pif: sp-00735-14

CHANGES IN PLASMA LIPIDS DURING EXPOSURE TO TOTAL SLEEP DEPRIVATION
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Study Objectives: The effects of sleep loss on plasma lipids, which play an important role in energy homeostasis and signaling, have not
been systematically examined. Our aim was to identify lipid species in plasma that increase or decrease reliably during exposure to total sleep
deprivation.

Design: Twenty individuals underwent sleep deprivation in a laboratory setting. Blood was drawn every 4 h and mass spectrometry techniques
were used to analyze concentrations of 263 lipid species in plasma, including glycerolipids, glycerophospholipids, sphingolipids, and sterols.
Setting: Chronobiology and Sleep Laboratory, Duke-NUS Graduate Medical School.

Participants: Healthy ethnic-Chinese males aged 21-28 y (n = 20).

Interventions: Subjects were kept awake for 40 consecutive hours.

Measurements and Results: Each metabolite time series was modeled as a sum of sinusoidal (circadian) and linear components, and we
assessed whether the slope of the linear component differed from zero. More than a third of all individually analyzed lipid profiles exhibited a
circadian rhythm and/or a linear change in concentration during sleep deprivation. Twenty-five lipid species showed a linear and predominantly
unidirectional trend in concentration levels that was consistent across participants. Choline plasmalogen levels decreased, whereas several
phosphatidylcholine (PC) species and triacylglycerides (TAG) carrying polyunsaturated fatty acids increased.

Conclusions: The decrease in choline plasmalogen levels during sleep deprivation is consistent with prior work demonstrating that these lipids
are susceptible to degradation by oxidative stress. The increase in phosphatidylcholines and triacylglycerides suggests that sleep loss might

modulate lipid metabolism, which has potential implications for metabolic health in individuals who do not achieve adequate sleep.
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INTRODUCTION

Short sleep duration is associated with increased risk for
obesity and negative cardiometabolic outcomes.'? As shown in
laboratory studies, exposure to short sleep (e.g., 4 h per night) or
total sleep deprivation impairs glucose regulation and increases
blood markers of inflammation in individuals who are other-
wise healthy.>® Additionally, sleep loss results in increased
cellular stress in brain and peripheral tissues,*’ and increases
expression of genes in human blood associated with oxidative
stress.® These studies suggest that sleep deprivation disrupts
metabolic function and taxes the body’s defense systems.

To date, few studies have examined the effect of sleep depri-
vation on lipid metabolism. Lipids exhibit staggering chemical
diversity and play an integral role in cell membrane structure
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and function, lipoprotein homeostasis, and cell signaling.
Emerging evidence indicates that exposure to partial daily
sleep loss or total sleep deprivation influences lipid concentra-
tions in plasma (e.g., cholesterol, fatty acids, and phosphatidyl-
choline),’ "> suggesting that sleep might play a modulatory role
in lipid homeostasis. Given that chronic sleep restriction and
shift work are thought to contribute to metabolic syndrome and
triglyceridemia, we hypothesized that exposure to sleep depri-
vation would result in widespread changes in plasma lipids,
including increased levels of triacylglycerides. Recent ad-
vances in lipidomics research have made it possible to analyze
hundreds of lipids in a single biological specimen using mass
spectrometry techniques."”* Hence, lipidomics approaches can
be used to provide a functional readout of many lipid pathways
at the same time, and potentially reveal mechanistic insights
on the effect of sleep deprivation on lipid metabolic function.
In previous work, we used a targeted lipidomics-based
strategy to profile the time-course of 263 plasma lipids in
healthy male subjects who underwent 40 h of total sleep depri-
vation."!* In that study, we focused on identifying lipids that
showed a circadian (“about a day”) rhythm, after removing
linear trends that were present in the time series. Here, we
have taken the opposite approach. That is, taking into ac-
count circadian variation in each time series, we focused on
identifying lipid species that showed either a linear decrease
or increase in concentration levels during sustained wakeful-
ness. In the current study, we provide evidence that a subset
of phosphatidylcholine (PC) and triacylglyceride (TAG)
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species are influenced by the circadian timing system and
time spent awake.

