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Abstract
Increasing evidence points to associations between light-dark exposure patterns, feeding

behavior, and metabolism. This study aimed to determine the acute effects of 3 hours of

morning versus evening blue-enriched light exposure compared to dim light on hunger, met-

abolic function, and physiological arousal. Nineteen healthy adults completed this 4-day

inpatient protocol under dim light conditions (<20lux). Participants were randomized to 3

hours of blue-enriched light exposure on Day 3 starting either 0.5 hours after wake (n = 9;

morning group) or 10.5 hours after wake (n = 10; evening group). All participants remained

in dim light on Day 2 to serve as their baseline. Subjective hunger and sleepiness scales

were collected hourly. Blood was sampled at 30-minute intervals for 4 hours in association

with the light exposure period for glucose, insulin, cortisol, leptin, and ghrelin. Homeostatic

model assessment of insulin resistance (HOMA-IR) and area under the curve (AUC) for

insulin, glucose, HOMA-IR and cortisol were calculated. Comparisons relative to baseline

were done using t-tests and repeated measures ANOVAs. In both the morning and evening

groups, insulin total area, HOMA-IR, and HOMA-IR AUC were increased and subjective

sleepiness was reduced with blue-enriched light compared to dim light. The evening group,

but not the morning group, had significantly higher glucose peak value during blue-enriched

light exposure compared to dim light. There were no other significant differences between

the morning or the evening groups in response to blue-enriched light exposure. Blue-

enriched light exposure acutely alters glucose metabolism and sleepiness, however the

mechanisms behind this relationship and its impacts on hunger and appetite regulation

remain unclear. These results provide further support for a role of environmental light expo-

sure in the regulation of metabolism.

Introduction
The widespread use of electric lighting and our modern 24/7 lifestyle is accompanied by self-
imposed changes to patterns of light-dark exposure (e.g. limited daytime exposure to sunlight
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and increased nocturnal light exposure) [1–3], which are thought to play a role in health [4, 5].
The impacts of light exposure on hunger and metabolism are of particular interest. There are at
least two potential mechanisms by which alterations in light-dark exposure may impact hunger
and metabolism, one is via the circadian system, and the second is via physiological arousal.

The circadian system controls the timing of physiological and behavioral rhythms such as
rest and activity patterns [6], alertness [7], hunger and appetite [8], and glucose and insulin
sensitivity [9, 10]. Perturbations to these rhythms have been associated with poor health [11–
15]. The strongest exogenous modulator of the central circadian clock is the pattern of light-
dark exposure [16, 17], with the circadian system most sensitive to blue-wavelength light [18–
20]. Not only does light-dark exposure change across the day, but the wavelength of light also
varies across the day [21].

Light exposure also impacts the level of physiological arousal, such as sleepiness, alertness
[7, 22], and cortisol levels [23, 24]. Cortisol levels also influence hepatic and peripheral tissue
insulin sensitivity and, consequently, circulating glucose levels [25, 26], thereby providing
another possible path by which light exposure may impact metabolism.

Recent studies in humans have examined the impact of light exposure on body weight and
metabolism. Studies manipulating morning light exposure are typically associated with leaner
body weight, lower body fat and altered appetite outcomes [27–29]. On the other hand, later
timing of light tends to be associated with heavier body weight. Recent work from our group in
adults reports an association between the timing of habitual light exposure and body mass
index (BMI); people with a later mean timing of light exposure over 500 lux (MLiT500) had a
higher BMI [30]. Furthermore, shift work, which is often accompanied by increased light expo-
sure at night, is associated with higher BMI [31] and risk of obesity [32]. However, few studies
have examined the impact of evening light, as opposed to light at night, on hunger, weight reg-
ulation, and metabolism. There is significant variation in hunger across the day, corresponding
with endogenous circadian rhythms; specifically, a 17% difference in hunger between the
morning trough and evening peak [8]. As such, the impact of light exposure on hunger should
be studied at different times of day.

