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SLEEP DURATION AND CARDIOMETABOLIC HEALTH

Contribution of Inflammation, Oxidative Stress, and Antioxidants to the
Relationship between Sleep Duration and Cardiometabolic Health

Thirumagal Kanagasabai, MSc; Chris I. Ardern, PhD

School of Kinesiology and Health Science, York University, Toronto, Ontario, Canada

Objectives: To explore the interrelationship and mediating effect of factors that are beneficial (i.e., antioxidants) and harmful (i.e., inflammation
and oxidative stress) to the relationship between sleep and cardiometabolic health.

Design: Cross-sectional data from the 2005-2006 National Health and Nutrition Examination Survey.

Setting: Nationally representative population sample from the US.

Participants: Age = 20 y with sleep data; final analytical sample of n =2,079.

Interventions: N/A.

Measurements and Results: Metabolic syndrome was classified according to the Joint Interim Statement, and sleep duration was categorized
as very short, short, adequate, and long sleepers (< 4, 5-6, 7-8, and = 9 h per night, respectively). The indirect mediation effect was quantified
as large (= 0.25), moderate (= 0.09), modest (= 0.01), and weak (< 0.01). In general, inflammation was above the current clinical reference
range across all sleep duration categories, whereas oxidative stress was elevated among short and very short sleepers. Select sleep duration—
cardiometabolic health relationships were mediated by C-reactive protein (CRP), y-glutamyl transferase (GGT), carotenoids, uric acid, and
vitamins C and D, and were moderated by sex. Specifically, moderate-to-large indirect mediation by GGT, carotenoids, uric acid, and vitamin D
were found for sleep duration—waist circumference and —systolic blood pressure relationships, whereas vitamin C was a moderate mediator of the
sleep duration—diastolic blood pressure relationship.

Conclusions: Several factors related to inflammation, oxidative stress, and antioxidant status were found to lie on the casual pathway of the sleep

duration—cardiometabolic health relationship. Further longitudinal studies are needed to confirm our results.
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INTRODUCTION

Sleep is important for maintaining health in almost all spe-
cies on earth. In humans, evidence in the US suggests that
sleep duration has decreased since the 1960s by approximately
1.5-2 h per day.! Both short and long sleep durations are as-
sociated with increased risk for cardiometabolic dysfunction
or metabolic syndrome (MetS).? MetS is a cluster of cardio-
metabolic risk factors, predominantly abdominal obesity, el-
evated plasma glucose, dyslipidemia, and blood pressure, that
increases the risk for developing cardiovascular disease (CVD),
diabetes, and certain types of cancers.’

Inflammation has an important role in the development of
chronic diseases such as cancer, rheumatoid arthritis, asthma,
neurodegenerative diseases, diabetes, and CVD.>® However,
whether inflammation causes oxidative stress (or vice versa) is
not clear, as reactive oxygen or nitrogen species can induce cel-
lular damage and initiate inflammation.®’ Fortunately, inflam-
mation and oxidative stress can be sufficiently managed with
endogenous and exogenous antioxidants.® In those with MetS,
inflammation and oxidative stress are increased, whereas an-
tioxidants capacities are decreased.®*!" Similar relationships
have been found among populations with sleep disorders,'>'¢
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and one study has linked shift work to lower antioxidant ca-
pacities.”” To date, the effect of inflammation, oxidative stress,
and antioxidants on sleep duration and cardiometabolic health
in free-living adults is unknown.

The purpose of this study is to therefore (1) explore the in-
terrelationship between sleep duration and inflammation (i.e.,
C-reactive protein [CRP]),’ oxidative stress (i.e., y-glutamyl
transferase [GGT])," and antioxidant capacities (i.e., bilirubin,
carotenoids, uric acid, vitamins A, C, D, and E,?°) and (2) to
quantify the indirect mediating effect of these factors on the
sleep duration—cardiometabolic health relationships in free-
living adults.