METHODS

Subjects

Twenty ethnic-Chinese male subjects aged 21-28 y (mean
age =+ standard deviation [SD] = 24.4 + 1.8 y) were recruited
from the general population. Participants were healthy, as as-
sessed by screening questionnaires and self-reported medical
history. Subjects reported no use of medications or nicotine
products. Only nonobese individuals were enrolled, including
17 subjects in the normal weight range (18.5-25 kg/m?) and three
subjects who were overweight but otherwise healthy (25-30 kg/
m?). Definite morning types and evening types were excluded
using the Horne-Ostberg morningness-eveningness question-
naire (MEQ score < 31 or > 69).!® Subjects were ineligible if
they reported poor sleep quality in the month prior to the labo-
ratory study, which was determined using the Pittsburgh Sleep
Quality Index (PSQI score > 5)."7 The PSQI was further used
to exclude individuals whose regular bedtime occurred before
22:00 or after 02:00, or who spent < 6 h of time in bed for sleep
per night. During the prescreening period, the average self-re-
ported bedtime of participants was 24:24 + 52 min (SD), and the
average time in bed was 7 h, 45 min + 54 min (SD). Subjects
were also ineligible if they had a history of working night shifts
(between 23:00 to 07:00), or if they travelled across time zones
within 3 w prior to the start of the laboratory protocol. Subjects
were required to maintain a regular sleep-wake schedule in the
week before the study, with 8 h of time in bed for sleep each
night. This was verified by actigraphy monitoring (Actiwatch
2, MiniMitter, Inc., Bend, OR). Subjects also agreed to avoid
caffeine, alcohol, and over-the-counter medications during the
screening period. Written informed consent was obtained from
all participants, and research procedures were approved by the
SingHealth Centralized Institutional Review Board. Research
was compliant with ethical principles for medical research out-
lined in the Declaration of Helsinki.

Laboratory Protocol

Subjects took part in a 4-d laboratory study at the Chronobi-
ology and Sleep Laboratory, Duke-National University of Sin-
gapore Graduate Medical School. Subjects lived individually
in a research suite that consisted of a windowless environment
without access to environmental time cues. Participants arrived
in the evening and were put to bed at their regular prestudy
bedtime. After 8 h of time in bed for sleep in darkness, sub-
jects were kept awake for 40 consecutive hours using constant
routine procedures, as previously described."* Subjects were
kept awake by research technicians who were present at all
times to carry out the protocol. During periods when partici-
pants exhibited signs of sleepiness, research staff remained in
the room to help the subject stay awake (e.g., by engaging in
conversation, playing games, etc.). At other times, sleep-wake
state was monitored by technicians in the control room using
a surveillance camera. During computer-based testing (results
not reported here), eye closures were monitored using a head-
mounted eye tracker (ISCAN, Inc., Woburn, MA). As part of
the constant routine procedure, participants remained in bed
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in dim ambient lighting (< 5 lux) and were given equicaloric
snacks every hour.

Each snack consisted of a small portion of granola (Lizi’s
Original Granola, GoodCarb Food Company, Ltd, United
Kingdom: 250 kcal per standard serving including 15 g fat, 23
g carbohydrate, and 5 g protein) and juice (Marigold Peel Fresh
Powerberries juice drink, Malaysia Dairy Industries, Pte, Ltd,
Malaysia: 45 keal per standard serving including 0.1 g fat, 10.8
g carbohydrate, and 0.3 g protein). Total calories per snack were
based on each subject’s age, height, and weight according to the
Mifflin-St. Jeor equation.’® Because this method is used to esti-
mate basal metabolic rate (BMR) in a postabsorptive state, we
multiplied the BMR by a factor of 1.1, as participants consumed
snacks hourly while being restricted to bed with minimal phys-
ical activity. The amounts of granola and juice were varied to-
gether in 1-g and 5-mL increments, respectively. Snacks ranged
from 6—10 g of granola per subject, whereas the volume of juice
ranged from 50 mL to 90 mL. Most participants (16 of 20 indi-
viduals) were able to fully consume all snacks during the con-
stant routine procedure. One participant did not eat his granola
during a single snack in the late evening (Subject J), another
participant was unable to complete two consecutive snacks in
the early morning hours (Subject A), and in two participants the
amount of granola was reduced part way during the protocol due
to complaints of being given too much food (Subjects B and Q).

