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ABSTRACT

Background: Disturbed sleep has been associated with increased insulin resistance and elevated
inflammation. Although there is growing body of evidence that activation of inflammatory pathways
plays a crucial role in the development of insulin resistance, the mediational model whereby sleep
disturbances influence inflammation that drives insulin resistance has not been fully assessed in general
population studies with objectively measured sleep. This study aimed to examine associations between
objectively measured sleep, inflammatory markers, and insulin resistance simultaneously and in a
mediational analysis, thereby offering insights into the possible causal model.
Methods: Cross-sectional data collected from 2004 to 2009 during the Midlife Development in the
United States II biomarker project were used. The study population included 374 community-based
participants (138 men and 236 women) who completed seven nights of wrist actigraphy. Multiple re-
gressions controlling for age and statistically significant variables in univariate regressions were per-
formed to evaluate the associations between actigraphy-assessed sleep measures, inflammatory
cytokines, and insulin resistance.
Results: The regression models showed that in women, higher sleep onset latency (SOL) was associated
with higher insulin resistance after controlling for age, smoking, obesity, diabetes, depression, and in-
flammatory cytokines. Higher SOL was also associated with higher interleukin (IL)-6 and C-reactive
protein (CRP) levels in women, but no association was found in men. Using mediation models in women,
the association between SOL and insulin resistance was partially explained by the indirect effect of in-
flammatory cytokines.
Conclusion: A combination of inflammation and other unidentified pathways may contribute to the
relationship between disturbed sleep and glucose homeostasis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Sleep is thought to have an important role in glucose homeo-
stasis [1—4]. Several cross-sectional and cohort studies conducted
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in various populations consistently demonstrate that disturbed
sleep is associated with an increased prevalence of type 2 diabetes
mellitus (DM) [5,6] and prediabetic conditions including impaired
fasting glucose (IFG) [7] and impaired glucose tolerance (IGT) [6].
Furthermore, recent studies have noted that disturbed sleep [8] is
also associated with increased insulin resistance.
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However, there are mixed results and several debates regarding
the association between disturbed sleep and insulin resistance. An
epidemiological study of patients with type 2 DM reported a U-
shaped relationship between self-reported sleep duration and in-
sulin resistance [8]; that is, both short and long sleep are associated
with insulin resistance. Another epidemiological investigation of
adults without diabetes reported that self-reported long but not
short sleep duration is associated with insulin resistance [9].
However, an actigraphic study of lean young adults [10] reported
that only short sleep duration is associated with insulin resistance.
Also, a study of healthy adolescents reported a U-shaped relation-
ship between actigraphy determined sleep duration and insulin
resistance [11], whereas another study of young adults found no
association between actigraphy-assessed sleep duration and insu-
lin resistance [12]. These mixed results are derived from in-
vestigations in heterogeneous populations that used self-reported
sleep measures, mostly sleep duration, or likewise did not adjust
for confounding factors such as depression. The self-reported sleep
assessment adds considerable measurement error, with evidence
that self-report corresponds poorly with more accurate objective
sleep measures such as the actigraphy watch [13]. In addition,
investigating the relationship between disturbed sleep and insulin
resistance using sleep parameters besides sleep duration provides
additional insight into the dimensions of sleep that might be most
consequential for metabolic health. However, studies to date have
not been able to examine associations of sleep parameters besides
sleep duration and insulin resistance using an objective assessment
of sleep. A recent actigraphic study showed a relationship between
higher sleep fragmentation and higher insulin resistance among
diabetic subjects [12]. However, this study had a relatively small
sample size, used processed sleep measures, and did not make
adjustments for depression symptoms.

Notably, existing literature also suggests that the relationship
between sleep and health outcomes might vary by sex. Some have
argued that women are more vulnerable to the effects of sleep
disturbances, showing greater inflammatory activation [ 14—16]. For
example, Suarez reported that poor sleep quality and problems
falling asleep were associated with higher fasting insulin, fibrin-
ogen, and inflammatory biomarkers, but only for women. More-
over, a number of studies reported associations of sleep
disturbances with poor health outcomes including hypertension
[17], cardiovascular disease [18], and type 2 diabetes [19] in women
but not in men. Taken together, it is plausible that men and women
may differ in the way in which sleep disturbances influence health,
including insulin resistance.

