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Abstract

Background: Sleep disturbances, as manifested in insomnia symptoms of difficulties falling
asleep or frequent nighttime awakenings, are a strong risk factor for a diverse range of

diseases involving immunopathology. Low-grade systemic inflammation has been frequently
found associated with sleep disturbances and may mechanistically contribute to increased disease
risk. Effects of sleep disturbances on inflammation have been observed to be long lasting and
remain after recovery sleep has been obtained, suggesting that sleep disturbances may not only
affect inflammatory mediators, but also the so-called specialized pro-resolving mediators (SPMs)
that actively resolve inflammation. The goal of this investigation was to test for the first time
whether the omega-3 fatty acid-derived D- (RvD) and E-series (RVE) resolvins are impacted by
prolonged experimental sleep disturbance (ESD).

Methods: Twenty-four healthy participants (12F, age 20-42 years) underwent two 19-day in-
hospital protocols (ESD/control), separated by >2 months. The ESD protocol consisted of repeated
nights of short and disrupted sleep with intermittent nights of undisturbed sleep, followed by

three nights of recovery sleep at the end of the protocol. Under the control sleep condition,
participants had an undisturbed sleep opportunity of 8 hours/night throughout the protocol. The

D- and E-series resolvins were measured in plasma using liquid chromatography-tandem mass
spectrometry (LC-MS/MS).

Results: The precursor of the D-series resolvins, 17-HDHA, was downregulated in the ESD
compared to the control sleep condition (p<.001 for condition), and this effect remained after the
third night of recovery sleep has been obtained. This effect was also observed for the resolvins
RvD3, RvD4, and RvD5 (p<.001 for condition), while RvD1 was higher in the ESD compared to
the control sleep condition (p<.01 for condition) and RvD2 showed a mixed effect of a decrease
during disturbed sleep followed by an increase during recovery sleep in the ESD condition (p<.001
for condition*day interaction). The precursor of E-series resolvins, 18-HEPE, was downregulated
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in the ESD compared to the control sleep condition (p<.01 for condition) and remained low after
recovery sleep has been obtained. This effect of downregulation was also observed for RVE2
(p<.01 for condition), while there was no effect for RvE1 (p>.05 for condition or condition*day
interaction). Sex-differential effects were found for two of the D-series resolvins, i.e., RvD2 and
RvD4.

Conclusion: This first investigation on the effects of experimental sleep disturbance on
inflammatory resolution processes shows that SPMs, particularly resolvins of the D-series, are
profoundly downregulated by sleep disturbances and remain downregulated after recovery sleep
has been obtained, suggesting a longer lasting impact of sleep disturbances on these mediators.
These findings also suggest that sleep disturbances contribute to the development and progression
of a wide range of diseases characterized by immunopathology by interfering with processes that
actively resolve inflammation. Pharmacological interventions aimed at promoting inflammatory
resolution physiology may help to prevent future disease risk as a common consequence of sleep
disturbances.

Trial Registration: ClinicalTrials.gov NCT02484742.
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1. Introduction

Sleep disturbances are prospectively associated with an increased risk of a wide range of
common diseases involving immunopathology, such as cancer, chronic pain, cardiovascular,
neurodegenerative, neuropsychiatric, and metabolic diseases, including diabetes and obesity
(Besedovsky et al., 2019; Irwin, 2015). Poor sleep also increases risk and deteriorates
progression and outcome of infection, including upper airway infections (Cohen et al.,
2009; Prather et al., 2015), pneumonia (Patel et al., 2012), as well as infections with
SARS-CoV-2 (Li et al., 2021). Chronic low-grade systemic inflammation is assumed to

be one of the main reasons for the negative health consequences of sleep disturbance
(Besedovsky et al., 2019; Irwin, 2019; Irwin and Opp, 2017). Most of the approximately
150 studies conducted in the last decades found that disturbed or insufficient sleep resulted
in an upregulation of mainly pro-inflammatory acting mediators, including interleukin-6
(IL-6), C-reactive protein (CRP), and lipid-derived prostaglandins (Besedovsky et al., 2019;
Irwin et al., 2016). Recent findings in humans and rodents revealed that insufficient sleep
affects hematopoiesis of neutrophils and monocytes (McAlpine et al., 2022; McAlpine et
al., 2019). Such inflammatory upregulation has been shown to be longer lasting as indicated
by incomplete resolution after recovery sleep has been obtained (Lasselin et al., 2015;
McAlpine et al., 2022; Simpson et al., 2016; van Leeuwen et al., 2009), suggesting that
mediators that actively resolve inflammation may also be affected by sleep disturbances.