About 4 h after waking, a cannula was inserted into the an-
tecubital vein to allow for periodic collection of blood samples.
Blood was drawn every 4 h over a span of 28 h (from 8 hto 36 h
after wake time) and collected in vacutainer tubes containing
EDTA. Samples were centrifuged immediately at 1,000 x g for
5 min at 4°C. Plasma was aliquoted into microtubes and stored
at —80°C until being assayed.

Identification of Lipids in Plasma

Lipids were analyzed as described in our previous
work."*1°22 In brief, individual classes of glycerophospholipids
(GP) and sphingolipids (SP) were separated using a Shimadzu
LD20 high performance liquid chromatography (HPLC)
system before being analyzed using a Q-Trap mass spectrom-
eter (Applied Biosystems, Singapore). Multiple reaction mon-
itoring transitions for individual lipid species were set up at
different elution stages, and concentrations were determined
by mass spectrometry (MS) using spiked internal standards.
The sample concentrations were preadjusted such that the final
adjusted concentrations for mass spectrometric analyses fell
within the linear dynamic range of the lipid classes analyzed.
In the current study, we only report those lipid species for
which the coefficient of variation was less than 15% (ranging
from 3% to 15%). Based on this criterion, we analyzed 142
species of GP, including phosphatidylcholine (PC, 53 species),
phosphatidylethanolamine (PE, 44 species), phosphatidylg-
lycerol (PG, 9 species), phosphatidylinositol (PI, 17 species),
phosphatidylserine (PS, 15 species), and phosphatidic acid (4
species). The GP fraction included plasmenyl analogues for
lipids with ethanolamine and choline head groups (18 PEp
and 20 PCp species, respectively), more commonly referred
to as plasmalogens. We also determined concentrations for 43
species of SP, including sphingomyelin (SM, 11 species), ce-
ramide (Cer, 9 species), glucosyl-ceramide (GluCer, 7 species),
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and ganglioside mannoside 3 (GM3, 16 species). Glycerolipids
(GL) including triacylglycerides (TAG, 64 species) and diac-
ylglycerides (DAG, 12 species) were analyzed using a modi-
fied version of reverse phase HPLC/electrospray ionization/
MS.?! Free cholesterol and cholesterol esters were analyzed by
HPLC/MS as previously described.?

Determination of Metabolites that Showed a Linear Change in
Concentration over Time

In each subject, we analyzed the time course of 263 lipids
with two replicates per time point. Because there were substan-
tial between-subject differences in lipid concentrations, we
first z-scored each subject’s data for each lipid metabolite time
series (20 subjects x 263 lipid profiles per subject = 5,260 lipid
profiles). Each lipid profile was then fitted with a nonlinear re-
gression model that represented the sum of a sinusoidal com-
ponent and a linear trend:

y =4 cos {(i—n)(f - B)}* Ct+D

where is ¢ time since wake in hours; t is the period which was
fixed at 24 h; 4 is the amplitude of the sinusoid; B is the phase
of the sinusoid; C is the slope of the linear trend; and D is
the y-intercept of the linear trend. For each metabolite profile,
we assessed whether the slope differed from zero using a two-
tailed Student’s #-test, whereby the test statistic was computed
as the slope divided by the standard error. We used a threshold
of o= 0.05 for determining whether the linear trend in metabo-
lite concentrations was greater or less than a slope of zero. As
described in detail in our previous work, circadian variation
in lipid metabolite levels was assessed using the JTK CYCLE
algorithm."** Analyses and statistics were performed using
MATLAB software (MathWorks, Natick, MA).