The endocrine and molecular mechanisms underlying the as-
sociation between disturbed sleep and insulin resistance are
complex and poorly understood. Nevertheless, it has been sug-
gested that inflammatory activation, sympathetic activation,
hypothalamic—pituitary—adrenal (HPA) axis alterations, and
changes in adipokine levels contribute to insulin resistance and the
consequent development of type 2 DM [2]. Among the suggested
mechanisms linking disturbed sleep and insulin resistance, there is
a growing body of evidence that inflammation interacts with other
factors to play a crucial role in the development of insulin resis-
tance. Consistent with this, a systemic review and meta-analysis of
cohort and experimental sleep deprivation studies reports that
sleep disturbance is associated with increases in two markers of
systemic inflammation: interleukin (IL)-6 and C-reactive protein
(CRP) [20]. Increases in these inflammatory markers are also
thought to predict increased insulin resistance and type 2 DM
[21,22]. Therefore, we examined potential associations among
actigraphy-assessed sleep measures, insulin resistance, and IL-6
and CRP levels in a community-based midlife sample of men and
women after adjusting for multiple covariates including body mass

and depression. Then with a mediation model, we investigated
whether inflammation might explain the relationship between
disturbed sleep and insulin resistance.

2. Methods
2.1. Study population and design

The data for this study are from the Midlife Development in the
U.S I (MIDUS II) biomarker project, a longitudinal follow-up of the
original MIDUS 1 study (N = 7108). MIDUS I was designed to
investigate the roles of behavioral, psychological, and social factors
in physical and mental health. The MIDUS II biomarker project was
conducted to obtain comprehensive biologic assessments in a
subsample of MIDUS I respondents and was specifically designed to
identify biopsychosocial pathways that contribute to diverse health
outcomes. The MIDUS II biomarker project included 1255 partici-
pants aged 34—84 years who were required to visit one of three
general clinical research centers (GCRCs): the University of Cali-
fornia at Los Angeles, Georgetown University, or the University of
Wisconsin—Madison. With the exception of sleep assessments, all
project data were obtained by a standardized protocol during the
overnight stay at a GCRC between July 2004 and May 2009. The
protocol included fasting blood samples, a 12-h urine sample,
medical history, physical examination, and self-administered
questionnaires. Of the 1255 participants, 441 participants who
attended the MIDUS Research Center at the University of Wiscon-
sin—Madison were asked to wear an Actiwatch wrist activity
monitor (Philips, Amsterdam, the Netherlands) for one week. All
participants gave their written informed consent to participate in
this study at the clinic prior to beginning the study procedures, and
each MIDUS research center obtained institutional review board
approval.

2.2. Measures

2.2.1. Sleep

Subjective sleep measures were obtained from the Pittsburgh
Sleep Quality Index (PSQI), which is a self-administered question-
naire about usual sleep habits during the past month [23].

Participants were also invited to participate in a seven-day sleep
study. The protocol required that participants continuously wear
the Mini Mitter Actiwatch-64 activity monitor for seven consecu-
tive days and also complete a daily sleep diary for the same time
period. The Actiwatch data collection period began on the morning
of the Tuesday after the day the respondent returned home
following the GCRC visit and ended when they woke up on the
following Tuesday. The Actiwatch was configured to detect the
number of movements in every 30-s epochs, and all epochs were
scored as either sleep or wake by comparing the calculated total
activity counts to a wake threshold value. If the total activity counts
was less than or equal to the wake threshold value, the epoch was
scored as sleep. Bed and rise times in the sleep diary were used as
start and end times for the actigraphic records. If participants
provided incomplete information (eg, forgot to put the watch on,
took it off too early, etc), or had unexpected experiences (eg, trav-
eled to a different time zone, worked an extra shift, etc) during the
data collection period, they were flagged for review, and intervals
were marked or deleted as appropriate according to standard data
cleaning guidelines. Objective sleep measures including total sleep
time (TST), sleep onset latency (SOL), and wake after sleep onset
(WASO) were derived from the actigraphy data and averaged across
the valid nights of the study for use in analyses. Finally, we
manually reviewed the daily sleep measures and identified data
errors in 10 entries and recorded as missing. Specifically, their time
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in bed per day were calculated as being longer than 24 h (eg,
SE = 18%, SOL = 10 min, TST = 955 min, WASO = 85 min) or SE were
higher than 100% (eg, SE = 300%, SOL = 257 min, TST = 145 min,
WASO = 10 min).