Animal studies suggest that the timing of light exposure impacts the timing of food intake
and therefore metabolism, which in turn influences weight regulation [33, 34]. For example,
mice subjected to constant light show an increase in food intake during the normal rest period,
decreased energy expenditure, loss of circadian variation in insulin sensitivity, and higher body
weight gain, despite similar overall caloric intake compared to mice kept in a normal light-dark
cycle. However, weight and fat gain even while under constant light were attenuated when food
intake was restricted to the normal active period [33].

Although evidence from both human and animal studies suggests that light exposure modu-
lates food intake, metabolic function, and weight regulation, most studies have examined light
exposure at only one time of day despite known circadian variations in these functions. Addi-
tionally, these studies examine impacts of light exposure over time, leading us to postulate that
acute actions of light exposure (that may lead to these longer term outcomes) may occur via
immediate alterations to hunger and/or metabolism. Therefore, the aim of this study was to
compare the acute effects of 3 hours of morning versus evening blue-enriched light exposure
on hunger, metabolic function, and physiological arousal. We hypothesized that morning blue-
enriched light would decrease overall hunger and positively impact metabolic function, while
evening blue-enriched light would increase hunger and negatively impact metabolic function
and that these effects would be associated with changes in physiological arousal, namely corti-
sol and sleepiness levels.
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Methods
The Northwestern University Institutional Review Board approved this study and all partici-
pants provided written informed consent.

Participants
Nineteen healthy adults were recruited from the Chicago area with fliers and newspaper adver-
tisements. Initial eligibility was determined via telephone screening. Participants were then
interviewed during a screening visit to determine their medical, psychiatric, social, and medica-
tion history. Final eligibility was determined by the study physician.

In order to qualify for the study, participants were required to be healthy and between 18–
50 years of age and to have regular eating and sleeping schedules. Regular eating pattern was
defined as: 1) three main meals per day, at approximately the same time every day; 2) two or
fewer snacks per day; and, 3) two or fewer snacks after 8pm per week. Regular sleep schedule
was defined as: 1) rest start between 9pm-1am; 2) rest end between 5am-9am; 3) rest duration
between 6.5–8.5 hours; and, 4) no more than one nap per week.

Exclusion criteria were: 1) any sleep, cognitive, neurological, or major psychiatric disorder;
2) significant depressive symptoms (Beck Depression Index-II [35] (BDI-II) score> 20); 3)
endocrine dysfunction, gastrointestinal disease, blindness or significant vision impairment; 4)
shift work; 5) current use within the past month of psychoactive, hypnotic, stimulant or analge-
sic medications; 6) obesity (BMI> 30 kg/m2); 7) current use of light therapy; 8) sleep apnea
(apnea hypopnea index (AHI)� 15); 9) periodic leg movements (movement arousal
index� 15); 10) any unstable or serious medical conditions; 11) a history of habitual smoking
(6 or more cigarettes per week) or drinking (7 or more alcoholic beverages per week) or caf-
feine consumption of greater than 300 mg per day; and 12) use of any other legal or illicit sub-
stance that may affect sleep and/or appetite. Due to the metabolic stress associated with
pregnancy and breastfeeding, patients who were pregnant or breastfeeding were also excluded.

Participants’ sleeping and eating schedules were monitored for seven days using actigraphy
(Actiwatch-L and Spectrum, Philips Respironics), sleep diaries, and food logs. Actiwatches
were set with 30-sec epoch length and medium sensitivity to determine average weekday rest
start time, rest end time, and total sleep time. Participants were asked to record free day or
work day status, wake up time, whether or not an alarm was used, naps, bed time, sleep time,
times awake during the night, and a rating of ease of falling asleep and waking up in a daily
sleep diary. Food logs were used to determine food intake and timing. Participants were asked
to record the time of each meal, the meal type (i.e. breakfast, lunch, dinner, or snack), location,
food type, brand, and amount including water and other beverages.

Maintenance of habitual sleeping and eating schedule was confirmed by actigraphy, sleep
diaries, and food logs for an additional seven days immediately prior to the Clinical Research
Unit (CRU) admission.