The resolution of inflammation is an active process orchestrated by so-called specialized
pro-resolving lipid mediators (SPMs) (Panigrahy et al., 2021; Serhan, 2011; Serhan and
Levy, 2018). The mediators of inflammatory resolution mainly derive from omega-3
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polyunsaturated fatty acids (PUFAS) and are converted to specific SPMs, such as D-series
and E-series resolvins that derive from the omega-3 PUFAs docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA), respectively (Serhan, 2014). Resolvins promote the

return to inflammatory homeostasis through counter-regulation of pro-inflammatory signals,
involving a class-switch from pro-inflammatory lipid mediators to SPMs including the
resolvins, which coincides with the transformation of inflammatory neutrophil infiltration
into non-phlogistic monocyte/macrophage recruitment (Serhan, 2014; Serhan and Levy,
2018). Thus, failure to mount inflammatory resolution processes can result in chronic
unresolved inflammation and the development of inflammatory diseases (Panigrahy et al.,
2021).

Recent studies in humans revealed dysregulation of resolvins and their precursors in various
health conditions, such as autoimmune disorders (Kooij et al., 2020; Priss et al., 2013;
Sorokin et al., 2018), asthma (Johnson et al., 2022), metabolic disorders (Barden et al.,
2019; Lopez-Vicario et al., 2019; Schulte et al., 2020), cardiovascular diseases (Bazan et al.,
2017; Keeley et al., 2022), neurodegenerative disorders (Do et al., 2023; Zhu et al., 2016),
chronic pain (Valdes et al., 2017), and severe COVID-19 (Palmas et al., 2021). Moreover,
the functional beneficial effect of resolvins on health is suggested from studies showing that
consumption of resolvin precursors, i.e., the omega-3 PUFAs DHA and EPA available in
concentrated form as dietary supplements, can mitigate severity and progression of various
diseases involving inflammation, including cardiovascular diseases, arthritis, and certain
cancers (Calder, 2018; Djuricic and Calder, 2021).

Whether sleep disturbances disrupt the inflammatory resolution mediator pathways, e.g.,
resolvins, has not previously been investigated to our knowledge. We here investigated

the effect of prolonged experimental sleep disturbances and subsequent recovery sleep

on resolvins of the D-series and E-series and their precursors in healthy humans. We
hypothesized that experimental sleep disturbances compromise the production of resolvins,
and that effects are long lasting as indicated by incomplete normalization following recovery
sleep. While sex differences in inflammatory responses to disturbed or insufficient sleep
have been shown previously (Besedovsky et al., 2022; Irwin et al., 2010), we explored in the
present study whether females and males differ in their inflammatory resolution responses to
sleep disturbances.

2. Methods

2.1. Study protocol

This investigation is an exploratory analysis of a study, for which the primary outcomes

of inflammation and pain were published recently (Besedovsky et al., 2022; Haack et al.,
2023). The study employed a randomized crossover design with two 19-day (18 nights)
in-hospital protocols. Each participant was assigned to an experimental sleep disturbance
(ESD) stay and a control stay in randomized order with an interval of at least 2 months
between stays in order to prevent potential carry-over effects of the prolonged experimental
sleep disturbance protocol. Each in-hospital stay started with 3 nights with a sleep
opportunity of 8 hours per night (23:00-07:00) for adaptation and baseline measurements.
Then, under the ESD condition, participants were exposed to 3 cycles of ESD, each
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consisting of 3 nights of disturbed sleep (later sleep onset, hourly awakenings, earlier sleep
offset, resulting in a total sleep opportunity of 4 hours) followed by 1 night of recovery
sleep with an undisturbed sleep opportunity of 8 hours. Such sleep patterns are common
in individuals experiencing pain or stress, for instance, in relation to economic, societal or
health challenges (Haack et al., 2020; Hirotsu et al., 2015). The model was designed to
mimic sleep patterns that are common in chronic pain populations, in which consecutive
nights of shortened and disrupted sleep are followed by intermittent nights of undisturbed
sleep as a result of build-up of homeostatic sleep pressure following several nights of
disrupted sleep (Perlis et al., 2010; Vallieres et al., 2005). The ESD protocol ended with

3 additional nights of recovery sleep with a sleep opportunity of 8 hours per night (Fig.
1). Under the control condition, participants had a sleep opportunity of 8 hours per night
throughout the entire protocol.