METHODS

Participants

To address these questions, data from the US National
Health and Nutrition Examination Survey (NHANES), a se-
ries of cross-sectional studies designed to assess the health and
nutritional status of the US population, were used.”® NHANES
began collecting data in the 1960s using interviews and physical
examinations. Demographical, socioeconomic, dietary, and
health-related questionnaires are used in the interview com-
ponent. During the physical examination component, partici-
pants’ medical, dental, and physiological details were collected
by trained medical personnel.' The average time between
the interview and examination components of NHANES
is 2 w. NHANES 2005-2006 cycle had an initial sample of
10,348 individuals. Subsequent exclusions were made for age
(<20 y: n=5,369), missing sleep duration (n = 11), pregnancy
(n = 335), and missing MetS components (N waist circumference = 454,
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Figure 1—Multiple regression method of the indirect mediation model.?
a indicates the path from sleep durations (exposure) to mediator (i.e.,
inflammation, oxidative stress, and antioxidant. b indicates the path
from mediator to outcome (i.e., metabolic syndrome (MetS), number of
MetS components, and individual MetS components) controlling for the
mediator. ¢ indicates the path from exposure to outcome. ¢’ indicates the
path from exposure to outcome controlling for the mediator.

ntriglyccridc = 196, Nlood pressure 79, nfasting plasma glucose — 198259 and
N DL cholesterol = 0) for a final analytic sample of 2,079.

Metabolic Syndrome and Cardiometabolic Health

MetS was classified according to the Joint Interim State-
ment [> 3 measures of elevated waist circumference: men
(> 102 cm), women (> 88 cm); elevated triglycerides or medi-
cation: > 1.69 mM; low high-density lipoprotein (HDL) choles-
terol or medication: men (< 1.04 mM), women (< 1.29 mM);
elevated blood pressure or medication: systolic (= 130 mmHg)
and/or diastolic (= 85 mmHg), and; elevated fasting plasma
glucose or medication use (> 5.6 mM)].* Number of MetS com-
ponents [0, 1, 2, 3, 4, 5] were the sums of the aforementioned
criteria. Cardiometabolic health markers were the individual
MetS components.

Sleep Duration

The Sleep Disorders Questionnaire was administered to
participants aged > 16 y who reported their typical sleep dura-
tion per night on weekdays or workdays, and responses were
collected as whole numbers [1 to 11, and > 12 h].'®" Sleep du-
ration was obtained from a single question [“How much sleep
do you usually get at night on weekdays or workdays?”’] from
the Sleep Disorders Questionnaire, and categorized as <4, 5-6,
7-8, and > 9 h per night (very short, short, adequate, and long
sleepers, respectively).?**!

Mediators and Population Descriptors

Laboratory measures of CRP, GGT, bilirubin, carotenoids,
uric acid, and vitamins A, C, D, and E were considered as
potential mediators of the sleep duration—cardiometabolic
health relationships.”” Other variables used to describe the
study population were age (20 to <40y, 40 to < 65y, and > 65
y), sex, ethnicity (Non-Hispanic White, Non-Hispanic Black,
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Mexican American, and Other), income, education, alcohol
intake, smoking history, and recreational physical activity
(PA) adherence. Smoking was categorized as current, past (if
smoked > 100 cigarettes in one’s life but not a current smoker)
or never (if smoked < 100 cigarettes in one’s life or reported
never smoking). Educational attainment was categorized
as < high school, high school, college; income as < $20,000,
$20,000-44,999, and > $45,000; and, alcohol intake as 0, < 3,
and > 3 drinks per day.” For recreational PA adherence, the
metabolic equivalent (MET) scores given by NHANES were
used to calculate MET min/w, which were then categorized as
no reported PA data, low PA (< 500 MET min/w), and guide-
line adherence (> 500 MET min/w)."**

Statistics

Mean and 95% confidence interval (CI) for continuous vari-
ables, and frequency (%) and 95% CI for categorical variables
were determined for each sleep duration category. Differences
in demographic and behavioral characteristics of participants
were assessed with analysis of variance and y? tests, as ap-
propriate. The interrelationship between sleep duration, and
CRP, GGT, bilirubin, carotenoids, uric acid, and vitamins A,
C, D, and E were determined and displayed in relation to the
American Medical Association’s clinical reference ranges.?
Post hoc Tukey’s test was used to determine whether signifi-
cant differences between the sleep duration groups versus 7—8
h sleep duration exist. The indirect mediation effect of CRP,
GGT, bilirubin, carotenoids, uric acid, and vitamins A, C, D,
and E on the sleep duration—cardiometabolic health relation-
ships were estimated using logistic regression for dichotomous
outcomes and linear regression for continuous outcomes.?