RESULTS

To identify lipids that increased or decreased during expo-
sure to total sleep deprivation, we modeled each metabolite
time series as the sum of circadian and linear components
(Figure 1). As shown in our previous work," 17.8% of individu-
ally analyzed lipid profiles (i.e., 935 of 5,260 traces) showed a
significant circadian rhythm (Figure 2A). Circadian-regulated
lipids were observed across each of the categories of lipids ex-
amined, including GL, GP, and SP. Next, we evaluated those
lipids that showed a linear increase or decrease in concentra-
tion levels, taking into account underlying circadian variation
(Figure 2B). We found that 9.3% of individually analyzed lipid
profiles showed a significant decrease during the sleep depriva-
tion protocol, whereas 17.8% of lipid profiles showed increasing
concentration levels. Of those metabolites that were circadian
regulated, 12.8% showed a decreasing linear trend and 35.2%
showed an increasing trend (Figure 2C). Overall, 36.3% of in-
dividually analyzed lipid profiles showed a circadian rhythm
and/or a linear change in concentration levels during prolonged
wakefulness. Across lipid categories (GL, GP, and SP), the pro-
portion of cycling and decreasing/increasing lipids was gen-
erally similar, although the percentage of circadian-regulated
metabolites that increased over time was substantially higher
for GLs, which consisted of DAG and TAG species (Figure 2D).
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Figure 1—Circadian and linear trends in lipid metabolite concentrations
during prolonged wakefulness. Representative lipids are shown that
exhibited circadian variation and either a linear increase (TAG 54:4,
Subject F) or decrease (PC 40:4p, Subject I) in plasma concentrations
during total sleep deprivation. For each subject and metabolite, the time
course of concentrations was modeled as a sum of sinusoidal and linear
components (top), which allowed for separate analysis of circadian
(middle) and linear trends (bottom) in the time series. Black circles show
z-scored concentration values for replicate samples at each time point,
and the traces indicate the best-fit regression line. Vertical gray bars
show the usual hours of sleep. Results are shown using relative clock
time with relative bedtime defined as midnight, as study events were
timed according to each person’s prestudy sleep-wake schedule. The
total number of acyl carbons and double bonds is indicated for each
metabolite (carbons:double bonds).

Next, we identified lipid species that either decreased or
increased reliably across study participants (Figure 3). For
each lipid, we determined the number of participants who
showed a linear slope that differed from zero. We shortlisted
those metabolites that showed a linear trend in concentration
levels in the same direction in at least half of the participants
(Figure 4). Out of the 263 lipid species that were screened,
there were four lipids that decreased reliably during the sleep
deprivation protocol (in 14 to 16 subjects). These consisted
of three choline plasmalogens (PC 34:1p, PC 34:2p, and PC
36:2p) and one TAG species carrying a monounsaturated fatty
acid (TAG 50:1). By comparison, there were 21 lipid species
that increased in at least half of the subjects. These lipids
consisted primarily of PC species (lysoPC 16:1, PC 32:2, PC
34:3, PC 34:2, PC 36:3, PC 38:3, and PC 40:7), and TAGs
carrying polyunsaturated fatty acids (TAG 48:2, TAG 48:3,
TAG 50:4, TAG 52:5, TAG 52:6, TAG 54:3, TAG 54:4, TAG
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Figure 2—Plasma lipid concentrations show substantial variation during total sleep deprivation. (A) The heat map shows circadian-regulated lipid
metabolites across a group of 20 subjects. Colors show z-scored concentration levels. Individual metabolite traces are organized from top to bottom by
lipid categories including glycerolipids (GL), glycerophospholipids (GP), and sphingolipids (SP). Within each lipid category, metabolites are arranged from
top to bottom by the timing of their peak concentration levels. (B) The heat map shows lipids that exhibited a decreasing or increasing linear trend during
prolonged wakefulness, after taking into account underlying circadian variation in the metabolite time-series. Data are displayed as in A, with hotter colors
corresponding to higher concentrations, and cooler colors showing lower concentration levels in plasma. (C) The Venn diagram shows the number and
overlap of individual lipid profiles that exhibited circadian (cycling) behavior and either a linear decrease or increase during the sleep deprivation protocol.
The sizes of the rings correspond to the number of metabolites, and percentages are shown relative to all individual metabolite traces examined (i.e., of
5,260 lipid profiles). (D) Pie charts show the proportions of lipid metabolites that exhibited cycling and/or linear trends in each of the major lipid categories
examined. The size of each pie corresponds to the number of lipids analyzed within each category.
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cies). By comparison, total
levels of PC and TAG exhibited
an increase in plasma during the
sleep deprivation procedure.