Experimental Protocol
General Protocol. Participants who met eligibility criteria were randomized to either the

morning or evening group for this initial study. Participants completed a 4-day, 3-night stay in
the Northwestern Memorial Hospital CRU in Chicago, Illinois (Fig 1) fromMarch 23, 2012 to
March 22, 2013. Participants were admitted to the CRU at approximately 18:00 on Day 1 and
bed time was determined from their average weekday rest onset time recorded from actigraphy
in the week immediately prior to their CRU visit. Participants received fixed isocaloric meals 1,
5, and 11 hours after wake with fixed macronutrient composition of 50–55% carbohydrate, 15–
20% protein, and 30–35% fat. Meals were prepared by the CRU research bio-nutritionist based
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on height, weight, usual caloric intake, and estimated energy expenditure from the Harris-Ben-
edict equation [36]. While the content of breakfast, lunch, and dinner meals were different, the
content of a specific meal was the same on each experimental day (i.e. breakfast on Days 2 and
3 was identical, but was different from lunch). Participants consumed at least 90% of their
meals and there were no statistically significant differences in overall and carbohydrate intake
on Days 2 and 3. No snacking or caffeine was allowed during the study. Water and sugar-free,
caffeine-free sodas were provided ad libitum.

All participants had dim light on Day 2 and then blue-enriched light during the scheduled
light exposure period (morning or evening) on Day 3. On Day 2, starting 8 hours after their
sleep onset, participants began a schedule of 16 hours of dim light (<20 lux) during wake and 8
hours of dark (<3 lux) during sleep. On Day 3, participants were also exposed to blue-enriched
light for three hours beginning 0.5 hours after wake (morning group) or 10.5 hours after wake
(evening group). Visual analogue scale for hunger (VASH) and the Karolinska Sleepiness Scale
(KSS) were given hourly, starting upon waking. On Days 2 and 3, blood was sampled for mea-
surement of glucose, insulin, cortisol, leptin, and ghrelin every 30 minutes for four hours (in
association with the light exposure period) for a total of 9 samples. This sampling interval

Fig 1. Schematic representation of the experimental protocol for morning (A) and evening (B) light exposure.
Participants arrived in the early evening of Day 1 (not shown) and began dim light < 20 lux (light grey shading) on Day 2
during 16 hours of wake and < 3 lux (dark grey shading) during 8 hours of sleep. Fixed isocaloric meals were given 1, 5, and
11 hours after wake. On both Days 2 and 3, questionnaires (VASH and KSS) were collected hourly during wake and blood
was drawn (black circles) at 30-minute intervals 0.5–4.5 hours after wake for morning light exposure participants (A) and
10.5–14.5 hours after wake for evening light exposure participants (B). Participants were exposed to 3 hours of blue-
enriched light (hashed shading on Day 3) starting 0.5 hours after wake for morning light exposure participants (A) and
starting 10.5 hours after wake for evening light exposure participants (B) compared to dim light (Day 2). Participants were
discharged on Day 4 (not shown). Abbreviations: VASH–visual analogue scale for hunger, KSS–Karolinska Sleepiness
Scale.

doi:10.1371/journal.pone.0155601.g001
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allowed for a fasting blood sample, a blood sample with light exposure before the meal, several
blood samples following the meal during light exposure, and two samples after the light expo-
sure. The first blood sample taken each day was immediately prior to the start of the scheduled
light exposure window and was considered the baseline for that day. Blood samples were pro-
cessed and frozen at -80°C until assay. Participants were discharged from the CRU on the
morning of Day 4.

Light Exposure. All participants were kept in dim light during wake for the duration of
their stay in the CRU, except for blue-enriched light exposure on Day 3 that was achieved with
two goLITE BLU Plus light boxes (Philips, Amsterdam, Netherlands) and normal overhead
room lighting (260 lux). The goLITE BLU Plus is a 5.5 x 5.5 inch device containing 60 blue
light emitting diodes (LEDs) with a peak wavelength of 468 ± 8nm and a half-peak bandwidth
of 20nm. Participants were seated upright facing a table. Light boxes were positioned on the
table top 24 inches to the left and right peripheral side of the seated participant. Measurement
of 24 inches distance from the light box was done at a downward angle from eye level to the
light box. Light exposure was conducted as follows: overhead lights were turned on and the
light from the light boxes was gradually increased using the four intensity settings on the light
boxes in 5-minute increments at 280, 320, 340, and 370 lux and similarly tapered down in a
reversed manner starting 15 minutes prior to completion of the three-hour light exposure con-
dition. Participants were monitored closely by research staff during light exposure conditions
and were instructed to face forward and keep eyes open while engaging in seated activities such
as reading or watching movies. Light exposure in lux at the eye level was monitored using a lux
meter (Minolta Auto Light Meter IV F) during dim light condition set ups and throughout the
blue-enriched light exposure period.