Indirect mediation effect was estimated in a series of regres-
sion analyses (Figure 1). Briefly, mediation analysis helps to
explain the underlying mechanism between an independent
and a dependent variable by a third explanatory variable, i.e.,
a mediator.” The paths of a mediation analysis are as follows:
path a is a regression between exposure and mediator; path b
is a regression between mediator and outcome while adjusting
for the exposure; path c is a regression between exposure and
outcome, and; path ¢’ is a regression between exposure and
outcome while adjusting for the mediator (Figure 1).* For
each mediation analysis, participants with the missing medi-
ating variable were excluded to ensure the products of ab and
c-¢’, estimates of indirect mediation, were equivalent.”> Large,
moderate, modest, and weak indirect mediation effects were
classified as > 0.25, > 0.09, > 0.01, and < 0.01, respectively,
based on recommendations.”® To detect a moderate mediation
effect of > 0.09 with 80% power, 105 participants in each sleep
duration category were required. Both the Sobel test and joint
significance test were used to evaluate the significance of the
indirect effect. All analyses were weighted with the medical
examination sample weights to represent the US adult popula-
tion. Analyses were conducted using SAS version 9.3 (Cary,
NC, USA) with statistical significance set at an a of 0.05.

RESULTS

Table 1 describes the sample characteristics, stratified
by categories of sleep duration. In general, sleep duration
varied by both modifiable (physical activity and smoking)
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Table 1—Characteristics of the US adult population = 20 y of age.
Sleep Duration Per Night
Characteristics Very Short (n =123) Short (n=700) Adequate (n = 1,085) Long (n=171) P

Age, mean (95% Cl) 46.0 (41.5, 50.5) 47.3 (454, 49.2) 48.4 (46.4,50.4) 49.5 (45.1,53.9) NS

Age categories, % (95% Cl) <0.05
20to<40y 33.5(18.0, 48.9) 33.3(28.5,38.2) 33.8(30.3,37.3) 36.9 (29.1, 44.7)
40to<65y 55.4 (42.0, 68.7) 51.0 (46.9, 55.1) 46.7 (43.6, 49.8) 32.2(21.6,42.8)
265y 1.1 (4.7,17.6) 15.6 (11.1,20.2) 19.5 (15.1, 23.8) 30.9 (20.7,41.0)

Sex <0.05
Men 56.5 (40.3, 72.8) 53.7 (50.2, 57.3) 50.3 (47.1,53.4) 36.7 (30.2, 43.3)

Women 43.5(27.2,59.7) 46.3 (42.7, 49.8) 49.7 (46.6, 52.9) 63.3 (56.7, 69.8)

Ethnicity <0.05
Non-Hispanic White 63.7 (52.3, 75.0) 65.7 (58.4,72.9) 75.6 (70.2, 81.0) 74.2 (65.4, 83.1)

Non-Hispanic Black 22.0 (12.0, 32.0) 16.5 (11.0,21.9) 7.5(4.4,10.6) 9.7 (6.4,13.1)
Mexican American 6.3(3.6,8.9) 7.7(5.2,10.2) 7.8(5.1,10.5) 6.9 (3.7,10.0)
Other 8.1(0.0,16.3) 10.2 (6.5, 13.9) 9.1(5.9,12.3) 9.2(2.1,16.3)

Education <0.05
< High school 26.1(14.6, 37.6) 16.1 (11.7,20.4) 16.7 (12.5,20.9) 22.5(15.2,29.7)
High school 31.7(18.3,45.1) 28.4(24.4,32.3) 24.0(20.3,27.7) 23.8(17.9,29.7)
College 42.2 (27.8, 56.6) 55.6 (49.8, 61.3) 59.3 (52.6, 66.1) 53.8 (42.5, 65.0)

Income <0.05
< $20,000 24.8(15.3, 34.2) 17.7 (13.2, 22.3) 13.0 (10.0, 15.9) 17.5(11.2,23.9)
$20,000-44,999 34.8 (25.4,44.3) 30.5(24.9, 36.1) 31.4(25.8, 36.9) 40.2 (31.3, 49.0)
> $45,000 40.4 (30.5, 50.3) 51.8 (43.4,60.1) 55.6 (49.2, 62.1) 42.3 (35.0, 49.5)