During each of the ESD nights, the timing of sleep onset was delayed by one hour (from
23:00 to 00:00). This was followed by a six-hour interval (between 00:00 and 06:00),

in which 40 min of sleep opportunity were followed by 20 min of induced wake time

every hour, totaling 6 induced awakenings during the night (5 in-between + 1 final) and
resulting in a 4-hour sleep opportunity and 2 hours of induced wake time. Lastly, sleep offset
was advanced by one hour (from 07:00 to 06:00). To implement nighttime awakenings,

the research nurse entered the room, turned on the light to less than 20 Ix, and woke up

the participant by calling their name. During the induced 20-min awakenings, participants
interacted with the attending research assistant while staying in bed in a semi-recumbent
position until the next scheduled sleep opportunity started.

During each of the two 19-day in-hospital stays, participants had 8 days of intensive
monitoring (every second day of the study protocol starting with day 4). Measurements
included polysomnographic (PSG) recordings and quantitative somatosensory testing
(Besedovsky et al., 2022; Haack et al., 2023). Blood samples were collected on the first
baseline day and on all 8 intensive monitoring days. The present study includes blood
samples collected on the first baseline day (day 3), during the third ESD cycle (day 14), after
1 night of recovery sleep (day 16), and after 3 nights of recovery sleep (day 18) of each ESD
stay and the same days of each control stay (Fig. 1).

2.2. Participants

The present study was approved by the Institutional Review Board for Research Involving
Human Subjects at the Beth Israel Deaconess Medical Center (BIDMC) in Boston, MA, and
registered at ClinicalTrials.gov (NCT02484742). Participants were recruited via community
and website advertisements. Twenty-four healthy participants (12F/12M) were included

in the analysis (Table 1). Twenty-two participants completed both 19-day in-hospital

stays. Two participants did not complete the second in-hospital stay due to work/family
requirements and difficulties in following study procedures, and data of one stay of one
participant could not be analyzed due to missing sample material.

Inclusion criteria were age between 18 to 45 years, a body mass index (BMI) between 18.5
and 30 kg/m?, habitual nightly sleep duration between 7 and 9 hours (verified by sleep
diary data collected over seven days), sleep efficiency >85% as per screening PSG, habitual
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time of sleep onset within one hour of the study bedtime of 23:00 (to ensure entrainment),
blood chemistry levels within the normal range (including white blood cell and differential
blood cell counts, T cell subsets, thyroid hormones, glucose, insulin, creatinine, liver
enzymes, erythrocyte sedimentation rate), and negative urine toxicology. Female participants
were eligible if they had regular menstrual cycles and no significant discomfort during
pre-menses/menses.

Exclusion criteria included presence or history of medical or psychiatric disorders
(determined by diagnostic interview, physician’s medical history and physical examination),
sleep disorders (based on questionnaires and in-hospital PSG), pregnant or nursing status,
regular medication use other than hormonal contraceptives, non-steroidal anti-inflammatory
drug (NSAID) or cough medicine use in the two weeks prior to the in-hospital stays, and
donation of blood or platelets three months prior to (or in-between) in-hospital stays. Blood
tests and urine toxicology screening were repeated prior to the second 19-day in-hospital
stay to ensure values remained in the normal range. None of the participants reported taking
omega-3 PUFA supplements.

2.3. Research environment

Throughout both in-hospital stays, participants stayed in a private room at the Clinical
Research Center at BIDMC. Ambient room temperature was based on the individually
tailored comfort level and kept stable throughout all study days. Participants were
maintained on a balanced diet controlled for macronutrients (15% proteins, 30% fats,

55% carbohydrates) and electrolytes (3 mg sodium, 3 mg potassium adjusted for caloric
intake) and regimented fluid intake (no caffeine) in order to prevent changes in body weight/
composition throughout the study. Meals (breakfast 07:30, lunch 12:30, dinner 18:30, snack
20:50) and fluids (every 2 hours from 7:00 to 21:00) were served at standardized times.
Food that was not consumed was weighed back to calculate actual caloric intake (ProNutra
software, Viocare, Princeton, NJ). To prevent sedentary conditions and maintain constant
activity levels, the attending research assistant took participants on a 10 to 15-min walk
within the Clinical Research Center or outside on hospital property every 2 to 3 hours
throughout the waking periods of the protocol (except during induced wake periods at
night). Participants were encouraged to follow their pre-study exercise habits by visiting the
hospital gym on the non-intensive monitoring days. Participants could have visitors during
daytime periods and had access to internet and phone, in order to minimize disruptions to
their social networks.

