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1  | INTRODUC TION

Sleep is essential to the human body, and short sleep duration has been 
clearly associated with negative cardiometabolic health effects and 
mortality and over the last decade, with both our research group and 
others reporting both U- shaped and linear associations between sleep 

duration and several metabolic disturbances and mortality (Buscemi 
et al., 2007; Cai et al., 2015; Cappuccio et al., 2010; Choi et al., 2008; 
Theorell- Haglow et al., 2012). Short sleepers have been shown to be 
more obese (Buscemi et al., 2007; Cai et al., 2015; Choi et al., 2008; 
Theorell- Haglow et al., 2012) and also to gain more weight over time 
compared with normal sleepers (Theorell- Haglow et al., 2014). In addi-
tion, some data indicate that sleep duration is more closely related to 
metabolic disturbances among those who also display sleep problems 
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Abstract
Sleep problems and short sleep duration have been linked to adverse health effects, 
such as cardiovascular disease and diabetes, but the mechanisms are not fully under-
stood. Finding biomarkers could explain mechanistic pathways and help in understand-
ing relationships between sleep and cardiometabolic health. The aim was to assess if 
sleep duration and sleep quality affect the cardiometabolic- related protein profile. In 
total, 242 proteins related to cardiometabolic health were measured in 2,430 plasma 
samples (male:female ratio 1:1, aged 45– 75 years) from the population- based EpiHealth 
cohort, using a proximity extension assay. The association of self- reported sleep dura-
tion and sleep quality with each of the 242 proteins (primary outcome) was assessed 
with linear regression modelling, adjusting for confounders, and corrected for multiple 
testing using the false discovery rate (5%). Potential effect modification of age and sex 
was also tested using an interaction term. We identified U- shaped associations be-
tween sleep duration and the plasma levels of the proteins follistatin (more prominent 
in younger individuals), matrix metallopeptidase 9 (men only), urokinase receptor, adre-
nomedullin and kidney injury molecule, all previously known to be related to cardio-
vascular risk. There was no relationship between sleep quality and any of the proteins, 
after adjustment for confounders. These results give new leads to investigate the po-
tential mechanistic pathways between sleep and cardiometabolic health.
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(Vgontzas	et	al.,	2014).	Animal	studies	have	shown	total	sleep	depri-
vation to be associated with serum proteins relating to energy me-
tabolism, the cardiovascular system and the nervous system, but also 
to cause changes in the synaptic proteome (Ma et al., 2018; Simor 
et al., 2017); however, studies in humans are still lacking.

Studying markers of cardiometabolic health may give new in-
sight into potential pathways between sleep and cardiometabolic 
health and also disease, and previous studies using techniques to 
study a high number of proteins at the same time show associa-
tions between several proteins and both diabetes and cardiovascu-
lar disease (Lichtenauer et al., 2017; Nowak et al., 2016; Stenemo 
et	 al.,	 2018;	 Yabluchanskiy	 et	 al.,	 2013).	 Although	 observational	
studies show relationships between sleep and cardiometabolic 
disease (Buscemi et al., 2007; Cai et al., 2015; Choi et al., 2008; 
Theorell- Haglow et al., 2012), no large- scale population- based co-
hort studies have investigated the association between sleep dura-
tion/sleep quality and cardiometabolic markers. Studying only one 
or a few markers at a time is time consuming and the possibility of 
studying a large number of proteins at the same time would advance 
knowledge within the field. With new techniques such as proteomic 
assays, it is possible to measure a larger number of proteins in a 
sample	(Assarsson	et	al.,	2014),	enabling	the	discovery	of	new	and	
clinically relevant biomarkers. Therefore, the aim of the study was 
to	use	a	 targeted	proteomics	assay	 (Assarsson	et	 al.,	2014)	 to	as-
sess the effects of self- reported sleep duration and sleep quality 
on the plasma proteome relating to cardiometabolic health. Based 
on previous knowledge of sleep and cardiometabolic health, we hy-
pothesized that particularly sleep duration would be associated with 
circulation protein biomarkers.