Smoking <0.05
Never 34.5(25.9,43.1) 47.9 (40.7, 55.1) 49.5 (44.4, 54.6) 54.7 (47.0, 62.3)

Current 52.6 (44.3, 60.8) 28.9(21.6, 36.2) 20.5(16.6, 24.4) 23.5(16.4, 30.5)
Past 12.9 (5.3, 20.6) 23.2(19.1, 27.3) 30.0(27.0, 33.0) 21.9(14.7,29.1)

Alcohol Consumption NS
0 drinks per day 39.2 (31.6, 46.8) 33.4(28.8, 38.0) 28.9(25.9,31.9) 35.2(26.4,43.9)
< 3 drinks per day 35.7(23.7,47.7) 40.8 (35.0, 46.7) 454 (41.9, 49.0) 44.0 (32.4, 55.6)
> 3 drinks per day 25.1(13.8, 36.4) 25.7 (21.5,30.0) 25.7 (21.5, 30.0) 20.9 (14.0, 27.7)

Recreational physical activity <0.05
None reported 51.6 (41.8,61.4) 33.0(28.4, 37.6) 29.1(25.9,32.4) 39.0(31.6, 46.5)
<500 MET min/w 18.7 (10.9, 26.5) 26.2 (22.1,30.2) 20.1(17.7,22.4) 23.9(16.8, 31.1)
=500 MET min/w 29.7 (18.9, 40.5) 40.8 (35.9, 45.7) 50.8 (46.9, 54.7) 37.0(27.1,47.0)

Mean (95% Cl) for continuous variables and % (95% ClI) for categorical variables. Sleep duration categories: very short (€ 4 h per night), short
(5-6 h per night), adequate (7-8 h per night), and long (= 9 h per night). P < 0.05, two-sided; analysis of variance or chi-square, as appropriate. Sum of
weights = 95,502,573. Cl, confidence interval; MET, metabolic equivalent; NS, not significant.

and non-modifiable (sex, age, ethnicity, education, and in-
come) factors. Specifically, middle-aged adults (40 to < 65 y)
tended to be very short, short, and adequate sleepers, whereas
older adults (> 65 y) were long sleepers. Short and very short
sleep durations were more common among men, non-His-
panic Blacks, current smokers, and those reporting the lowest
household income (< $20,000). Adequate sleepers tended to
be non-Hispanic Whites, noncurrent smokers, report higher
household income and educational attainment, and adhere to
the PA guidelines.

As expected, those who slept 7-8 h per night (i.c., adequate
sleepers) had the optimal inflammation (Figure 2A), oxidative
stress (Figure 2B), and antioxidants (Figures 2C—2I) profiles.
Short sleep duration was associated with elevated CRP, GGT,
uric acid, and vitamin A levels, and lower bilirubin, carotenoids,
and vitamin C, D, and E levels. Compared to 7-8 h sleep du-
ration, short or very short sleep duration was associated with
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significantly lower carotenoids and vitamins C and D levels.
GGT and uric acid were higher among those with very short
and short sleep durations, respectively. Further, CRP level was
higher than the clinical reference range (gray shaded area)
among all sleep durations, but lowest among adequate sleepers.
Compared to the clinical reference range, GGT was also higher
among short and very short sleepers; however, the antioxidants
were within the reference ranges for all sleep durations.

Table 2 contains the estimated indirect effect for each me-
diator on the relationship between sleep duration—MetS and
—number of MetS components. Overall, GGT, carotenoids, uric
acid, and vitamins C and D were considered modest mediators
(= 0.01 to < 0.09) of the sleep duration—MetS and —number of
MetS components relationships. Table 3 contains the estimated
indirect effect for the mediators on the sleep duration—indi-
vidual MetS component relationships. In the analysis, carot-
enoids, uric acid, and vitamins C and D were large mediators
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Figure 2—Interrelationship between sleep duration and inflammation (A), oxidative stress (B), and antioxidants (C-I). Gray shaded areas are clinical
reference ranges.?* *P < 0.05 versus 7-8 h sleep duration.