2.4. Sample collection and processing

Blood samples were taken through direct venipuncture at 11:00 in the morning. This time
point for blood collection was selected based on previous research from our lab (Simpson
et al., 2016) showing significant differences in immune parameters and glucocorticoid
sensitivity between sleep restriction and control sleep at this time of day and to avoid

the potential influence of the awakening cortisol peak and meal intake scheduled at 07:30.
Prior to blood collection, participants refrained from food and fluid intake for 60 min and
remained in a seated position for 15 min. Blood was collected in K2 EDTA tubes (BD
Vacutainer, Franklin Lakes, NJ, USA) on ice. Then, plasma was separated by centrifugation
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for 10 min at 1500 x g at 4°C and stored at —80°C until measurement. The samples were
express-shipped on dry ice to Ambiotis SAS, Toulouse, France for SPM analysis.

2.5. Lipid mediator analysis

Lipid mediators were measured in plasma using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in the external contract research laboratory Ambiotis SAS,
Toulouse, France as previously described (Le Faouder et al., 2013). The present study
focused on the SPM omega-3 PUFA derivatives D-series resolvins (RvD1, RvD2,

RvD3, RvD4, and RvD5) and E-series resolvins (RvE1 and RVE?2), and their precursors
17-hydroxydocosahexaenoic acid (17-HDHA) and 18-hydroxyeicosapentaenoic acid (18-
HEPE), respectively (refer to Table S1 for structural details). Values below the lower limit
of quantification (LOQ) were included in the analysis as measured. Values below the limit
of detection (LOD) were set to half the respective LOD (portion of values below LOD:
RvD1 0.6%, RvD2 6%, RvD3 4%, RvD4 14%, RvD5 23%, 17-HDHA 0%, RVE1 26%,
RVE?2 0.6%, 18-HEPE 0%, refer to Table S2). No significant differences in the frequency
of samples below LOD were found on the baseline day, neither for condition nor for sex.
On day 14 (sleep disturbance day), there also was no difference in the frequency of samples
below LOD for sex and for most of the investigated resolvins, except for RvD5, for which
0.6% of values were below LOD in the control condition and 4.4% of values were below
LOD in the ESD condition. The mean intra-assay and inter-assay coefficients of variation
(CV) were 6.2% and 7.5%, respectively, and the mean recovery rate was 101.4% (refer to
Table S3). Original data are depicted in the supplementary material (Fig. S1, S2).

2.6. Statistical analysis

The effect of experimental sleep disturbances on plasma concentrations of resolvins and
their precursors was assessed using IBM SPSS Statistics 28. Generalized linear mixed
model (GLMM) analysis was performed with repeated measurements across multiple

days of the two in-hospital stays (stay*day, diagonal covariance structure). Satterthwaite’s
approximation was used to calculate denominator degrees of freedom. Robust estimation
was used in order to protect against potential violations of model assumptions. In all
models, the intercept, the three factors condition (ESD/control), day (14/16/18), and sex
(female/male) as well as their interactions were included as fixed factors. The baseline day
3 was handled as a covariate in all models to account for potential baseline differences
between conditions. Participant’s identification number was set as a random effect with a
variance components (VVC) covariance structure. To identify the best fitting model structure,
all models were calculated with different combinations of target probability distributions
(normal, gamma, inverse Gaussian) and link functions (identity, log, power(-1)). For

each variable, the most appropriate model structure was identified by evaluation of
homoscedasticity and normality by plotting residuals vs. predicted values and by histograms
of residuals, respectively. In all models, a p-value of <.05 for main or interaction effects
was considered significant. A significant condition effect or condition*day interaction
effect was considered appropriate for pairwise comparisons at specific days using the

least significant difference (LSD) tests. A significant condition*sex interaction effect was
considered appropriate for pairwise comparisons at specific days for females and males
separately. Data are presented as estimated marginal means (EMM) = standard errors
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(SEM), which account for the between-participant variation as well as the within-participant
variation across days and across conditions (intra-individual study design).

3. Results

Participant characteristics are listed in Table 1. Average daily caloric intake was 2259
kcal and daily intake of omega-3 fatty and omega-6 PUFAs was 1.4 mg and 12.9 mg,
respectively, which corresponds to a typical American diet. For details on macro- and
micronutrients in both conditions, see supplementary Table S4.

All of the investigated resolvins of the D-series were affected by ESD compared to

the control condition (Fig. 2). The precursor of the D-series resolvins, 17-HDHA, was
downregulated following disturbed sleep in the ESD condition compared to the control
condition and levels remained downregulated after the first and third night of recovery sleep
(p<.001 for condition). This effect was also observed for RvD3, RvD4, and RvD5, which
were all lower following disturbed sleep in the ESD condition compared to the control
condition (p<.001 for condition). Whereas the RvD4 level was still significantly lower after
1 night of recovery sleep only, the RvD3 level displayed a significant decrease after 3 nights
of recovery sleep only, and the RvD5 levels were lower after 1 and 3 nights of recovery sleep
compared to the control condition. In contrast, the plasma concentration of RvD1 following
disturbed sleep in the ESD condition was higher compared to the control condition and
continued to be higher following the first night of recovery sleep (p<.01 for condition).
Finally, a mixed effect was found for RvD2 levels with a decrease during disturbed sleep
followed by an increase after 1 night of recovery sleep in the ESD condition compared to the
control condition (p<.001 for condition*day interaction).