2  | METHODS

2.1 | Cohort description

The present study used data from the Swedish EpiHealth cohort 
study (www.epihe alth.se; Lind et al., 2013). Briefly, the EpiHealth 
study started in 2011 with the primary objective to study how 
interactions between lifestyle factors and genotypes contribute 
to the development of common disorders, such as cardiovascular 
and respiratory diseases. Participants (males and females; aged 
45– 75, n = 25,080) were randomly selected and invited between 
2011 and 2016 from the population registry in the Swedish cities 
of	Malmö	and	Uppsala.	At	inclusion,	participants	filled	out	an	ex-
tensive web- based questionnaire and visited one of two Swedish 
test centres (located in Malmö and Uppsala, Sweden) for a brief 
clinical examination, anthropometric measurement and blood 
sampling. For the present study, the EpiHealth participants from 
the Uppsala cohort, which had been included in the proteomic 
substudy,	 were	 eligible	 for	 inclusion	 in	 the	 analysis.	 All	 partici-
pants who had answered the question on sleep duration and had 
proteomic data were included in the present study and the final 
sample comprised 2,430 participants.

2.2 | Sleep variables

2.2.1 | Sleep	duration

Sleep duration was assessed by the question: How many hours do 
you	normally	sleep	per	day	 (24	h)?	Answers	were	 indicated	as	4	h	
or less, 5 h, 6 h, 7 h, 8 h, 9 h, or 10 h or more. In the analysis, 4 h or 
less was imputed to 4, and 10 h or more was imputed to 10. Sleep 
duration was used both as a linear and a curvilinear (squared sleep 
duration) term within the current work.

2.2.2 | Sleep	quality

Sleep quality was assessed by the question: How do you sleep in 
general? The participants were asked to indicate this on a 5- point 
scale, ranging from ‘very poor’ (1) to ‘very good’ (5).

2.3 | Proteomic analysis

Blood	samples	were	taken	after	a	≥	6-	h	fast	when	the	participants	
visited the test centre either in the morning or in the afternoon. 
Plasma	was	then	separated	out	and	samples	were	stored	at	−80°C	
(mean storage time = 4.5 ± 0.3 standard deviation [SD] years; range 
4.0– 5.0 years). Proteomic analysis was performed with a proximity 
extension	 assay	 (PEA)	 using	 the	Olink	Multiplex	Cardiovascular	 II,	
Cardiovascular	 III	 and	Metabolism	 panels	 (Assarsson	 et	 al.,	 2014).	
These assays measure 92 preselected proteins, each with relevance 
for	cardiovascular	disease	and	metabolic	disease.	In	the	PEA	analy-
sis, a matched pair of antibodies linked to unique oligonucleotides 
(proximity probes) binds to the respective protein target (one pair 
for	each	biomarker).	As	a	result,	the	probes	come	into	close	proxim-
ity	and	hybridize	to	each	other.	Addition	of	a	DNA	polymerase	leads	
to an extension of the hybridizing oligonucleotides, bound to one of 
the	probes,	thereby	creating	a	DNA	amplicon	that	can	subsequently	
be	detected	and	quantified	by	quantitative	real-	time	PCR	(Assarsson	
et al., 2014).

The proteomic data from the three Olink panels were all vali-
dated and quality checked by OLINK according to their standard 
(https://www.olink.com/data- you- can- trust/ data- gener ation - qc/ 
and https://www.olink.com/data- you- can- trust/ valid ation/) before 
delivery.	All	of	the	three	panels	have	shown	good	validity,	variabil-
ity and reproducibility (OLINK, 2018a, 2018b, 2019). For the pro-
tein data, the lower limit of detection was defined as 3 standard 
deviations above background noise. Validation of the assay was per-
formed at two separate sites and a mean coefficient of validation 
(CV) is presented from Olink. For CVDII, there was an overall mean 
coefficient of validation (CV) of 9.1% for intra- assay and 11.7% for 
inter- assay (OLINK, 2018a). For CVDIII, there was a mean coefficient 
of validation (CV) of 5%– 7% for intra- assay (overall 8.1%) and 16%– 
30% for inter- assay (overall 11.5%; OLINK, 2018b). For Metabolism, 
there was a mean coefficient of validation (CV) of 7.6%– 8.5% for 

http://www.epihealth.se
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intra- assay, 6.3%– 7.8% for inter- assay and 10% for the overall global 
inter- site CV (OLINK, 2019). Tables S1- S3 list all the proteins in the 
three Olink panels and links to Olink information on validation data 
for each panel.