DISCUSSION

Figure 3—Linear decrease in choline plasmalogen levels during total sleep deprivation. The linear trend
is shown for a representative plasmalogen species (PC 34:2p), after taking into account the circadian
component. The concentration of PC 34:2p decreased over time in 15 of 20 subjects. Subject codes are
shown at the top of each plot and vertical gray bars highlight the usual hours of sleep. One participant
showed a linear increase in PC 34:2p (Subject Q), whereas the slope in the other four subjects was not
significant (Subjects J, L, O, and T; not shown). Black circles show z-scored concentration values in replicate
samples at each time point with the best-fit linear regression.

To our knowledge, our study
is the first to use targeted lipido-
mics-based approaches to examine changes in plasma lipids
that occur during exposure to total sleep deprivation. Impor-
tantly, lipid profiles were examined at the level of individual
subjects, in addition to group-level analyses, as prior work has
shown that there are large between-subject differences in the
time course of lipid concentrations in plasma. Lipid species
that decreased reliably across participants over time included
choline plasmalogens, whereas a subset of PCs and TAGs in-
creased in plasma. As discussed next, these changes could
potentially reflect increased oxidative stress or altered lipid ho-
meostasis in response to sleep deprivation, as well as changes
related to the study diet.

Implications of Decreased Plasmalogen Levels in Plasma
during Total Sleep Deprivation

Plasmalogens play an important role in membrane structure
and function, and are ubiquitous in cell membranes and lipo-
protein particles. The defining feature of plasmalogens is the
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presence of a fatty alcohol linked by a vinyl ether double bond
at the sn-1 position, in addition to a fatty acid at the sn-2 posi-
tion and a hydrophilic head group at the sn-3 position (usually
ethanolamine or choline).?*?¢ The vinyl ether linkage confers
increased susceptibility to oxidation compared to diacyl GP.
Hence, decreased plasmalogen levels are associated with in-
creased oxidative stress, and they have been proposed to func-
tion as endogenous antioxidants due to their ability to scavenge
reactive oxygen species.?’

Although studies in rats suggest that sleep deprivation
does not result in oxidative damage or stress in brain, liver,
and skeletal muscle,? it was recently shown that sleep insuffi-
ciency results in increased expression of genes in human blood
involved in cellular responses to oxidative stress and reactive
oxygen species.® It is therefore possible that the decrease in
plasmalogen levels that we observed over time was due to in-
creased oxidative stress associated with increasing time spent
awake. Interestingly, previous work has demonstrated that
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Figure 4—Lipid species that increased or decreased reliably across subjects during total
sleep deprivation. The heat map shows lipid species that exhibited a significant linear trend in
atleast half of study participants. In each subject (labeled A to T), metabolites that decreased
are shown in dark blue, and metabolites that increased are shown in red. Lipids that did
not show a significant increasing or decreasing trend over time are shown in light blue.
The horizontal bar graph on the right summarizes the number of subjects who showed an
increasing or decreasing trend in plasma concentration levels for each lipid species labeled
on the left of the heat map. The suffix “p” indicates the plasmalogen form of PC. The total
number of acyl carbons and double bonds is indicated for each metabolite (carbons:double
bonds). DAG, diacylglyceride; PC, phosphatidylcholine; PI, phosphatidylinositol; SM,