2.2.2. Blood samples and insulin resistance

Fasting blood samples were collected from each participant
before breakfast on day two of their overnight hospital stay. To
ensure consistency, all samples were collected and processed at the
GCRC using standardized procedures. Hemoglobin Alc (HbAlc)
assays were performed at Meriter Labs (GML, Madison, WI) using a
Cobas Integra analyzer (Roche Diagnostics, Indianapolis, IN). Fast-
ing glucose was measured at ARUP laboratories (Salt Lake City, UT)
using an automated analyzer (Roche Modular Analytics P). Fasting
insulin was measured at ARUP laboratories using a Siemens Adivia
Centaur analyzer (Munich, Germany). CRP assays were performed
at the Laboratory for Clinical Biochemistry Research (University of
Vermont, Burlington, VT) using a BNII nephelometer from Dade
Behring (Deerfield, IL). IL-6 is assayed in the MIDUS Biocore labo-
ratory (University of Wisconsin, Madison, WI) using a high-
sensitivity enzyme-linked immunosorbent assay kit (R & D Sys-
tems, Minneapolis, MN). A homeostasis model assessment of in-
sulin resistance (HOMA-IR), an indicator of insulin resistance, was
calculated using an established formula: the product of fasting
glucose and fasting insulin, divided by a constant [24]|. HOMA-IR, IL-
6, and CRP values were natural log-transformed to achieve normal
distributions.

2.2.3. Covariates

Age, sex, and current smoking status were obtained from self-
reported data. Current smoking status was dichotomously coded.
Because obesity is an established risk factor in type 2 DM patho-
genesis and is associated with insulin resistance, body mass index
(BMI) was included as a covariate. We created dichotomous vari-
ables to identify the presence of diabetes and significant depressive
symptoms. A participant was considered to have diabetes if one of
three criteria was met: a participant reported having been diag-
nosed with diabetes, a participant reported taking any medications
for diabetes, or both HbA1c and fasting glucose level were above
6.5% and 125 mg/d, respectively. However, a participant was
considered not to have diabetes if two criteria were met: they re-
ported not taking any diabetes medications, and both HbA1c and
fasting glucose level were within normal limits. Depressive symp-
toms were assessed with the Center for Epidemiological Studies
Depression (CESD) Scale, and participants with a total score >16
were considered to have current depression. In addition, partici-
pants were instructed to bring all their medications to the GCRC,
and the use of medication for depression was dichotomously coded.
The use of medication for sleep for more than three days per week
was assessed with a PSQI item and dichotomously coded. Because
we hypothesized that inflammation plays a crucial role in medi-
ating the relationship between sleep and insulin resistance, natural
log-transformed IL-6 and CRP values were continuously coded and
used for analyses.

2.3. Statistical analyses

SPSS for Windows version 18.0 (SPSS Inc, Chicago, IL) was used
for statistical analyses. Among 441 participants who provided
actigraphy-assessed sleep measures, we excluded 15 men and 10
women to minimize the effect of hypoxic stress due to obstructive
sleep apnea on insulin resistance development using two PSQI
items as a proxy for sleep-disordered breathing. Participants were
thought to have sleep-disordered breathing if they had trouble
sleeping because they “could not breathe comfortably” and

“coughed and snored” more than once per week during the past
month of the study. Furthermore, we excluded 20 participants who
had been taking insulin or whose glucose levels on fasting blood
samples were greater than 200 mg/d because HOMA-IR cannot be
reliably calculated using the established formula in these condi-
tions [25].

For the remaining 396 participants, preliminary regression an-
alyses showed no significant association between insulin resistance
and any of the sleep measures (Supplementary Table 1). However, a
general linear model showed a significant adjusted interaction
between sex and actigraphy-assessed SOL on insulin resistance
(p = 0.001). Therefore, we classified the participants into two
groups by sex and performed separate analyses. Because 13 men
outliers and nine women outliers were excluded to obtain normal
distributions of variables within each group, our analyses were
based on 374 participants.