Proteins with more than 15% of the values below the lower limit 
of detection (LOD) were excluded from the analyses. In addition, 
for	the	Metabolism	panel,	41	individuals	had	≥	15%	proteins	below	
LOD. In order to assess whether these individuals were phenotypi-
cally different (perhaps healthier than) to the rest of the group and 
thereby explain the high percentage of samples below LOD, they 
were compared to the rest of the group regarding age, sex, waist 
circumference, body mass index (BMI) and weight using the chi- 
squared test and Student's t- test. There was no difference for any 
of the variables (p > .05); thus, these individuals were excluded. In 
all, the final dataset after a quality check included: 2,360 individuals 
with 88 proteins analysed on 28 plates from the Cardiovascular II 
panel; 2,467 individuals with 91 proteins analysed on 28 plates from 
the Cardiovascular III panel; and 2,410 individuals with 63 proteins 
analysed	on	28	plates	from	the	Metabolism	panel.	Although	samples	
were considered randomized on plates and data had been normal-
ized, all protein values were controlled for storage time and plate 
by regressing each protein on these variables in a linear regression 
model. Following this, standardized residuals (z- scores) of each pro-
tein from these models were extracted and used as the main out-
comes in the statistical analysis.

2.4 | Covariates

Confounders were identified using the d- separation criteria applied 
on	 a	 Directed	 Acyclical	 Graph	 (DAG)	 using	 DAGitty	 (www.dagit	
ty.net) (Figure S1). The final selection of covariates included age, sex, 
BMI, physical activity, diet, smoking, alcohol, snoring, sleep apnea 
and stress.

2.4.1 | Age,	sex	and	anthropometric	measures

The age of the participants was calculated from their birth date on 
the day they visited the test centre. In addition, the sex of the par-
ticipant was collected and given as ‘male’ or ‘female’. For 22 of the 
participants of the present study, there was no indication of sex. 
BMI was calculated as weight/height2 (kg/m2) measured at the test 
centre.

2.4.2 | Physical	activity

Self- reported physical activity during leisure time was assessed on a 
seven- level scale. For the statistical analysis, answers were catego-
rized	 into	 four	groups.	A	 low	 level	of	physical	activity	was	defined	
as spending most of the time watching television or reading, and 
being	mostly	sedentary	during	leisure	time.	A	medium-	low	level	was	

defined as performing light physical activity, such as walking, dancing 
or ordinary gardening, for 2– 4 h per week. Medium- high physical ac-
tivity was defined as performing more intense physical activity, such 
as walking and cycling, for at least 1– 2 h a week, and also included 
doing all the household work. Lastly, a high level of physical activity 
was defined as performing strenuous exercise for at least 3 h per 
week.

2.4.3 | Diet

The Healthy Nordic Food Index (HNFI; range 0– 6) was calculated 
according to previous literature (Warensjo Lemming et al., 2018). 
The HNFI score assesses the intake of six groups of food: apples 
and pears, root vegetables, cruciferous vegetables, whole- grain 
bread, oatmeal porridge and fish. One point was given for intakes 
above the median for each food group, and a score of 5– 6 points was 
considered to indicate a high adherence to a healthy diet (Warensjo 
Lemming et al., 2018).

2.4.4 | Smoking

Current	 smoking	was	assessed	by	 the	question:	Are	you	currently	
smoking?	Answers	were	given	as	‘Yes’,	‘No’	or	‘Former	smoker’.

2.4.5 | Alcohol

To	 assess	 alcohol	 consumption	 and	 risk	 behaviour,	 the	 AUDIT	
(Alcohol	Use	Disorders	Identification	Test)-	C,	a	three-	item	screening	
tool,	was	used.	The	AUDIT-	C	is	a	short	version	of	the	10-	question	
AUDIT	screening	tool	developed	by	the	World	Health	Organization	
(WHO) to assess alcohol consumption, drinking behaviours and 
alcohol-	related	problems	(Saunders	et	al.,	1993).	The	AUDIT-	C	scale	
has	a	maximum	score	of	12	points	and	a	score	of	≥	5	points	in	men	
and	≥	4	points	in	women	is	considered	to	indicate	risky	consumption	
and behaviour. In the present study, we used the scale as a continu-
ous variable (Saunders et al., 1993).