Outcome Measures
Screening and Demographics. Wrist activity monitoring was conducted for one week of

screening and one additional week immediately prior to the CRU visit using actiwatches (Acti-
watch-L and Spectrum, Philips Respironics) to measure average weekday rest start time, rest
end time, and total sleep time. Actigraphy analysis was done using Actiware (version 5, Philips
Respironics) with the aid of the sleep log, and a valid day was defined as one without any off-
wrist time during the rest interval and with less than 4 hours of off-wrist time in a 24-hour
period. Midpoint of sleep was calculated as the average time between rest start time and rest
end time. Time above light threshold (TALT) of 1,000 lux for white light was calculated as the
average minutes per day with light exposure above 1,000 lux for the week of recording.

Height and weight were taken by clinical research staff upon arrival to the CRU and body
mass index was calculated as [weight (kg)/(height (m))2].

Hunger. The VASH [37] assesses participants’ hunger, desire to eat, amount of food that
they could eat, and fullness. A hunger composite score (Hcomp) was calculated using the for-
mula Hcomp = [(hunger) + (desire) + (amount) + 100 –(full)]/4 to yield an Hcomp score
between 0–100, with a higher value indicative of greater hunger. The VASH was given hourly.

Leptin was measured with a Millipore human leptin radioimmunoassay (RIA) kit, with
standards from 0.5–100 ng/mL, inter-assay precision of 3.5–6.2%, and intra-assay precision of
3.4–8.4%. Ghrelin was measured with a Millipore total ghrelin RIA kit, with standards from
150 to 9600 pg/mL, inter-assay precision of 14.7–17.8%, and intra-assay precision of 3.3–
10.0%.

Metabolic Function. Glucose was measured using the glucose oxidase method on a Beck-
man CX3D Analyzer. Insulin was measured by chemiluminescent immunoassay on a Siemens
Immulite 2000 with sensitivity limited to 14.4 pmol/L. Blood samples were taken for 4 hours at
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30 minute intervals. The first sample was taken 30 minutes before the scheduled light exposure
period and the second sample was taken 30 minutes later during light exposure but before the
meal. To determine the impact of light following a meal, a meal was given 30 minutes after the
first sample. The third to seventh samples were taken during the light exposure period and the
eighth to ninth samples were taken following the light exposure period.

The homeostatic model of assessment for insulin resistance (HOMA-IR) was calculated as
glucose (mg/dl) x insulin (μU/mL)/405, using the second sample on each day immediately
prior to the meal, which was after 30 minutes of blue-enriched light exposure on Day 3.

When used for diagnostic purposes, HOMA-IR is validated under fasting conditions. However,
experimentally HOMA-IR has been used to compare relative insulin resistance under the following
conditions: post breakfast, midday meal and evening meal in sleep restricted versus rested states
[38], as HOMA-IR total area across 24 hours in sleep restricted versus rested states [39], and to
measure insulin resistance 0–6 hours after the breakfast meal in patients with type 2 diabetes [40].

For the morning group, the HOMA-IR is fasting (14 hour fast between the evening meal at
11hrs after wake and the following morning’s meal at 1hr after wake), while for the evening
group HOMA-IR is calculated following a 5.5 hour fast. In a previous study, a reasonable corre-
lation between glucose, insulin, and HOMA-IR values from overnight fast samples and samples
taken 4 hours after the lunch meal [41] have been shown. Given the findings of this previous
study, the glucose, insulin, and HOMA-IR values from the evening group are relevant for rela-
tive comparison within and between the groups.

Measures of Arousal. Sleepiness level was assessed hourly using the Karolinska Sleepiness
Scale (KSS) [42]. Participants rated their level of sleepiness on a scale from 1 (extremely alert)
to 9 (very sleepy, great effort to keep awake). The KSS is a widely used scale that closely corre-
lates with physiological measures of sleepiness [43].