PC 34:2p, PC 36:2p). Given that most choline
plasmalogen in plasma contains the long-chain
fatty alcohols hexadecanol (16:0), octadecanol
(18:0), and octadecenol (18:1) in the sn-1 posi-
tion, it is likely that choline plasmalogen spe-
cies that decreased during sleep deprivation
were rich in oleic acid and linoleic acid (e.g.,
34:1p and 34:2p could carry oleic acid and lin-
oleic acid, respectively, and PC 36:2p could
carry either of these fatty acids at the sn-2
position). Hence, choline plasmalogen species
that decreased during total sleep deprivation
might represent the same lipid species that are
lower in patients at higher risk for atherogen-
esis, which is intriguing given that short sleep
duration has been linked to atherosclerosis.*

Implications of Increased Diacyl PC and TAG
in Plasma during Total Sleep Deprivation

Most of the lipids in our panel that increased
reliably across subjects during sleep depriva-
tion were diacyl PC and TAG species. PC is an
important constituent of cellular membranes
and lipoproteins and is the most abundant
phospholipid component in plasma. TAGs are
an important source of energy and carry fatty
acids to tissues of the body via circulating li-
poproteins. The increase in plasma concentra-
tion of these lipids during sleep deprivation
could occur through several different mecha-
nisms. First, sleep deprivation has been shown
to alter the expression of genes involved in

sphingomyelin; TAG, triacylglyceride.

regulating PC homeostasis,® which could in

plasmalogen levels in plasma are lower in normal aging and
in patients with schizophrenia and Alzheimer disease,” ' all
of which are associated with increased oxidative stress and
a higher frequency of sleep disturbances relative to healthy
young individuals. Our findings raise the possibility that dis-
rupted sleep might contribute to decreased plasmalogen levels
in aging and aging-related diseases; however, this hypothesis
requires further testing.

Plasma plasmalogen is synthesized and secreted primarily
by liver as a structural component of lipoproteins. Growing
evidence indicates that decreased choline plasmalogen levels
in plasma are associated with hyperlipidemia and might also
represent a biomarker for atherogenic state. For example, cho-
line plasmalogen concentrations correlate positively with high-
density lipoprotein (HDL) cholesterol and negatively with
TAGs, C-reactive protein, body weight, and waist circumfer-
ence.*® A pair of recent studies showed that, among ether-linked
GPs, the concentration of choline plasmalogen carrying oleic
acid (18:1) or linoleic acid (18:2) correlated most strongly with
risk factors for atherosclerosis in patients with coronary heart
disease or who were asymptomatic.’>* The specific choline
plasmalogen species identified in those studies is remarkably
consistent with those that decreased across subjects during
exposure to sleep deprivation in the current study (PC 34:1p,
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turn affect PC levels measured in plasma.''¥
The gradual increase in TAGs during sleep de-
privation could potentially be explained by increased absorp-
tion of dietary lipids, an increase in de novo synthesis of TAGs
in liver, or a reduced capacity to catabolize dietary fat that is
absorbed. The linear rise in plasma TAGs might also reflect,
in part, the cumulative effects of eating hourly snacks. Since
we did not determine the source of TAGs, these possibilities
should be explored in future studies. Although increasing TAG
concentrations remained in the normal range during our sleep
deprivation protocol (< 120 mg/dL in all subjects), epidemio-
logic evidence indicates that self-reported short sleep (< 5 h)
is associated with hyperlipidemia,*® which itself is linked with
atherosclerosis and considered a risk factor for heart disease.
Given that our study was conducted under highly controlled
laboratory conditions in healthy participants who were fed fre-
quent snacks, it remains to be determined whether our results
for individual PC and TAG species have real-world clinical
relevance for individuals exposed to chronic sleep deprivation.