2.4.6 | Snoring,	sleep	apnea	and	daytime	sleepiness

The participants answered one question on snoring and one on 
sleep apnea, and in addition completed the Epworth Sleepiness 
Scale (ESS). Snoring was assessed on a four- point scale (never or 
rarely;	1–	3	times	per	month;	1–	3	times	per	week;	or	≥	4	times	per	
week) using the question: Do you snore loudly (according to you or 
others)? Snoring was considered to be present if it was indicated 
as 1– 3 times per week or more often. Sleep apnea was assessed 
by the question: Has a physician ever diagnosed you with sleep 
apnea?	Answers	were	given	as	 ‘Yes’	or	 ‘No’.	The	ESS	consists	of	
eight questions on daytime sleepiness and individuals score their 

http://www.dagitty.net
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risk of dozing off in eight different situations. The scores range 
from 0 (would never doze off) to 3 (high risk of dozing off) and 
there is a maximum score of 24.

2.4.7 | Somatic	disease

Within the EpiHealth questionnaire, the participants indicated if 
they currently had or had ever had been diagnosed with a somatic 
disease. Within the current work, somatic disease included having or 
having had one of the following diagnoses: hypertension, myocar-
dial infarction, stroke, atrial fibrillation, angina pectoris, heart failure 
and/or diabetes.

2.4.8 | Stress

Stress was assessed by the question: How often (over the last month) 
have	you	felt	nervous	or	stressed?	Answers	were	as	follows:	Never,	
Rarely, Sometimes, Often or Very often. Stress was considered to be 
present if indicated as ‘Often’ or ‘Very often’.

2.5 | Statistical analysis

We assessed the impact of both sleep duration and sleep quality on 
the	protein	biomarkers.	All	statistical	analysis	was	performed	using	
Stata	15	(Stata	Corp.,	Texas,	USA).

According	 to	 the	 predefined	 analysis	 plan,	 a	 two-	step	 anal-
ysis	 was	 performed.	 As	 a	 first	 step,	 a	 series	 of	 repeated	 linear	
regression models with each of the 242 proteins as the dependent 
variable one at the time, were assessed with the sleep variables 
(sleep duration and sleep quality), age and sex as independent 
variables (age and sex being confounders). Sleep duration was 
modelled both with linear and quadratic terms to analyse linear 
and curvilinear relationships and both terms were included in the 
statistical	models	 in	Step	1	and	also	Step	2	 (see	below).	A	Wald	
test to test the two sleep duration terms jointly, and a false dis-
covery	rate	(FDR)	analysis	(Benjamini-	Hochberg,	5%;	Benjamini	&	
Hochberg, 1995) to account for multiple testing, were performed 
in the first step. Sleep quality (5 levels) was modelled as contin-
uous,	with	 values	 ranging	 from	1	 to	5.	As	 in	 the	 sleep	duration	
analysis,	 FDR	 analysis	 (Benjamini-	Hochberg,	 5%;	 Benjamini	 &	
Hochberg, 1995) for multiple testing was performed in Step 1. 
In a second step, associated proteins from the first step were 
further assessed with additional adjustment for age, sex, BMI, 
physical activity, diet, smoking, alcohol, snoring, sleep apnea and 
stress (variables according to Figure S1), and an FDR procedure 
was applied at the 5% level, correcting for the number of proteins 
tested in Step 2. For sleep duration, a third step was performed, 
in which we further assessed the curvilinear shape of the associ-
ation between sleep duration and proteins from the first step, by 
performing the analysis using restricted cubic splines (Durrleman 