Cortisol was measured by chemiluminescent immunoassay on a Siemens Immulite 2000
with sensitivity limited to 1 ug/dL.

Data Analysis and Calculations
To account for individual variability, VASH composite scores, leptin, ghrelin, glucose, insulin,
and cortisol are shown as a change from baseline within each light condition (dim or blue-
enriched light). For each measure, baseline was the sample immediately prior to the specified
light exposure. All other variables (VASH component scores, HOMA-IR, area under the curve
outputs, KSS, etc.) were analyzed as raw values.

Area under the curve (AUC) analysis was conducted using Prism (GraphPad, version 4.0)
across samples 2–9 for glucose, insulin, and cortisol, and for samples 3–9 for HOMA-IR (to
exclude the fasting samples and include only glucose and insulin values following meal inges-
tion) as a measure of the HOMA-IR response to meals [38]. Variables used for analysis include
total area, peak value, and peak time for glucose and insulin, and total area for HOMA-IR and
cortisol during the morning and evening dim and blue-enriched light exposure conditions.

Statistical analyses were done with descriptive statistics, t-tests, Chi-squared tests, Pearson
correlations, and repeated measures ANOVAs using SPSS (SPSS Inc., version 16). Statistical
significance was defined as p<0.05 using two-tailed tests.

Descriptive statistics were conducted for participant demographics and characteristics from
the screening week and the week prior to the CRU visit, and differences were analyzed with two-
sample t-tests for continuous variables and with Chi-squared tests for categorical variables.

Analysis of variables related to the intervention (excluding AUC variables) were conducted
on values calculated as a change relative to baseline. Baseline was considered to be the first
sample before the start of the light exposure period.

BlueWavelength Light Impacts Metabolic Function
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Differences between dim and blue-enriched light conditions were analyzed with paired t-
tests for all variables except for the differences in the VASH hunger composite and component
scores, which were assessed with repeated measures ANOVA (time x day). Correlations of the
change between blue-enriched and dim light conditions were examined with Pearson correla-
tions (sleepiness or cortisol with hunger or HOMA-IR).

Differences between the morning and evening groups were assessed as a change from base-
line using two-sample t-tests at two time points: 1) during light exposure but prior to the meal
(which was 15 minutes (questionnaires) or 30 minutes (blood samples) into light exposure),
and 2) approximately 2.5 hours into the light exposure period (which was approximately 2
hours post meal). These time points were selected to allow for a fasting baseline blood sample,
a blood sample with light exposure before the meal, and blood samples following the meal dur-
ing light exposure. The Karolinska Sleepiness Scale (KSS) was missing for one morning and
one evening group participant. A single blood sample was missing for one morning group par-
ticipant and out of range insulin levels for one participant in the morning group were removed.
One morning group participant had an Actiwatch failure during the week prior to the CRU
stay. For each analysis, the number of subjects is indicated in the tables.

Results

Participant Demographics and Characteristics
Participant characteristics are listed in Table 1. Nineteen healthy adult participants (20–39 years of
age with median age of 28 years) completed the study. For the morning group (n = 9), there were 5
females, and the mean age was 26.0 ± 4.4 years with a mean BMI of 24.2 ± 2.8 kg/m2. For the even-
ing group (n = 10), there were 6 females, and the mean age was 29.9 ± 6.1 years with a mean BMI
of 23.8 ± 3.2 kg/m2. Average weekday rest start time, average weekday rest end time, average week-
day midpoint of sleep, and average weekday total sleep time for the morning and evening groups
were 23:40 ± 0:36 and 23:32 ± 0:49, 7:22 ± 0:53 and 7:15 ± 0:56, 3:31 ± 0:38 and 3:23 ± 0:50, and
403.8 ± 41.8 minutes and 409.7 ± 45.0 minutes, respectively. Time above light threshold (TALT)
of 1,000 lux for white light for the morning and evening groups were 46.54 ± 35.21 minutes and
32.44 ± 33.87 minutes, respectively. There were no significant differences between the morning
and evening groups in terms of demographics and other characteristics.