In contrast to the distinct differences between ESD and control conditions for the resolvins
of the D-series, the resolvins of the E-series were less affected by ESD (Fig. 3). The
concentration of the precursor of the E-series resolvins 18-HEPE was lower in the ESD
condition compared to the control condition (p<.01 for condition), which manifested in
lower levels following the third night of recovery sleep. There was no significant difference
in the concentration of RVE1 between the ESD and the control condition (p>.05 for
condition or condition*day interaction). The concentration of RVE2 was lower in the ESD
condition compared to the control condition (p<.01 for condition), which manifested in
lower levels following disturbed sleep.

The GLMM analyses revealed sex-differential effects for two of the D-series resolvins,
RvD2 and RvD4 (Fig. 4). The condition*day*sex interaction effect (p<.05) for RvD2
indicated that females showed a distinct decrease of RvD2 concentration after disturbed
sleep followed by an increase after 1 night of recovery sleep in the ESD condition compared
to the control condition. RvD2 levels in males were not different between conditions. The
condition*sex interaction effect (p<.05) for RvD4 was due to reduced levels in the ESD
condition compared to the control condition in males, while there was no difference between
conditions in females. In males, the RvD4 concentration was lower after disturbed sleep as
well as after the first and third nights of recovery sleep. No sex-differential effects were
found for neither the D-series resolvins RvD1, RvD3, RvD5, and their precursor 17-HDHA
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(Fig. 4) nor the E-series resolvins RvVE1, RvE2, and their precursor 18-HEPE in the present
study (Fig. 5). Pairwise comparisons at baseline (day 3) revealed that the concentration of
SPMs in plasma was not different between sexes for most of the investigated variables,

i.e., 17-HDHA, RvD2, RvD3, RvD5, 18-HEPE, RvE1, and RvE2. However, for RvD1 and
RvD4 significant differences between sexes were found with females having lower levels
than males at baseline (refer to Table S5).

4. Discussion

To our knowledge, the present study is the first investigation on the effects of experimental
sleep disturbance and recovery sleep on inflammatory resolution pathways. The results
demonstrate that resolvins, especially the resolvins of the D-series RvD1, RvD2, RvD3,
RvD4, RvD5, and their precursor 17-HDHA are affected by sleep disturbances. In particular,
17-HDHA, RvD3, RvD4, and RvD5 were downregulated and this downregulation continued
into the recovery sleep period, suggesting a lasting effect of sleep disturbances on these
inflammatory resolution mediators. This might contribute to the slowed inflammatory
recovery from sleep disturbances as observed in previous studies (Lasselin et al., 2015;
McAlpine et al., 2022; Simpson et al., 2016; van Leeuwen et al., 2009).

A few studies have investigated single resolvins or their precursors in relation to sleep.

In mice, sleep fragmentation (induced by housing the animals in a rotating drum over 14
days) has been shown to downregulate the omega-3 PUFA docosapentaenoic acid (DPA)

in serum (Feng et al., 2016). In addition, some preclinical studies have investigated the
effects of SPMs on sleep. An early study in rats showed that lipoxins, a class of SPMs
derived from the omega-6 PUFA arachidonic acid (AA), injected to the brain increased slow
wave sleep (Sri Kantha et al., 1994). More recently, a study in brain-injured mice showed
that intra-peritoneal treatment with RVE1 increased sleep time during the recovery period
(Harrison et al., 2015). In humans, it has been shown that serum levels of RvD1 and lipoxin
A, were reduced in patients with obstructive sleep apnea compared to healthy controls
(Chen et al., 2019). However, to which degree the lower values were associated with the
degree of sleep fragmentation in these patients was not reported. While there are only very
few investigations on the relationship between sleep and SPMs, they suggest that there is a
potential bi-directional link to be explored in future investigations.

While we found pronounced effects for the D-series resolvins and their precursor 17-HDHA,
the investigated resolvins of the E-series, RvE1 and RvVE2, and their precursor 18-HEPE,
were less affected by the ESD condition compared to control in the present study. The
reason for this apparent difference between those classes of resolvins in response to ESD

is currently unknown. Different resolvins exhibit specific cell- and receptor-dependent
pro-resolving actions, such as limiting neutrophil infiltration or blocking pro-inflammatory-
cytokine release (Krishnamoorthy et al., 2018; Serhan et al., 2022). How these different
cell-type specific actions of various resolvins translate into increased disease risk as a
consequence of sleep disturbances will be an active area of research in the future.