&	Simon,	1989),	with	three	knots,	instead	of	linear	and	quadratic	
terms, and an FDR procedure was applied at the 5% level, cor-
recting	 for	 the	 number	 of	 proteins	 tested	 in	 Step	 2.	 As	 for	 the	
adjustment variables in Steps 2 and 3, age, BMI, alcohol, physi-
cal activity and diet were modelled using restricted cubic splines 
with three knots. Smoking, snoring, sleep apnea and stress were 
treated	 as	 categorical	 variables	 according	 to	 the	 DAG	 and	 also	
adjusted	 for	 time	of	 day	 for	 blood	 sampling.	As	 a	 first	 sensitiv-
ity analysis, analysis was also performed in the group without 
diagnosed	 sleep	 apnea.	 As	 a	 second	 sensitivity	 analysis,	 analy-
sis was performed also with adjustment for ESS and somatic dis-
ease. In addition, interaction analyses for age, BMI and sex were 
performed. Furthermore, to check for stability, we performed 
resampling analysis of the data using bootstrapping, ranking the 
variables according to their p- values in each bootstrap iteration 
(smallest p- value =	 lowest	rank).	A	p- value below 0.05 was con-
sidered significant in steps 2 and 3.

2.5.1 | Imputation	of	missing	variables

Individuals with missing values on hours of sleep (n = 41) were excluded. 
After	this,	there	were	in	total	15,424	individual	values	(2.5%)	missing	in	
the full dataset (the most for one variable being 463 values for smok-
ing status). Missing values were imputed using multiple imputations 
with chained equations (with 10 imputations; White et al., 2011). For 
data with > 2 levels, missing values were imputed using ordinal logistic 
regression.	Binary	variables	were	imputed	using	logistic	regression.	All	
other variables were imputed using linear regression.

2.6 | Ethical approval

The Ethics Board (Etikprövningsnämnden) in Uppsala (Dnr 2010/402, 
decision date 2010– 12– 01 and 2011– 11– 17) approved the data col-
lection within EpiHealth. The study was reported to and inspected 
by Datainspektionen and was found clear of any objections (Dnr 
307– 2011, 2011– 03– 03). The present study was approved by the 
Ethics Board (Etikprövningsnämnden) in Uppsala (Dnr 2017/487, de-
cision date 2017– 12– 13).

3  | RESULTS

Table 1 shows the characteristics of the study population. There 
were equal numbers of men and women in the cohort, both with 
the same mean age. Sleep duration did not differ between the sexes, 
whereas women reported lower scores on sleep quality. The ma-
jority of the population had a university- level education and were 
married	or	living	with	someone.	About	10%	were	smokers,	and	the	
majority had a medium- low activity level. There was no difference in 
smoking status between men and women, whereas there was a dif-
ference in activity level, with more men in both the high and the low 
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activity groups. Men further reported higher scores for alcohol con-
sumption and lower scores for a healthy diet compared with women. 
More than one in 10 reported depressive symptoms or stress. Stress 
was more frequently reported in women.

3.1 | Sleep duration

Both the linear term and the curvilinear term for sleep duration were 
associated with proteins, thereby showing a U- shaped relationship 

All Men Women

p- 
value

n = 2,430 n = 1,204a  n = 1,204a 

Mean (SD) or 
n (%)

Mean (SD) or 
n (%)

Mean (SD) or 
n (%)

Age	(years) 61.3 (8.4) 61.2 (8.4) 61.2 (8.4) .91

BMI (kg/m2) 26.5 (3.8) 26.9 (3.4) 26.0 (4.1) <.001

Sleep duration (h) 6.9 (1.0) 6.9 (1.0) 6.9 (1.0) .87

Sleep quality

Very poor 31 (1.3) 10 (0.8) 21 (1.7) <.001

Poor 199 (8.2) 87 (7.2) 111 (9.2)

Medium 654 (26.9) 275 (22.8) 372 (30.9)

Good 815 (33.5) 436 (36.2) 371 (30.8)

Very good 731 (30.1) 396 (32.9) 329 (27.3)

Education level

Maximum 9 years 452 (18.6) 228 (19.0) 219 (18.2) .006

Maximum 12 years 604 (24.9) 332 (27.6) 268 (22.3)

University 1,056 (43.5) 504 (41.9) 541 (45.0)

Marital status

Single/living alone 580 (23.9) 203 (16.9) 373 (31.1) <.001

Married/living 
together

1846 (76.1) 1,001 (83.1) 827 (68.9)

Activity	level

High 127 (5.3) 87 (7.3) 38 (3.2) <.001

Medium- high 851 (35.4) 426 (35.7) 414 (34.8)

Medium- low 1,011 (42.0) 423 (35.5) 580 (48.7)

Low 416 (17.3) 256 (21.5) 159 (13.4)