(= 0.25) of the sleep duration—waist circumference relation-
ship, whereas GGT was a moderate mediator (> 0.09 to < 0.25).
GGT and carotenoids were moderate mediators of the sleep
duration—systolic blood pressure relationship, whereas uric
acid and vitamin D were large mediators. Vitamin C was a
moderate mediator of the sleep duration—diastolic blood pres-
sure relationship.
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Sex differences in the indirect effects are provided in Tables
S1 and S2 (supplemental material). Overall, no significant indi-
rect effects were observed in men (data not shown). In women,
carotenoids and vitamins C and D were modest-to-moderate
mediators of the sleep duration—MetS and number of MetS
components (Table S1), and large mediators of the sleep du-
ration—waist circumference relationships (Table S2). Similarly,
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Table 2—Indirect effect of mediators on the sleep duration—-metabolic syndrome and number of metabolic syndrome components relationships.

ab (95% Clsobe)

c-c’
Mediators MetS
C-reactive protein (nM) -0.006
y-Glutamyl transferase (U/L) -0.035
Bilirubin (uM) -0.002
Carotenoids (uM) -0.040
Uric acid (uM) -0.053
Vitamin A (uM) 0.004
Vitamin C (uM) -0.039
Vitamin D (nM) -0.039
Vitamin E (uM) 0.020

interval; MetS, metabolic syndrome.

c-c¢’ and ab are indirect effects. Asterisk indicates significant for Joint Significance test, bold values indicates significant for Sobel test. Cl, confidence

MetS

-0.005 (-0.023, 0.012)
-0.071 (-0.139, -0.003)*
-0.003 (-0.009, 0.003)
-0.052 (-0.095, -0.009)*
-0.062 (-0.108, -0.015)*

0.002 (-0.010, 0.013)
-0.042 (-0.072, -0.011)*
-0.042 (-0.073, -0.011)*

0.011 (-0.029, 0.050)

Number of MetS Components
-0.005 (-0.021, 0.011)
-0.019 (-0.040, 0.002)*
-0.003 (-0.008, 0.003)
-0.037 (~0.066, -0.008)*
-0.048 (-0.085, -0.012)*

0.001 (-0.009, 0.012)
-0.031 (~0.054, -0.008)*
-0.037 (~0.063, -0.011)*

0.009 (-0.025, 0.044)

Table 3—Indirect effect of mediators on the sleep duration—individual metabolic syndrome component relationship.

(-0.115, 0.202)

(-0.211,0.317)

(-0.078, 0.106)

(-0.048, 0.084)

(-0.011, 0.037)

ab (95%} Clsobel)
Waist Systolic Blood Diastolic Blood Fasting Plasma
Mediators Circumference Pressure Pressure Triglycerides Glucose HDL Cholesterol

C-reactive protein -0.088 -0.024 -0.014 -0.002 -0.006 0.001
(nM) (-0.353, 0.177) (-0.108, 0.061) (-0.062, 0.034) (-0.009, 0.005) (-0.018, 0.005) (-0.002, 0.003)

y-Glutamyl -0.164 -0.168 -0.083 -0.017 -0.023 0.001
transferase (U/L) (-0.344, 0.015)* (-0.373, 0.038)* (-0.174, 0.008)* (-0.038, 0.004) (-0.052, 0.005)* (-0.002, 0.003)

Bilirubin (uM) -0.008 -0.005 -0.004 -0.001 0.000 0.000
(-0.033, 0.018) (-0.025, 0.014) (-0.016, 0.009) (-0.003, 0.001) (-0.001, 0.001) (0.000, 0.000)

Carotenoids (uM) -0.437 -0.198 -0.013 -0.010 -0.022 0.010
(-0.776,-0.099)*  (-0.379, -0.016)* (-0.064, 0.038) (-0.019, -0.001)*  (-0.038, -0.005)* (0.002, 0.018)*

Uric acid (UM) -0.673 -0.314 -0.085 -0.026 -0.005 0.011
(-1.175,-0.171)*  (-0.566, -0.061)*  (-0.167,-0.002)*  (-0.046, -0.006)* (-0.019, 0.008) (0.003, 0.019)*

Vitamin A (uM) 0.004 0.013 0.000 0.002 0.000 0.000
(-0.030, 0.038) (-0.091, 0.118) (-0.003, 0.003) (-0.012, 0.016) (-0.002, 0.003) (-0.001, 0.001)

Vitamin C (uM) -0.515 -0.096 -0.161 -0.024 -0.019 0.011
(-0.861, -0.169)* (-0.264, 0.071) (-0.305,-0.017)*  (-0.043, -0.005)*  (-0.033, -0.004)* (0.004, 0.018)*