We found sex-differential effects of ESD and recovery sleep for two of the investigated
lipid mediators, namely RvD2 and RvDA4. Females responded to disturbed sleep with a
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marked reduction in RvD2 levels, followed by a rebound effect during the recovery sleep
period compared to the control sleep condition. Males, in contrast, responded with a marked
reduction of RvD4 levels following disturbed sleep and subsequent recovery sleep compared
to control sleep. These findings suggest that females and males may differ in their responses
of certain D-series resolvins to sleep disturbances. Sex differences in the response of certain
SPMs to various stimuli have been reported in a few studies in humans (Barden et al.,

2018; Barden et al., 2015; Rathod et al., 2017). For instance, using an experimental blister
model, females appear to have a stronger inflammatory resolution response than males
(Rathod et al., 2017). On these grounds, it was suggested that differences in concentrations
of individual SPMs in plasma may be small between females and males (Calder, 2020). In
contrast, we found that baseline concentrations did not differ between females and males for
most of the investigated variables, i.e., 17-HDHA, RvD2, RvD3, RvD5, 18-HEPE, RVEL1,
and RVE2, and that females had lower levels than males in two of the investigated SPMs,
i.e., RvD1 and RvD4, at baseline. However, with respect to potential sex-differential effects
of sleep disturbances on SPMs, future studies powered for the detection of sex differences
are needed.

This investigation was an exploratory analysis of a study, for which the primary outcomes
of inflammation and pain were published recently (Besedovsky et al., 2022; Haack et al.,
2023). Briefly, these studies reported that PSG-derived sleep measures were affected by the
ESD protocol as expected, such that the amount of slow wave sleep was reduced during

all nights with disturbed sleep but increased during the subsequent nights of recovery sleep
(Besedovsky et al., 2022). The pro-inflammatory response to sleep disturbance was affected
in a sex-specific manner (Besedovsky et al., 2022; Haack et al., 2023), as manifested in

a stronger activation of IL-6 and cyclooxygenase (COX)-2 expression in males compared
to females. Sex-differential effects were also found for cortisol, with a stronger morning
cortisol response in females (Besedovsky et al., 2022). To date, no associations between
SPMs in plasma and glucocorticoids have been reported in studies that were stratified

by sex (Barden et al., 2020; Barden et al., 2018). In the present study, two of the
investigated resolvins showed sex-differential effects (i.e., RvD2 and RvD4). However,
further investigations that are adequately powered on sex are needed in the future.

Given the growing clinical and preclinical evidence of the involvement of inflammatory
resolution mediators in the development and progression of various health conditions,
including autoimmune disorders (Kooij et al., 2020; Pruss et al., 2013; Sorokin et al., 2018),
cardiovascular diseases (Bazan et al., 2017; Keeley et al., 2022), chronic pain (Valdes et

al., 2017), and neurodegenerative disorders (Do et al., 2023; Zhu et al., 2016), the current
findings suggest that sleep disturbances may contribute to an increased risk of these diseases
through a profound downregulation of certain inflammatory resolution mediators. For some
health conditions, supplementation with the precursors of resolvins, i.e. the omega-3 PUFAs
EPA and DHA, has been recommended as an effective and safe option to improve health.
For instance, elevated triglycerides that are commonly associated with obesity, diabetes,

and cardiovascular disease can be effectively and safely reduced through supplementation
with the omega-3 PUFAs EPA and DHA (Skulas-Ray et al., 2019). Furthermore, growing
preclinical evidence suggests that certain resolvins have potent analgesic effects and may
become effective therapeutics in the treatment of pain (Fattori et al., 2020). In humans,
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omega-3 PUFA supplementation standardized to the resolvin precursors 17-HDHA and 18-
HEPE has been shown to reduce pain intensity in a sample of adults with chronic pain, and
interestingly also reduced reported sleep disturbances (Callan et al., 2020). Pain is a very
common consequence of sleep disturbances (Finan et al., 2013) and our current findings
suggest that sleep disturbance may predispose to chronic pain by reducing D-series resolvins
and their precursor 17-HDHA, in particular.