Smoking status

Never smoker 700 (35.6) 328 (34.3) 366 (36.9) .24

Former smoker 1,087 (55.3) 546 (57.1) 528 (53.3)

Current smoker 180 (9.2) 83 (8.7) 97 (9.8)

AUDIT	scoreb  3.5 (1.8) 3.9 (1.8) 3.1 (1.6) <.001

HNFI scoreb  2.8 (1.5) 2.5 (1.4) 3.0 (1.5) <.001

Snoring 887 (39.4) 538 (46.9) 343 (31.7) <.001

Sleep apnea 89 (3.7) 58 (4.8) 30 (2.5) .002

ESSb  6.8 (4.3) 7.0 (4.2) 6.5 (4.3) .007

Diabetes medication 62 (2.6) 47 (3.9) 14 (1.2) <.001

Hypertension 
medication

549 (22.6) 301 (25.0) 240 (19.9) .003

Hyperlipidaemia 
medication

247 (10.2) 154 (12.8) 89 (7.4) <.001

Stress 301 (12.4) 125 (10.4) 173 (14.4) .003

aFor 22 participants, there was no indication of gender. 
bAUDIT,	Alcohol	Use	Disorders	Identification	Test	score;	BMI,	body	mass	index;	HNFI	score,	the	
Healthy Nordic Food Index score; ESS, Epworth Sleepiness Scale score. 

TA B L E  1   Characteristics of the study 
population (2,430 Swedish adults from 
the EpiHealth cohort, age 45– 75 years). 
Results are presented as mean ± standard 
deviation (SD) or n (%)
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between sleep duration and follistatin (FS), matrix metallopeptidase 
9	(MMP9),	kidney	injury	molecule	(KIM),	adrenomedullin	(ADM)	and	
urokinase	receptor	 (UPAR)	 in	the	fully	adjusted	model	 (Table	2	and	
Figure 1a- e; for results of all proteins [Step 1 in the statistical analysis], 
see Table S1). In addition, for FS, we found evidence of an interaction 
between sleep duration and age (p = .004), showing a relationship in 
those < 60 years but not in older individuals (Figure 2). Furthermore, 
for MMP9, we found evidence of an interaction between sleep du-
ration and sex (p = .004), showing a relationship in men but not in 
women	 (Figure	3).	Adjusting	 for	 time	of	day	of	blood	sampling	and	
also analysing samples only in participants without sleep apnea, 
did not change these results (data not shown). Nor did the results 
change when adjusting for the ESS and somatic disease (Table S2). 
Bootstrapping analysis showed stability of the results (Figure S2).

3.2 | Sleep quality

None of the proteins were found to be associated with sleep quality 
after adjustment for age and sex and adjustment for multiple testing 
(Table S3; for results of all proteins, see Table S4).

4  | DISCUSSION

In this large population- based study using new techniques for meas-
uring protein biomarkers, we showed that self- reported sleep dura-
tion but not sleep quality was associated with protein biomarkers 
previously related to both cardiovascular risk and insulin resistance. 

In addition, age and sex modified some of the relationships. This 
gives new leads into future mechanistic studies on the effect of 
sleep disturbances and cardiometabolic health.

4.1 | Sleep duration

The five proteins follistatin (FS), matrix metallopeptidase 9 (MMP9), 
kidney	injury	molecule	(KIM),	adrenomedullin	(ADM)	and	urokinase	
receptor	(UPAR)	were	all	independently	associated	with	sleep	dura-
tion in a U- shaped manner. U- shaped relationships are often seen in 
medical epidemiology and biology (Chen et al., 2019) and both short 
and long sleep duration have previously been linked with negative car-
diovascular	and	metabolic	consequences	(Buxton	&	Marcelli,	2010;	
Cai et al., 2018; Heslop et al., 2002; Lucassen et al., 2012; Theorell- 
Haglow et al., 2014). The literature on sleep duration and the as-
sociated protein biomarkers shown in the present study is sparse; 
however,	 ADM	 has	 previously	 been	 shown	 to	 be	 upregulated	 in	
patients with the sleep- disrupting disorder obstructive sleep apnea 
(OSA;	Schulz	et	 al.,	 2006).	ADM	 is	 a	 vasodilator	peptide	hormone	
known to be a protective factor in diseases such as hypertension, 
myocardial infarction and other cardiovascular diseases (Wong 
et al., 2012). Schultz et al.	 argued	 that	 this	 rise	 in	 the	ADM	 levels	
may reflect an adaptive response aimed at counteracting the emer-
gence	 of	OSA-	related	 cardiovascular	 disease	 (Schulz	 et	 al.,	 2006).	
Treatment	of	OSA,	which	is	known	to	reduce	risk	of	CVD,	has	also	
been	shown	to	normalize	ADM	(Teramoto	et	al.,	2007).	In	our	study,	
those with the shortest or longest sleep duration had the highest 
levels of this peptide. Biologically, the increased serum protein levels 