Independent sample t tests and Xz tests were used to
compare continuous and categorical variables between sexes,
respectively. To identify factors associated with insulin resis-
tance, age and statistically significant (p < 0.05) variables from
the univariate regression analyses were entered to multivariate
regression analyses (dependent variable: log-transformed
HOMA-IR). We investigated both regression analysis models
without (model 1) and with (models 2 and 3) inflammatory
cytokines' effects. Because some studies have reported a U-sha-
ped relationship between sleep duration and insulin resistance
[8,11], we performed additional regression analyses in which the
continuous variable TST was categorized as shorter (<6 h), in-
termediate (6—8 h), or longer (>8 h). Furthermore, univariate
and subsequent multivariate regression analyses were per-
formed to identify factors associated with inflammation
(dependent variable: log-transformed IL-6 or CRP). We used
enter-method multiple regression analyses because statistically
significant variables from the results of enter- and stepwise-
method analyses were identical. Finally, mediation analyses
with bootstrapping method were performed, in which variables
were statistically significant from the regression analyses, to
investigate the relationship between actigraphy-assessed sleep
measures and insulin resistance by considering inflammation as
a mediator [26].

3. Results
3.1. Subject characteristics

Table 1 presents the participants' characteristics by sex. Their
age ranged from 34 to 83 years. Women showed greater use of
antidepressant medication and longer actigraphy-assessed TST
than men. Correlations between self-reported sleep parameters
and actigraphy-assessed data were significant (r = 0.190, p < 0.001
for SOL and r = 0.376, p < 0.001 for TST).

3.2. Sleep, inflammation, and insulin resistance in the entire cohort

Univariate regression analyses with all 396 participants
showed that higher BMI, presence of diabetes, higher SOL, shorter
TST, and inflammatory cytokines were associated with higher
insulin resistance, which was estimated by log-transformed
HOMA-IR. The subsequent multivariate regression analyses
showed that in the combined cohort of both males and females,
higher BMI and presence of diabetes, CRP, but none of the sleep
measures, were associated with higher insulin resistance
(Supplementary Table 1).
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Table 1
Characteristics of study participants.
Women (n = 236) Men (n = 138) p Value®

Age (y) 53.46 (11.64) 55.78 (11.58) 0.063
BMI (kg/m?) 30.29 (7.28) 29.37 (4.95) 0.151
Smoking 29 (12.3%) 28 (20.3%) 0.038
Diabetes 26 (11.0%) 15 (10.9%) 0.965
CESD total score >16 33 (14.2%) 26 (18.8%) 0.234
Medication for depression 38 (16.1%) 11 (8%) 0.025
Medication for sleep >3 days/week 30 (12.7%) 12 (8.7%) 0.235
Fasting glucose (mg/dL) 98.53 (14.36) 100.78 (16.29) 0.165
Fasting insulin (plU/mL) 12.62 (9.81) 13.19 (9.10) 0.581
HbA1C (%) 5.97 (0.63) 5.89 (0.67) 0.235
HOMA-IR 3.22(2.85) 3.40 (2.63) 0.562
IL-6 (pg/mL) 3.27 (3.26) 3.12 (2.47) 0.626
CRP (pg/mL) 3.39 (4.42) 2.65 (6.01) 0.177
Actigraphy

SOL (h) 0.60 (0.31) 0.65 (0.29) 0.184

TST (h) 6.41 (1.03) 6.12 (0.97) 0.007

WASO (h) 0.78 (0.31) 0.82 (0.36) 0221
PSQI

Global score 6.22 (3.66) 5.65 (3.33) 0.150

SOL (h) 0.32(0.25) 0.29 (0.24) 0.205

TST (h) 6.91(1.27) 6.79 (1.17) 0.363

Abbreviations: BMI, body mass index; CESD, Center for Epidemiological Studies Depression scale; CRP, C-reactive protein; HOMA-IR, homeostasis model assessment of
insulin resistance; PSQI, Pittsburgh sleep quality index; SOL, sleep onset latency; TST, total sleep time; WASO, wake after sleep onset.
Values are expressed as mean (SD) for continuous variables and as n (%) for categorical variables.

3 p Values were calculated with independent-sample t tests for continuous variables and 7 tests for categorical variables. Bold indicates p < 0.05.