Effects of Sleep Deprivation and Circadian Rhythms on Lipid
Levels

In the current study, 9.5% of lipid species examined (25
of 263 lipids) showed either a linear increase or decrease in
concentration levels (in the same direction) in at least half of
study participants. In our earlier work using the same dataset,
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we found that 13.3% of lipid species (35 of 263 lipids) showed
a significant circadian rhythm in group-level analyses." No-
tably, 16 of 25 lipid species that were identified as increasing
or decreasing over time in the current study were identified
as circadian-regulated in our earlier work. Each of the cho-
line plasmalogen species that decreased during sleep depri-
vation was also under circadian control (PC 34:1p, PC 34:2p,
PC 36:2p), and the majority of metabolites in plasma that in-
creased with time spent awake were likewise regulated by the
circadian system (PC 32:2, TAG 48:2, TAG 48:3, TAG 504,
TAG 52:5, TAG 52:6, TAG 54:3, TAG 54:4, TAG 54:5, TAG
54:6, TAG 547, TAG 56:3, and DAG 36:2). Our findings there-
fore establish that the concentrations of a substantial number
of choline plasmalogen and TAG species were modulated by
both the sleep deprivation procedure and internal body time.
For some TAGs (e.g., as shown in Figure 1), the time course
closely resembled that observed for behavioral and physiologic
measures known to be regulated by the sleep homeostat and
circadian mechanisms, including self-rated sleepiness, lapses
in attention, percentage eyelid closure over the pupil over time,
variability in heart rate, and electroencephalogram activity in
the delta frequency band.”” Our findings therefore raise the
possibility that some lipids are influenced by the interaction
of the sleep homeostat and the circadian timing system. This
question could be explored in future studies using forced de-
synchrony procedures, in which circadian and homeostatic
sleep mechanisms can be separated.®

The increase in diacyl PC that we observed during sleep
deprivation is consistent with a recent study that compared
metabolite concentrations between 24:00 and 06:00 during
a night of sleep deprivation versus the same time period on
the previous night as subjects slept.!" In that study, there were
eight diacyl PC species that increased significantly during pro-
longed wakefulness. Five choline plasmalogen species were
also reported to increase in response to sleep deprivation (PC
32:1p, PC 36:0p, PC 38:4p, PC 40:5p, and PC 40:6p), but levels
of these lipids in plasma did not appear to increase during
extended wakefulness based on group-averaged data. In an-
other study that used similar sleep deprivation procedures as
those used here,' several lipid species were shown to increase
during sleep deprivation, although the metabolite panel used
did not include diacyl PCs or plasmalogens, nor did it include
TAG species. Similarly, a study that used metabolomics ap-
proaches to examine changes in fasting plasma samples fol-
lowing a week of sleep restriction (5.5 h of time in bed per
night) versus longer sleep (8.5 h of time in bed) found that a
small number of lipids increased significantly after sleep loss,
including cholesterol and some lipids involved in bile acid
metabolism’; however, there was no overlap in lipid species
examined with the current study. More recently, it was shown
that following exposure to 5 days of sleep restriction with 4 h
of time in bed per night, the concentrations of several GP and
GL species changed relative to baseline, as assessed in blood
samples collected in the morning after fasting."> Consistent
with our findings, the levels of several PC species increased
following exposure to sleep restriction, but a small number of
DAG and TAG species decreased, including some metabolites
that increased during exposure to total sleep deprivation in the
current study (DAG 36:2, TAG 54:3, TAG 54:4, and TAG 54:5).
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Figure 5—Time course of phosphatidylcholine (PC) and triacylglyceride
(TAG) levels in human plasma during sleep deprivation. Changes in total
molar concentration of the plasmalogen form of PC (PCp, 20 species),
diacyl PC (21 species), and TAG (64 species) are shown for 20 subjects
who were kept awake for 40 consecutive hours using constant routine
procedures. In addition to circadian variation in the time series, there
was a decrease in choline plasmalogen over time (top). As shown by the
gray trace, a decreasing trend in total ethanolamine plasmalogen (PEp,
18 species) was also observed. In contrast, the total concentration of
diacyl PC (middle) and TAG (bottom) increased in plasma. Vertical gray
bars highlight the usual hours of sleep. Each trace shows the average of
z-scored concentrations across subjects. Error bars show the standard
error of the mean.

The aforementioned studies, which implemented different
methodologies and examined largely different sets of metab-
olites, demonstrate that some lipid pathways are affected by
sleep loss. More work is needed, however, to understand the
underlying mechanisms and to compare the effect of different
types of sleep loss on plasma lipids, including exposure to
total sleep deprivation, sleep restriction, and fragmented sleep
caused by a sleep disorder.