TA B L E  2  Association	between	sleep	duration	and	circulating	protein	biomarkers,	using	linear	regression	modelling	for	each	protein	and	
performed with restricted cubic splines with three knots, for proteins significant after false discovery rate (FDR) correction

Model 1

p- value

Model 2

p- value

Age and sex- adjusted β (95% CI) Fully adjusted β (95% CI)

n = 2,430 n = 2,430

Sleep duration -  
Spline 1

Sleep duration -  
Spline 2

Sleep duration -  
Spline 1

Sleep duration -  
Spline 2

FS −0.705	(−1.072	to	
−0.337)

0.048 (0.021 to 
0.074)

7.87 × 10−5 −0.112	(−0.182	to	
−0.042)

0.088	(−0.004	to	
0.179)

2.54 × 10−3

MMP9 −0.781	(−1.192	to	
−0.371)

0.054 (0.024 to 
0.084)

9.40 × 10−5 −0.118	(−0.191	to	
−0.045)

0.129 (0.027 to 
0.231)

6.25 × 10−3

KIM −0.534	(−0.922	to	
−0.146)

0.035 (0.006 to 
0.063)

3.90 × 10−4 −0.091	(−0.165	to	
−0.017)

0.055	(−0.044	to	
0.153)

1.30 × 10−2

ADM −0.622	(−0.970	to	
−0.274)

0.043 (0.017 to 
0.068)

3.59 × 10−4 −0.082	(−0.144	to	
−0.021)

0.087 (0.004 to 
0.171)

2.97 × 10−2

UPAR −0.712	(−1.076	to	
−0.347)

0.052 (0.026 to 
0.079)

6.20 × 10−4 −0.056	(−0.121	to	
0.008)

0.109 (0.022 to 
0.197)

4.24 × 10−2

Note: Results are presented as adjusted β values and 95% confidence intervals (95% CI). The p- values were calculated from the Wald test. Model 1 
was adjusted for age and sex. Model 2 was the fully adjusted model, adjusting for age, sex, body mass index (BMI), physical activity, diet, smoking, 
alcohol, snoring, sleep apnea and stress (variables according to Figure S1). In both models, correction for multiple testing was performed and proteins 
significant at a 5% FDR are presented.
Abbreviations:	ADM,	adrenomedullin;	FS,	follistatin;	KIM,	kidney	injury	molecule;	MMP9,	matrix	metallopeptidase;	UPAR,	urokinase	receptor.
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in both short sleepers and long sleepers, compared with levels in 
individuals with normal sleep duration, could speculatively indicate 
that sleep duration affects the synthesis of proteins, thereby giving 
new insight into pathways between sleep and health. However, as 
this was a cross- sectional study, causality cannot be stated.

The protein biomarkers included in the array are chosen as candi-
date biomarkers for cardiometabolic disease and several of them are 
confirmed as such in observational studies (Lichtenauer et al., 2017; 
Nowak et al., 2016; Stenemo et al., 2018; Yabluchanskiy et al., 2013). 
Lichtenauer et al. showed in a case- control study that the soluble form 
of	UPAR	was	 inversely	correlated	with	ejection	fraction	and	 in	addi-
tion,	soluble	UPAR	was	significantly	associated	with	diabetes,	and	it	is	
argued	that	biomarkers	such	as	UPAR	have	the	potential	to	offer	more	
precise diagnostics (Lichtenauer et al., 2017). Numerous studies have 
shown that the activation of the proinflammatory protein MMP9 is in-
volved in the pathogenesis of cardiovascular disease and is thought to 
play a key role in several molecular mechanisms underlying cardiovas-
cular disease (Yabluchanskiy et al., 2013). In addition, from two large 