3.3. Sex differences in sleep, inflammation, and insulin resistance

Examination of these relationships separately within women
revealed unique effects. In women only, univariate regression an-
alyses showed that higher BMI, presence of diabetes, presence of
current depression (CESD total score >16), longer SOL and WASO,
shorter TST, and higher IL-6 and CRP were associated with higher
insulin resistance (Fig. 1, Supplementary Table 2). The subsequent
multivariate regression analysis of women only, in which IL-6 and
CRP were not entered (model 1), showed that SOL, BMI, and dia-
betes were associated with insulin resistance (Table 2). IL-6 (model
2) and CRP (model 3) were next entered as independent variables;
however, longer SOL was still associated with higher insulin resis-
tance among women. Higher IL-6 and CRP levels were also asso-
ciated with greater insulin resistance in women, but TST and WASO
were not. In additional multivariate regression analyses with
categorized TST (short, intermediate, or long sleep duration), TST
was still not associated with insulin resistance in women.

Examination of the relationships in men only showed that in
univariate regression analyses higher BMI, presence of diabetes,

and higher IL-6 and CRP levels were associated with greater in-
sulin resistance (Fig. 1, Supplementary Table 2). In subsequent
multivariate regression analyses of men, BMI and diabetes were
associated with insulin resistance (Supplementary Table 3).
However, none of the sleep variables including SOL, WASO, and
TST were predictive of insulin resistance. This lack of association
was not changed in additional multivariate regressions analyses,
which adjusted for potential confounds same as in women
(Table 2).

3.4. Sex-specific relationship of sleep with inflammation

Univariate regression analyses of data from women showed that
older age, higher BMI, diabetes, longer SOL, longer WASO, and
shorter TST were associated with higher IL-6 level. The factors
associated with higher CRP were higher BMI, diabetes, use of sleep
medications more than 3 days per week, use of antidepressant
medication, longer SOL, WASO, and shorter TST (Supplementary
Tables 4 and 5). The subsequent multivariate regression analyses
of women (Table 3) revealed that longer SOL and higher BMI were

R? Linear = 0.007

HOMA-IR

Beder T4

HOMA-IR

.
R? Linear=0.06

T T T T T
0 20 40 60 80 100 120
Sleep onset latency (min)

(a) Men

Sleep onset latency (min)

(b) Women

Fig. 1. Relationship between sleep onset latency and homeostasis model assessment of insulin resistance (HOMA-IR), by sex. SOL, sleep onset latency.
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Table 2
Multivariate linear regression analyses of factors associated with insulin resistance.

Women Men

B (SE) B p Value B (SE) B p Value
Model 1
Age —0.006 (0.004) —-0.097 0.090 0.001 (0.005) 0.019 0.803
BMI 0.041 (0.006) 0.397 <0.001 0.075 (0.011) 0.495 <0.001
Diabetes 0.622 (0.145) 0.251 <0.001 0.596 (0.178) 0.250 0.001
Depression® 0.127 (0.123) 0.059 0.301 0.096 (0.139) 0.050 0.493
soL® 0.427 (0.151) 0.167 0.005 —0.034 (0.192) —-0.014 0.859
TST® —0.029 (0.043) —0.039 0.500 0.041 (0.057) 0.053 0477
WASOP 0.043 (0.141) 0.018 0.760 0.050 (0.154) 0.024 0.745
Model 2
Age —0.007 (0.004) —-0.109 0.055 —0.002 (0.005) —-0.024 0.760
BMI 0.035 (0.007) 0.342 <0.001 0.071 (0.011) 0.471 <0.001
Diabetes 0.597 (0.144) 0.241 <0.001 0.555 (0.179) 0.232 0.002
Depression® 0.146 (0.122) 0.068 0.233 0.082 (0.138) 0.043 0.556
IL-6° 0.131 (0.061) 0.136 0.034 0.135 (0.086) 0.128 0.118
soL® 0.372 (0.152) 0.146 0.015 —0.052 (0.192) —0.020 0.787
TST® —0.027 (0.042) —-0.037 0.520 0.056 (0.058) 0.073 0.335
WASOP 0.007 (0.141) 0.003 0.963 0.031 (0.153) 0.015 0.839
Model 3
Age —0.006 (0.004) —0.094 0.086 <0.001 (0.005) —0.002 0.977
BMI 0.036 (0.006) 0.345 <0.001 0.066 (0.012) 0.437 <0.001
Diabetes 0.569 (0.137) 0.233 <0.001 0.570 (0.177) 0.239 0.002
Depression® 0.116 (0.118) 0.054 0.327 0.067 (0.139) 0.035 0.632
CRP® 0.149 (0.040) 0.228 <0.001 0.093 (0.054) 0.141 0.085
soL® 0.290 (0.147) 0.115 0.050¢ —0.036 (0.191) —-0.014 0.850
TST® —0.017 (0.041) —-0.023 0.674 0.039 (0.057) 0.051 0.495
WASOP 0.012 (0.134) 0.005 0.931 0.026 (0.153) 0.012 0.867