Vitamin D (nM) -0.523 -0.227 -0.056 -0.015 -0.028 0.008
(-0.887,-0.16)*  (-0.423, -0.031)* (-0.140, 0.028) (=0.029, -0.001)*  (~0.051, -0.005)* (0.002, 0.014)*

Vitamin E (uM) 0.043 0.053 0.014 0.018 0.013 0.000

(-0.001, 0.001)

Asterisk indicates significant for Joint test, bold values indicate significant for Sobel test. ab, indirect mediation effect; Cl, confidence interval; HDL, high-

density lipoprotein; MetS, metabolic syndrome.

carotenoids and vitamin D were large mediators of the sleep
duration—systolic blood pressure relationship, whereas vi-
tamin C was a moderate mediator of the sleep duration—dia-
stolic blood pressure.

DISCUSSION

In our study, short or very short sleep duration was more
common among men and non-Hispanic Blacks; whereas
those reporting adequate sleep were noncurrent smokers,
non-Hispanic Whites, had higher education and income, and
adhered to PA guidelines. Adequate sleepers also had better
serum-measured inflammation, oxidative stress, and anti-
oxidants profiles. Our findings suggest that GGT, carotenoids,
uric acid, and vitamins C and D are modest mediators of the
sleep duration—MetS relationship, which are largely due to
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the moderate-to-large mediating effect of these factors on the
sleep duration—waist circumference, and —systolic/diastolic
blood pressure relationships.

Inflammation, Oxidative Stress, and Antioxidants Profiles
Compared to short or long sleepers, adequate sleepers
tend to have a healthier lifestyle, which is reflected in their
inflammation, oxidative stress, and antioxidants profile.?® To
date, only a few studies have considered the association be-
tween these factors and sleep. In clinical populations with
sleep disorders, inflammation and oxidative stress are often
elevated,®?? whereas antioxidants are reduced.'*'® For in-
stance, in patients with dyslipidemia and sleep apnea-hy-
popnea syndrome (n = 26), Murri et al.' found that one month
of continuous positive airway pressure treatment significantly

Sleep Duration and Cardiometabolic Health—Kanagasabai and Ardern



decreased uric acid, and increased antioxidant capacity. This
is consistent with our results: uric acid is increased among
short sleep duration, but carotenoids, and vitamins C and D
are decreased. Further, in the study by Murri et al.,' both the
pretreatment and posttreatment uric acid values were within
the clinical reference range. In our study, all antioxidants were
within the clinical reference range, but were optimal among
adequate sleepers. Furthermore, our analysis suggests that
CRP is high regardless of sleep duration, but is lowest among
adequate sleepers; and, GGT is higher among short and very
short sleep duration categories, but within clinical reference
range amongst adequate sleepers. When taken together, these
analyses suggest that adequate sleep duration is associated
with an optimal inflammation, oxidative stress, and antioxi-
dant profile.

Indirect Mediation Effect

Our second objective was to evaluate the mediating effect
of inflammation, oxidative stress, and antioxidants on the re-
lationship between sleep duration and cardiometabolic health.
Although our overall finding suggests only modest mediating
effects of GGT, carotenoids, uric acid, and vitamins C and D
on the sleep duration—MetS and —number of MetS components
relationships, the moderate-to-large mediating effects found
for sleep duration—waist circumference and blood pressure re-
lationships warrant discussion.

Waist Circumference

Previously, the mediating effects of oxidative stress, inflam-
mation, and antioxidants on the sleep duration—waist circum-
ference relationships were unknown. In general, literature
suggests chronic inflammation and oxidative stress lie on the
causal pathway of many age-related diseases, including CVD,
diabetes, and cancers,® but only our findings for GGT supports
this. The lack of significant mediating effect for CRP in our
study, however, may be due to it being an acute-phase marker
of inflammation,” and thus, exploring the mediating effect
other inflammatory biomarkers (i.e., interleukin-6 and adipo-
nectin) may provide insight into the role of inflammation on
the sleep duration—abdominal obesity relationship.*® Further,
the beneficial effects of a healthy diet on serum antioxidants
and weight are well known."**! However, the inverse associa-
tion between vitamin C and waist circumference may be mod-
erated by sex.*? For vitamin D, Ford et al.*® found low levels
of it significantly increased the odds of abdominal obesity;
Cheng et al.* found it was strongly associated with abdominal
(B: —=2.34, P < 0.0001), not subcutaneous (B: —1.12, P < 0.016),
adiposity. Conversely, evidence for uric acid suggests a posi-
tive association with cardiometabolic risk,* and weight gain: a
5-y follow up study (n = 433) found uric acid was a significant
predictor of weight gain of > 10% in body mass index.3® There-
fore, our findings provide initial evidence for the mediating
role of oxidative stress and antioxidants on the sleep duration—
abdominal obesity relationship.