The present study has several strengths, in particular its intra-individual crossover design,
which allows for direct assessment of changes in SPM levels within each participant by
statistical modeling. A further strength of this investigation is the control group design.
Some of the investigated mediators in the sleep control condition change across time during
the in-hospital stay, with some of them in a sex-dependent manner. Such an effect has also
been observed for other immune-related variables in the current and previous long-term
in-hospital protocols (Besedovsky et al., 2022; Simpson et al., 2016). While we controlled
many factors that potentially could influence SPM levels, such as diet composition and
timing, we have only limited knowledge on whether other factors, for example pre-stay
variables (regularity of sleep patterns, stress exposure, meal times), contributed to in-hospital
and sometimes sex-differential changes in certain SPMs in the control condition. Another
strength is that SPMs were assessed using a LC-MS/MS platform, which is considered the
most sensitive and specific method to detect very low concentrations of lipid mediators in
plasma (Liakh et al., 2020).

The present study also has some limitations. The study was not powered to detect sex
differences and findings should be handled with precaution. In addition, blood samples
analyzed included only those obtained at baseline and at the end of the 19-day protocol
(last cycle of ESD). Thus, we could not assess whether SPM levels were changed following
acute sleep disturbance, i.e., following the first cycle of ESD. Moreover, as just one blood
sample per day was assessed at 11:00 in the morning, potential effects of sleep disturbances
and recovery sleep on the diurnal regulation of SPMs could not be investigated. Given the
report suggesting diurnal variations of DPA-derived resolvins with higher concentrations

in the morning than in the evening in humans (Colas et al., 2018), future studies may
investigate the diurnal regulation of resolvins and underlying mechanisms in response to
sleep disturbance.

In conclusion, the present study demonstrates for the first time that sleep disturbances
downregulate certain SPMs, particularly the D-series resolvins RvD2, RvD3, RvD4, RvD5,
and the precursor 17-HDHA, and that their levels do not normalize after up to three nights of
recovery sleep, suggesting a lasting effect of sleep disturbances on inflammatory resolution
physiology. Impaired inflammatory resolution as a consequence of sleep disturbance may
explain slowed inflammatory recovery from sleep disturbances. The present work suggests
that sleep disturbances contribute to the development and progression of many common
diseases characterized by immunopathology by interfering with processes that actively
resolve inflammation. Pharmacologically targeting these pathways in the future, for instance
through resolvin precursor supplementation or specific resolvins that may be soon on the
market for human research, may help to limit the many negative health consequences of
sleep disturbance.
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Highlights:
. Prolonged experimental sleep disturbances in humans downregulate

inflammatory resolution mediators, in particular the D-series resolvins

. Most of the D-series resolvins remain downregulated following three nights
of recovery sleep, suggesting a longer lasting effect of sleep disturbances on
inflammatory resolution processes

. Sleep disturbances may contribute to the many diseases involving
immunopathology by disruption of inflammatory resolution processes
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Fig. 1. Study protocol.
Depicted is the 19-day in-hospital protocol of the experimental sleep disturbance (ESD)

model. Gray shading indicates sleep opportunity. Light blue shading indicates induced
wakefulness under dim light conditions. After 3 nights of 8 h baseline sleep, participants
were exposed to 3 cycles of ESD, each consisting of 3 nights of disturbed sleep (later sleep
onset, hourly awakenings, earlier sleep offset, total sleep opportunity 4 hours) followed by

1 night of undisturbed sleep. The protocol ended with 3 additional nights of 8 h recovery
sleep. Blood was drawn at two days during baseline and then every second day throughout
the protocol. The present study includes samples collected at baseline (day 3), during the 3'd
ESD cycle (day 14), after 1 night of recovery sleep (day 16), and after 3 nights of recovery
sleep (day 18). During the control condition, participants had a sleep opportunity of 8 hours
per night throughout the entire protocol.
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Fig. 2. The effect of experimental sleep disturbances (ESD) on D-series resolvins and their
precursor in healthy humans.

The graphs show results of GLMM analyses (EMM + SEM) for plasma concentrations

in pg/ml of the precursor 17-hydroxydocosahexaenoic acid (17-HDHA) and the D-series
resolvins RvD1, RvD2, RvD3, RvD4, and RvD5. Shaded area indicates ESD. Red triangles
indicate ESD condition (n = 22), blue dots indicate control condition (n = 23). Blood
samples were collected at baseline (day 3 = BL), during the 3"4 ESD cycle (day 14 = ESD),
after 1 night of recovery sleep (day 16 = R1), and after 3 nights of recovery sleep (day

18 = R3). Detailed model results can be found in Table S6. Asterisks indicate results of
pairwise comparisons between conditions: ***p<.001, **p<.01, *p<.05. N = 24 (12F/12M)
participants in total, refer to Table 1 for details.
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Fig. 3. The effect of experimental sleep disturbances (ESD) on E-series resolvins and their

precursor in healthy humans.