Abbreviations: BMI, body mass index; CRP, C-reactive protein; SOL, sleep onset latency; TST, total sleep time; WASO, wake after sleep onset.

Dependent variable: log-transformed (natural log) homeostasis model assessment of insulin resistance (HOMA-IR). Bold indicates p < 0.05. In model 1, independent variables
include age, body mass index, presence of diabetes, presence of depression (Center for Epidemiological Studies Depression scale [CESD] total score >16), sleep onset latency,
total sleep time and wake after sleep onset. Model 2 included model 1 variables plus IL-6. Model 3 included model 1 variables plus CRP. Independent variables: age and

statistically significant variables from univariate regression analyses in women.
@ Presence of significant depressive symptoms (CESD total score >16).
b Actigraphy-assessed.
¢ Log-transformed for analyses.

4 t=1.971.
Table 3
Multivariate linear regression analyses of factors associated with IL-6 and CRP levels.

Women Men

B (SE) B p Value B (SE) B p Value
Model 1 (IL-6)
Age 0.007 (0.004) 0.103 0.080 0.020 (0.005) 0.338 <0.001
BMI 0.042 (0.007) 0.387 <0.001 0.027 (0.011) 0.187 0.018
Diabetes 0.250 (0.152) 0.099 0.102 0.304 (0.180) 0.135 0.094
soL? 0.387 (0.156) 0.150 0.014 0.137 (0.194) 0.057 0.481
TST* —0.023 (0.045) —0.030 0.614 —0.114 (0.058) -0.158 0.050
WASO* 0.228 (0.153) 0.089 0.136 0.140 (0.155) 0.072 0.368
Model 2 (CRP)
Age —0.008 (0.006) —0.083 0.164 0.016 (0.008) 0.160 0.048
BMI 0.063 (0.010) 0.386 <0.001 0.096 (0.018) 0.420 <0.001
Diabetes 0.290 (0.224) 0.080 0.196 0.307 (0.294) 0.085 0.298
Medication for sleep® 0.321 (0.210) 0.092 0.126 0.645 (0.337) 0.162 0.058
Medication for depression 0.396 (0.188) 0.126 0.036 —0.294 (0.354) -0.071 0.409
soL? 0.677 (0.232) 0.181 0.004 —0.027 (0.333) —0.007 0.936
TST* —0.090 (0.068) —0.081 0.184 —0.029 (0.096) —-0.025 0.763
WASO* —0.068 (0.228) —0.018 0.766 0.255 (0.251) 0.082 0310

Abbreviations: BMI, body mass index; CRP, C-reactive protein; IL, interleukin; SOL, sleep onset latency; TST, total sleep time; WASO, wake after sleep onset.
Bold indicates p < 0.05. Dependent variable: log-transformed IL-6 in Model 1 and log-transformed CRP in Model 2, respectively. Independent variables: age and statistically

significant variables from univariate regression analyses in women.
@ Actigraphy-assessed.
b Use of medication for sleep more than 3 days a week.

associated with higher IL-6 (model 1). In addition, longer SOL,
higher BMI, and antidepressant medication use were associated
with higher CRP (model 2).