Limitations and Considerations

Here, we identified lipid species that showed a linear change
over time. As shown in another study with similar experi-
mental procedures, some metabolites showed an increase or
decrease only very late during the sleep deprivation protocol.”
Therefore, our approach might not detect substances that show
a non-linear increase or decrease. Although our study exam-
ined major components of the plasma lipidome,** focusing on
GL (diacyl and triacyl forms), GP, and SP, we did not system-
atically examine various sterol lipids, fatty acids, or prenol
lipids. As noted previously, the source of plasma TAGs was not
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determined, which could be explored in future studies by ma-
nipulating the content and timing of meals or by introducing
a fasting condition. Although most subjects completed all
snacks given during the constant routine procedure, there were
four participants who missed one or more snacks (see Methods
section), which might have influenced levels of plasma lipids
derived from the diet in these individuals. To evaluate whether
the plasma lipid profile in our subjects reflected their unique
diet (granola and juice), we compared the relative concentra-
tions of 94 lipids (GLs and GPs) that were also identified in a
previous study in which participants were fasted prior to col-
lection of blood samples.* In the earlier study, pooled blood
was examined across 100 individuals (equal number of males
and females) aged 4050 y. Despite marked differences in
subject characteristics and diet, the relative concentrations
of lipids were similar across studies (Spearman rho = 0.83,
P < 0.001), suggesting that the unique diet in the current study
was not a major determinant of the plasma lipid profile. None-
theless, we cannot rule out the possibility that the increase in
TAG and PC levels during the sleep deprivation protocol was
caused by a buildup in postprandial lipids related to consump-
tion of frequent small snacks.

Another limitation of our study is that the lipid species we
identified are present across different lipoproteins, but we did
not examine changes in lipids across different lipoprotein frac-
tions. In the clinical setting, levels of cholesterol carried by
very-low-density, low-density, and high-density lipoproteins
(VLDL-C, LDL-C, and HDL-C) are often used to assess risk
of cardiovascular disease. Based on exploratory analyses using
samples collected in the present study, levels of LDL-C did not
show a linear increase during the constant routine procedure
(data not shown), but we did not examine VLDL-C, HDL-C,
or other lipoprotein particles. Prior work has shown that ex-
perimentally induced sleep restriction increases LDL-C,* and
short sleep is associated with lower HDL-C,*** suggesting that
chronic inadequate sleep might contribute to increased risk for
atherosclerosis. Because the half-life of different lipoprotein
particles differs substantially (ranging from tens of minutes
to days), the half-life of an individual lipid species in plasma
is dependent on its distribution among lipoproteins. It is there-
fore possible that our study failed to detect sleep deprivation-
induced changes for some lipids with long half-lives, as such
changes might not have been evident by the end of the research
protocol. Finally, we would like to highlight that we studied a
relatively homogenous group of participants who were healthy
ethnic-Chinese males in their 20s. Although this group was
chosen to minimize potential sources of variance, it should be
noted that prior work has demonstrated sex differences in lipid
and glucose metabolism, and plasma lipid profiles change in
healthy aging and in metabolic disease.*** Additional studies
are therefore needed to assess whether our findings extend to
individuals who differ in age, sex, and health status.

CONCLUSIONS

The concentrations of lipids in plasma are influenced by
the circadian system and by exposure to sleep deprivation. A
subset of choline plasmalogens was circadian regulated and de-
creased reliably across study participants who underwent total
sleep deprivation. Given that decreased plasmalogen levels are
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associated with increased oxidative stress and poor psychiatric
and cardiometabolic outcomes, our results suggest that sleep
deprivation might contribute to disrupted plasmalogen homeo-
stasis with implications for mental and physical health. During
the sleep deprivation procedures, a subset of PC and TAG spe-
cies increased in plasma, which could reflect altered function
of genes and pathways involved in lipid metabolism and trans-
port. Our studies therefore establish a putative link between
sleep deprivation and markers of disease risk and severity, i.e.,
decreased choline plasmalogen and increased TAGs in plasma.
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