The graphs show results of GLMM analyses (EMM + SEM) for plasma concentrations

in pg/ml of the precursor 18-hydroxyeicosapentaenoic acid (18-HEPE) and the E-series
resolvins RVE1 and RVE2. Shaded area indicates ESD. Red triangles indicate ESD condition
(n = 22), blue dots indicate control condition (n = 23). Blood samples were collected at
baseline (day 3 = BL), during the 3"4 ESD cycle (day 14 = ESD), after 1 night of recovery
sleep (day 16 = R1), and after 3 nights of recovery sleep (day 18 = R3). Detailed model
results can be found in Table S6 (n.s. = not significant). Asterisks indicate results of pairwise
comparisons between conditions: **p<.01, *p<.05. N = 24 (12F/12M) participants in total,

refer to Table 1 for details.
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Fig. 4. The effect of experimental sleep disturbances (ESD) on D-series resolvins and their
precursor in healthy humans by sex.

The graphs show results of GLMM analyses (EMM + SEM) for plasma concentrations

in pg/ml of the precursor 17-hydroxydocosahexaenoic acid (17-HDHA) and the D-series
resolvins RvD1, RvD2, RvD3, RvD4, and RvD5 by sex. Bar graphs show main effect

of condition by sex. Shaded area indicates ESD. Red triangles indicate ESD condition

(n = 11F/11M), blue dots indicate control condition (n = 11F/12M). Blood samples were
collected at baseline (day 3 = BL), during the 3™ ESD cycle (day 14 = ESD), after 1 night
of recovery sleep (day 16 = R1), and after 3 nights of recovery sleep (day 18 = R3). Detailed
model results can be found in Table S6 (n.s. = not significant). Asterisks indicate results of
pairwise comparisons between conditions: ***p<.001, **p<.01, *p<.05. N = 24 (12F/12M)
participants in total, refer to Table 1 for details.
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Fig. 5. The effect of experimental sleep disturbances (ESD) on E-series resolvins and their
precursor in healthy humans by sex.

The graphs show results of GLMM analyses (EMM + SEM) for plasma concentrations

in pg/ml of the precursor 18-hydroxyeicosapentaenoic acid (18-HEPE) and the E-series
resolvins RvE1 and RVE2 by sex. Bar graphs show main effect of condition by sex. Shaded
area indicates ESD. Red triangles indicate ESD condition (n = 11F/11M), blue dots indicate
control condition (n = 11F/12M). Blood samples were collected at baseline (day 3 = BL),
during the 3" ESD cycle (day 14 = ESD), after 1 night of recovery sleep (day 16 = R1),
and after 3 nights of recovery sleep (day 18 = R3). Detailed model results can be found in
Table S6 (n.s. = not significant). No significant effects of condition by sex were found for
E-series resolvins and their precursor. N = 24 (12F/12M) participants in total, refer to Table
1 for details.
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Table 1
Participant characteristics.
All Control ESD
(N=24) (n=23) (n=22)

Age in years, mean (SD) 28.3(5.9) 28.4(59) 28.2(6.0)
Sex, n (%)

Female 12 (50.0) 11 (47.8) 11 (50.0)

Male 12(50.0) 12(52.2) 11 (50.0)
BMI in kg/m?, mean (SD) 23.9(3.8) 24.0(4.0) 238(3.7)
Race, n (%)

Black/African American 10 (41.7) 10(43.5)  9(40.9)

White 10 (41.7)  9(39.1) 10 (455)

Asian 1(4.2) 1(4.3) 1(4.5)

Multiracial 4 142 1(43) 1(45)

Otherb 1(4.2) 1(4.3) 1(4.5)

Not provided 1(4.2) 1(4.3) 0(0.0)
Ethnicity, n (%)

Hispanic 6(250) 6(261) 4(18.2)

Non-Hispanic 14 (58.3) 13(56.5) 14 (63.6)

Not provided 4(16.7) 4(17.4) 4(18.2)
Dietary preference, n (%)

Omnivore 18(75.0) 17(73.9) 16 (72.7)

Pescetarian 2(8.3) 2(8.7) 2(9.1)

Vegetarian 2(8.3) 2(8.7) 2(9.1)

Vegan 2(8.3) 2(8.7) 2(9.1)
Menstrual cycle phase €, n (%)

Follicular - 4(36.4) 3(27.3)

Luteal - 7(636) 8(72.7)

aReported as “mixed Black and Alaska Native”.

b .
Reported as “Peruvian”.

c . .
Menstrual cycle phase at day 1 of the experimental protocol; two females did not have regular menstrual cycles, one naturally, one due to

anintrauterine device.
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