Conversely, in men, the univariate regression analyses of sleep-
related variables and inflammatory cytokine showed no significant

association (Supplementary Tables 4—6). Model 1 multivariate re-
gressions analyses adjusting for age, BMI, and diabetes found that
shorter TST was associated with higher IL-6 levels (p = 0.05)
(Table 3). Further adjustments for medications for sleep and
depression in model 2 eliminated this effect.
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3.5. Mediation of the effect of sleep onset latency on insulin
resistance by inflammation in women

Because associations between SOL, inflammatory markers and
insulin resistance were all significant in women, mediation ana-
lyses were performed by partitioning the total effect of SOL on in-
sulin resistance into its indirect effect through inflammatory
markers and its direct effect. In women, mediation analyses among
SOL, insulin resistance, and CRP showed both significant direct ef-
fect of SOL on insulin resistance ( = 0.290, 95% confidence interval
[CI] = 0.080—0.218) and indirect mediating effect by CRP ( = 0.154,
95% CI = 0.070—0.294). Also, mediation analyses of SOL, insulin
resistance, and IL-6 showed that direct effect of SOL on insulin
resistance (f = 0.364, 95% CI = 0.097—0.631) and indirect medi-
ating effect by IL-6 (f = 0.073, 95% CI = 0.010—0.169) were statis-
tically significant (Fig. 2, Supplementary Table 7).

4. Discussion

This cross-sectional community-based cohort study evaluated
the relationship between actigraphy-assessed sleep measures and
insulin resistance considering levels of IL-6 and CRP, inflammatory
biomarker, among men and women in midlife after adjusting for
covariates including age, body mass, diabetes status, and depres-
sion. Actigraphy-assessed SOL in women, but not men, was posi-
tively associated with insulin resistance and inflammatory
cytokines. Mediation analysis revealed that the association be-
tween SOL and insulin resistance was partially explained by CRP
and the inflammatory cytokine IL-6. This finding suggests that in-
flammatory pathways partially explain the association of SOL with
insulin resistance in women. The unexplained variance also points

0.416*
SOL HOMA-IR

HOMA-IR

0.581**

Fig. 2. Structural equation model of the relationship among SOL, inflammatory
markers, and insulin resistance in women. Abbreviations: CRP, C-reactive protein;
HOMA-IR, homeostasis model assessment of insulin resistance; IL-6, interleukin 6;
SOL, sleep onset latency. Values are path coefficients. *p < 0.05, **p < 0.001.

to other potential unidentified mechanisms being involved. Meta-
analytic analysis of the literature has linked sleep disturbances
with elevated inflammation [20], whereas another body of litera-
ture has demonstrated a link between sleep disturbances and in-
sulin resistance [5]. Our results merge this literature and
demonstrate that the association of SOL with insulin resistance is
statistically partially mediated through elevated inflammation. To
the best of our knowledge, these study is the first to show a
mediational analysis with objectively assessed sleep linking SOL
with insulin resistance via inflammatory pathways.

Our results are largely in line with those of previous studies
regarding the impact of disturbed sleep on insulin resistance, but
differ in a number of ways. To the best of our knowledge, our study
is the first to show associations between objectively measured SOL
and insulin resistance in a midlife community population, and to
demonstrate differences by sex. Previous studies investigating the
association between insulin resistance and sleep (mostly sleep
duration) reported mixed results, which are limited due to a
combination of self-reported sleep measures, heterogeneous pop-
ulations, and a lack of adjustment for confounding factors.

We also examined other sleep parameters. Here, initial models
examining both men and women combined suggested shorter TST
to be related to insulin resistance; however, this was no longer
statistically significant in the fully adjusted multivariate regression
analyses controlling for age BMI, diabetes, and medications for
sleep and depression. Additional analyses with categorized TST did
not reveal a relationship with insulin resistance. Moreover, we
found no marked associations of TST with inflammation. Although
most previous studies have reported associations of TST rather than
SOL with adverse health outcomes, the significant association of
SOL with insulin resistance in our study is not contrary to the
existing literature. In the context of hyperarousal theory [27],
constant sympathetic hyperactivation, which is prevalent in pa-
tients with primary insomnia [28] and particularly pronounced in
those with difficulty in initiating sleep [29], may drive the mobili-
zation of glucose stores, raising blood sugar levels and leading to
insulin resistance. Moreover, sympathetic hyperactivation has been
shown to be associated with adverse health outcomes including
hypertension [30], cardiovascular events [31] and all-cause mor-
tality [32]. Thus, although not directly tested, it remains plausible
that SOL may reflect a hyperarousal state that drives both insulin
resistance and inflammatory markers.