population-	based	 cohorts,	UPAR,	FS	 and	MMP-	12	 (belonging	 to	 the	
same group of inflammatory proteins as MMP9) were all associated 
with worsened echocardiographic left ventricular systolic function and 
TIM- 1 (denoted as KIM in the present study) was positively associated 
with worsened diastolic function (Stenemo et al., 2018). In the pres-
ent study, sleep duration was mainly associated with FS in individuals 
aged < 60. FS in relation to age has not been extensively studied, but 
it has been shown that FS is associated with muscle mass in young 
humans	 (Anastasilakis	 et	 al.,	 2016).	Our	 study	 further	 indicated	 that	
MMP9 is associated with sleep duration only in men. To our knowledge, 
no previous studies have studied sex differences in the association of 
MMP9 with disease.

4.2 | Sleep quality

In the present study, we could not show that sleep quality had an 
effect on any of the proteins studied. Speculatively, one explanation 

F I G U R E  1   Sleep duration in relation to 
circulation protein biomarkers: (a) matrix 
metallopeptidase 9 (MMP9), (b) kidney 
injury molecule (KIM), (c) follistatin (FS), (d) 
adrenomedullin	(ADM)	and	(e)	urokinase	
receptor	(UPAR).	Figure	shows	predicted	
values (z- score) from a model adjusted 
for age, sex, body mass index (BMI), 
physical activity, diet, smoking, alcohol, 
snoring, sleep apnea and stress (variables 
according to Figure S1)
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could be that as long as sleep need is met, sleep quality is of lesser 
importance. However, importantly, it could also indicate that the 
measure of sleep quality within the current study using subjective 
questions is not an adequate metric. Therefore, future study should 
explore further the relationship between sleep quality and different 
proteins in cardiometabolic health.

This study was conducted in a relatively large population- based 
sample of men and women, and measurements of protein biomarkers 
were analysed using a validated and sensitive method. However, there 
are	considerations	when	assessing	these	results.	All	the	data	on	sleep	
and most of the covariates were self- reported and could therefore be 
associated with measurement errors and speculatively a risk of bias. 
Having objective measures on sleep would have further strengthened 

the results of the study; however, this information was not collected 
within the EpiHealth study. The lack of a validated sleep questionnaire 
for the question on sleep quality could potentially have contributed to 
the study not finding any associations between sleep quality and pro-
teins. Results for proteins were not analysed as absolute values but rel-
ative values, and have not been validated in another cohort. The lack of 
a replication cohort in the current study limits the results and this needs 
to be addressed in future studies. Nonetheless, bootstrapping analysis 
within the current study showed that our significant finding was the 
proteins that are most associated with sleep. The relatively small age 
span (i.e., having a middle- aged cohort) and having Swedish citizens as 
participants may also reduce the generalizability of the results. Lastly, 
as the study is cross- sectional, causality cannot be inferred.

F I G U R E  2  Association	between	sleep	
duration and follistatin (FS), by three age 
groups. Figure shows predicted values (z- 
score) from a model adjusted for sex, body 
mass index (BMI), physical activity, diet, 
smoking, alcohol, snoring, sleep apnea and 
stress (variables according to Figure S1) 
and including an interaction variable 
between sleep and age

F I G U R E  3  Association	between	sleep	
duration and MMP9, by sex. Figure shows 
predicted values (z- score) from a model 
adjusted for age, body mass index (BMI), 
physical activity, diet, smoking, alcohol, 
snoring, sleep apnea and stress (variables 
according to Figure S1) and including an 
interaction between sleep and sex
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5  | CONCLUSION

Sleep duration showed a U- shaped association with several pro-
teins implicated in cardiometabolic health, thereby indicating 
higher levels both for short and long sleepers. The association with 
FS was stronger in younger individuals, and the association with 
MMP9 was only found in men. Sleep quality did not show an ef-
fect on any of the measured proteins. The results propose links be-
tween sleep and proteins previously shown to be associated with 
CVD and cardiometabolic health. These therefore warrant further 
investigation within the sleep research field. From a clinical point of 
view, the results of the study strengthen the importance of sleep.
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