Blood Pressures

Because of the known association between blood pressure
and oxidative stress with antioxidants,**=° we evaluated the
mediating effect of these factors within the context of sleep
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duration. First, GGT and uric acid have been found to be
good predictors of baseline and incident hypertension, which
supports our finding that they lie on the casual pathway of the
sleep duration—blood pressure relationships.**** Additionally,
an inverse association between vitamin C and blood pressure
in general®* and systolic blood pressure in older adults has
been found.*® Vitamin C supplements also improved endo-
thelial function in patients with obstructive sleep apnea'® and
lowered systolic blood pressure in older adults.* However, in
our analysis we did not find vitamin C significantly medi-
ated the sleep duration—systolic blood pressure relationship,
which could have varied by age. Furthermore, our finding
of moderate mediation for the sleep duration—systolic blood
pressure relationship for vitamin D could have been dis-
torted by other factors that were unadjusted in the analyses.
For instance, a cross-sectional study found no significant
association with systolic blood pressure after multivariable
adjustments (B: —0.48, P = 0.08),> whereas a meta-analysis
found only a weak relationship in hypertensive individuals.?’
However, the immune modulating role of vitamin D may also
help explain our finding, which is supported by emerging evi-
dence that vitamin D deficiency increases the risks of sleep
disorders and CVD.*

Sex-Stratified Indirect Mediation Effect

We found that carotenoids and vitamins C and D were mod-
erate-to-large mediators of several sleep duration—cardiometa-
bolic health relationships in women only. This is supported by
studies that have reported sex-based disparities in serum con-
centrations of some antioxidants.®* In the study by Beydoun
et al.,® significant differences between serum carotenoids, and
vitamins C, D, and E levels, and MetS status were found in
the sex-stratified analyses. In Johnston et al.’s* study, vitamin
C correlated with body composition measures in women only.
This early evidence suggests that dietary and sleep-based in-
terventions may be of particular benefit to women.

Strengths and Limitations

Our analyses are based on evidence that inflammation, oxi-
dative stress, and antioxidants are contributors to both sleep
quantity decrease and cardiometabolic dysfunction.®" Al-
though this cross-sectional study provides initial evidence
of their interrelationship, we cannot infer causality from our
analyses alone, and future longitudinal studies are needed. Im-
portant limitations to our methodological approach are that we
excluded all participants with missing cardiometabolic health
data, which resulted in the loss of over 50% of the initial adult
sample. Specifically, fasting plasma glucose was available for
morning session participants only, and including the afternoon
session participants would result in estimation error for our
outcome variables (i.e., MetS and number of MetS compo-
nents).” However, the generalizability of our overall findings
is unlikely to change by excluding them; and we have suffi-
cient sample to have at least 80% power. Further, we used self-
report sleep duration in our study, but the correlation between
self-reported and objectively measured sleep duration is weak
to moderate and varies across subpopulations.® All analyses
are based on single measurements of exposure, outcome, and
mediators, even though inflammation, oxidative stress, and
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antioxidant levels may be altered by fluctuating dietary habits
between questionnaire and examination components, geo-
graphic location, and supplement use.

CONCLUSIONS

Results from this study suggest that adequate sleep dura-
tion is an important contributor to cardiometabolic health.
While difficult, the promotion of adequate sleep duration
could improve inflammation, oxidative stress and antioxidant
capacities, and act together to prevent or improve early cardio-
metabolic dysfunction. In order to more fully understand the
many factors that may contribute to this relationship, targeted
longitudinal studies are needed.

ABBREVIATIONS
CI, confidence interval
CRP, C-reactive protein
CVD, cardiovascular disease
GGT, y-Glutamyl transferase
MET, metabolic equivalent
MetS, metabolic syndrome
NHANES, National Health and Nutrition Examination
Survey
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