Overall, our findings linking SOL with insulin resistance and
inflammation are consistent with a growing body of evidence that
disturbed sleep activates inflammatory pathways that interacts
with other mechanisms to play a crucial role in insulin resistance
development [20]. For example, disturbed sleep is thought to affect
the sympathetic nervous system and HPA axis to influence the
development of adverse health outcome by promoting inflamma-
tion [33]. Especially, f-adrenergic signaling induces inflammatory
gene expression, proinflammatory cytokine production, and
increased systemic inflammation [20]. In addition, a study in
healthy adults without a history of sleep disorders showed that
PSQI-reported poor sleep quality, more frequent difficulty falling
asleep, and longer SOL, but not sleep duration, were associated with
higher inflammatory marker and insulin levels in women [14].

In our results, women showed longer actigraphy-assessed TST
than men, but there was no sex difference in PSQI-assessed TST.
This discrepancy between subjectively and objectively measured
TST is consistent with previous studies reporting that women
exhibit objectively defined longer sleep and less sleep fragmenta-
tion than men, but subjectively report shorter sleep and poorer
sleep quality [34,35]. It is also noteworthy that we observed sig-
nificant associations only between objectively assessed SOL with
insulin resistance and inflammatory marker levels in women,
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whereas self-reported SOL was not significantly associated with
these biomarkers. Although the underlying mechanisms are not
clear, the observed sex difference is not contrary to the existing
literature. For example, it has been suggested that women are more
vulnerable to the effects of sleep disturbance and thus show greater
inflammation [14—16] and more adverse health outcomes
including insulin resistance. Likewise, a number of studies reported
that disturbed sleep was associated with several medical condi-
tions including prevalence and incidence of hypertension [17],
cardiovascular disease mortality [18], and incidence of type 2 DM
[19] in women only. Sex differences in B-adrenergic signaling and
reproductive hormone levels have been suggested as reasons why
women are more vulnerable to inflammatory processes. Suarez
reported that sleep disturbances were associated with inflamma-
tory marker and insulin levels only in women [14], and there is
substantial evidence that disturbed sleep has a greater influence on
inflammation in women compared to men [15,16]. During undis-
turbed sleep, women exhibit greater monocyte IL-6 expression due
to sex differences in tonic sympathovagal activity [36]. In addition,
both estradiol and testosterone are thought to inhibit inflammatory
pathways [37,38]. The women in this study were mostly post-
menopausal, suggesting that lower reproductive hormone levels
might contribute to inflammatory pathway activation that is
associated with disturbed sleep.

The strengths of this study include the use of objective and
continuous sleep variables, our population-based design, adjust-
ments for a wide range of possible confounding factors, and rela-
tively consistent results with previous studies. The simultaneous
examination of the associations among objective sleep measures,
inflammatory markers, and insulin resistance allowed us to sta-
tistically test a mediational model. Although this approach offers
insight into the mechanisms through which SOL influences insulin
resistance, this does not demonstrate causation. Additional limi-
tations also exist. First, due to its cross-sectional design, the
determination of causal direction was inherently limited. However,
growing evidence from prospective epidemiological studies in-
dicates that sleep influences glucose homeostasis [39,40]. Future
prospective studies that include objective sleep measures are
necessary to confirm and refine our results. Second, we did not
perform polysomnography and therefore did not objectively assess
sleep apnea. Instead, we used two PSQI items as a proxy for sleep-
disordered breathing and then excluded 25 participants. The effect
of sleep apnea was further minimized in the multiple regression
analyses because we adjusted for BMI known to be associated with
sleep apnea. Third, instead of the gold-standard euglyce-
mic—hyperinsulinemic clamp test, we estimated insulin resistance
with the HOMA-IR. However, we excluded 20 participants because
it may be a poor indicator of insulin resistance in insulin-treated
subjects or those with poor glycemic control. In subjects with
mild diabetes, HOMA-IR exhibits good correlation with euglycemic
clamp data [25,41].

5. Conclusions

Our community-based cohort study demonstrated linear asso-
ciations between actigraphy-assessed SOL, inflammatory marker
levels, and insulin resistance in midlife women, but not in men.
Difficulty initiating sleep may contribute to insulin resistance and
the consequent development of type 2 DM in women. Our medi-
ation model suggests that inflammatory pathway activation may be
one of the key underlying mechanisms through which disturbed
sleep affects glucose homeostasis. Interventions for women who
experience difficulty initiating sleep may reduce the risk of devel-
oping type 2 DM.
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