com/sleep/article/39/5/1029/2454021
https://academic.oup.com/sleep/article/36/8/1179/2453953
https://academic.oup.com/sleep/article/35/6/807/2709385
https://academic.oup.com/sleep/article/4924355


Web of Science

Google Scholar

Related articles in PubMed
Loop gain in REM versus non-REM sleep
using CPAP manipulation: A pilot study.

Anxiety in Late Life: An Update on
Pathomechanisms.

Development of an analytical method to detect
short-chain fatty acids by SPME-GC-MS in
samples coming from an in vitro
gastrointestinal model.

Citing articles via
Web of Science (1)

Google Scholar

CrossRef

Latest  Most Read  Most Cited

Characterization of the sleep disorder of anti-
IgLON5 disease

Actigraphic detection of periodic limb
movements: development and validation of a
potential device-independent algorithm. A
proof of concept study

Simultaneous tonic and phasic REM sleep
without atonia best predicts early
phenoconversion to neurodegenerative
disease in idiopathic REM sleep behavior
disorder

Residual symptoms after natural remission of
insomnia: associations with relapse over 4
years

Sleep duration and fragmentation in relation to
leukocyte DNA methylation in adolescents

Looking for your next opportunity?

http://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcApp=PARTNER_APP&SrcAuth=LinksAMR&KeyUT=WOS:000431896000016&DestLinkType=RelatedRecords&DestApp=ALL_WOS&UsrCustomerID=61f30d8ae69c46f86624c5f98a3bc13a
https://scholar.google.com/scholar?q=related:https%3a%2f%2facademic.oup.com%2fsleep%2farticle%2f41%2f5%2fzsy043%2f4924205
http://www.ncbi.nlm.nih.gov/pubmed/31212392
http://www.ncbi.nlm.nih.gov/pubmed/31212285
http://www.ncbi.nlm.nih.gov/pubmed/31212236
http://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&SrcApp=PARTNER_APP&SrcAuth=LinksAMR&KeyUT=WOS:000431896000016&DestLinkType=CitingArticles&DestApp=ALL_WOS&UsrCustomerID=61f30d8ae69c46f86624c5f98a3bc13a
http://scholar.google.com/scholar?q=link:https%3A%2F%2Facademic.oup.com%2Fsleep%2Farticle%2F41%2F5%2Fzsy043%2F4924205
https://academic.oup.com/sleep/CrossRef-CitedBy/4924205
javascript:;
javascript:;
javascript:;
http://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/


View all jobs

Chair of Pain Research
Boston, Massachusetts

PEDIATRIC EMERGENCY PHYSICIAN
Saskatoon Shines, Saskatchewan

Endowed Chair of Occupational
Health/Medicine
Saint John, New Brunswick

CHIEF OF THE DIVISION OF ALLERGY,
IMMUNOLOGY AND INFECTIOUS
DISEASE
New Brunswick, New Jersey

About SLEEP

Editorial Board

Author Guidelines

Facebook

Twitter

Contact Us

Purchase

Recommend to your Library

Advertising and Corporate Services

Journals Career Network

Online ISSN 1550-9109
Print ISSN 0161-8105
Copyright © 2019 Sleep Research Society

About Us

Contact Us

Careers

Help

Access & Purchase

Rights & Permissions

Open Access

Connect

Join Our Mailing List

OUPblog

Twitter

Facebook

YouTube

Tumblr

Resources

Authors

Librarians

Societies

Sponsors & Advertisers

Press & Media

Agents

Explore

Shop OUP Academic

Oxford Dictionaries

Oxford Index

Epigeum

OUP Worldwide

University of Oxford

Oxford University Press is a department of the University of Oxford. It

https://medicine-and-health-careernetwork.oxfordjournals.org/job/chair-of-pain-research/49089701/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/pediatric-emergency-physician/49073757/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/endowed-chair-of-occupational-healthmedicine/49005057/20102/
https://medicine-and-health-careernetwork.oxfordjournals.org/job/chief-of-the-division-of-allergy-immunology-and-infectious-disease/48205777/20102/
http://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/
https://academic.oup.com/sleep/pages/About
https://academic.oup.com/sleep/pages/Editorial_Board
https://academic.oup.com/sleep/pages/General_Instructions
https://www.facebook.com/sleepresearchsociety/
https://twitter.com/researchsleep
http://www.sleepresearchsociety.org/contactus.aspx
https://academic.oup.com/sleep/subscribe
http://www.oxfordjournals.org/en/library-recommendation-form.html
http://www.oupmediainfo.com/#!/mediakit/sleep
https://medicine-and-health-careernetwork.oxfordjournals.org/jobseeker/search/results/?max=25&t732=589993&msessid=G03Mq
https://academic.oup.com/journals/pages/about_us
https://academic.oup.com/journals/pages/contact_us
http://global.oup.com/jobs
https://academic.oup.com/journals/pages/help
https://academic.oup.com/journals/pages/access_purchase
https://academic.oup.com/journals/pages/access_purchase/rights_and_permissions
https://academic.oup.com/journals/pages/open_access
https://academic.oup.com/my-account/communication-preferences
http://blog.oup.com/
http://twitter.com/oupacademic
https://www.facebook.com/OUPAcademic
http://www.youtube.com/playlist?list=PL3MAPgqN8JWioLLTkU4mlFM4-SNt-f1Xs
http://oupacademic.tumblr.com/
https://academic.oup.com/journals/pages/authors
https://academic.oup.com/journals/pages/librarians
https://academic.oup.com/journals/pages/societies
https://academic.oup.com/journals/pages/sponsorship_and_advertising
https://academic.oup.com/journals/pages/press
https://academic.oup.com/journals/pages/agents
http://global.oup.com/academic
http://www.oxforddictionaries.com/
http://oxfordindex.oup.com/
https://www.epigeum.com/
http://global.oup.com/
http://www.ox.ac.uk/


furthers the University's objective of excellence in research, scholarship,
and education by publishing worldwide

Copyright © 2019 Oxford University Press  Cookie Policy  Privacy Policy  Legal Notice  Site Map
Accessibility  Get Adobe Reader

https://global.oup.com/cookiepolicy/
https://global.oup.com/privacy
https://academic.oup.com/journals/pages/about_us/legal/notices
https://academic.oup.com/journals/pages/sitemap
https://academic.oup.com/journals/pages/about_us/legal/accessibility
https://get.adobe.com/reader/

	Altered diurnal states in insomnia reflect peripheral hyperarousal and metabolic desynchrony: a preliminary study
	Abstract
	Introduction
	Methods
	Participants
	Polysomnography
	Metabolomic assays
	Data analysis
	Spectral preprocessing
	Multivariate data analysis
	Targeted spectral profiling
	Time course analysis by significance analysis on microarrays

	Results
	Recruitment of participants
	Correlation of sleep parameters with metabolic profiles of insomnia and good sleepers
	Global metabolic profile differentiates patients with insomnia from healthy controls
	Time-of-day variations in metabolic profiles
	Time-dependent changes in metabolites significantly altered during nighttime
	Metabolic desynchrony between patients with insomnia and healthy controls

	Discussion
	Peripheral metabolic profiles of insomniacs support hyperarousal
	Central energy metabolism is desynchronized in insomniacs
	Branched-chain amino acid catabolism is phase advanced in insomniacs
	Biomarkers of insomnia compared with biomarkers of sleep deprivation/restriction
	Clinical implications of the study

	Supplementary Material
	Funding
	Notes
	References
	Author notes
	Supplementary data
	Email alerts
	More on this topic
	Related articles in
	Related articles in PubMed
	Citing articles via
	Connect
	Resources
	Explore