Hunger
Subjective hunger was not significantly different between blue-enriched light exposure and
dim light exposure conditions or between morning and evening groups (Fig 2A and 2B).
Repeated measures analysis of variance (ANOVA) for the hunger composite scores and the
component scores (hungry, desire, how much, and full; Fig 2C–2J) indicated a time effect but
neither a day effect nor a time by day effect.

Leptin and Ghrelin
There were no significant differences in leptin or ghrelin levels between blue-enriched light expo-
sure and dim light exposure conditions or between morning and evening groups (Table 2).

Metabolic Function
Mean (± standard error) glucose and insulin levels for each sample of the blue-enriched and
dim light conditions are shown in Fig 3A–3D. Homeostatic model assessment of insulin resis-
tance (HOMA-IR) values during the blue-enriched and dim light conditions are shown in Fig
3E and 3F.

BlueWavelength Light Impacts Metabolic Function
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Morning group. AUC analysis indicated no differences in glucose total area, peak value,
or peak time (Table 3) in the blue-enriched light compared to dim light condition. The insulin
total area was larger (35,127 versus 25,914 pmol�min/L, p<0.01; Table 3) but there were no dif-
ferences in insulin peak value or peak time with blue-enriched light exposure compared to dim
light condition.

At 30 minutes after light onset and just prior to the meal, HOMA-IR increased more from
baseline with blue-enriched light exposure compared to dim light condition (1.08 versus 0.83,
p = 0.04; Table 3). Also, HOMA-IR total area was higher with blue-enriched light exposure
compared to dim light condition for the morning group (1307 versus 994, p = 0.03; Table 3).

Evening group. Glucose peak value was higher (162 versus 148 mg/dL, p = 0.02; Table 3)
but there was no difference in glucose total area or peak time with blue-enriched light exposure
compared to dim light condition. Insulin total area was larger (55,885 versus 46,833
pmol�min/L, p = 0.02; Table 3), but there was no difference in insulin peak value or peak time
with blue-enriched light exposure compared to dim light condition.

At 30 minutes after light onset and just prior to the meal, HOMA-IR increased more from
baseline with blue-enriched light exposure compared to dim light condition (1.66 versus 1.40,
p<0.01; Table 3). Also, HOMA-IR total area was higher with blue-enriched light exposure
compared to dim light condition for the evening group (2741 versus 2145, p = 0.04; Table 3).

Between Groups. Between groups comparison in response to blue-enriched light relative
to dim light indicated that the evening group had significantly higher glucose peak value than
the morning group (13.8 versus -6.11 mg/dL, p<0.01; Table 3). There were no other significant
differences between the morning and evening groups for glucose or insulin when comparing
blue-enriched and dim light conditions (Table 3).

Table 1. Participant demographics and characteristics shown as M±SD or No. (%).

Morning (n = 9) Evening (n = 10) p-valueb

Participant Demographics

Age (years) 26.0 ± 4.4 29.9 ± 6.1 0.13

Body mass index (kg/m2) 24.2 ± 2.8 23.8 ± 3.2 0.79

Gender (n(%))

Female 5 (56%) 6 (60%) 0.68

Male 4 (44%) 4 (40%)

Race (n(%))

American Indian/Alaskan Native 0 (0%) 0 (0%) 0.43

Asian 2 (22%) 2 (20%)

Native Hawaiian or Pacific Islander 0 (0%) 0 (0%)

Black or African American 1 (11%) 0 (0%)

White 6 (67%) 8 (80%)

Actigraphic Characteristicsa

Rest start time (hh:mm) 23:40 ± 0:36 23:32 ± 0:49 0.67

Rest end time (hh:mm) 7:22 ± 0:53 7:15 ± 0:56 0.81

Midpoint of sleep 3:31 ± 0:38 3:23 ± 0:50 0.72

Total sleep time (min) 403.8 ± 41.8 409.7 ± 45.0 0.77

Time above white light of 1,000 lux (min)c 46.54 ± 35.21 32.44 ± 33.87 0.40

a. Weekday averages from one week of actigraphy during screening.

b. P-values shown are from two-sample t-tests for continuous variables (age, body mass index, rest start time, rest end time, midpoint of sleep, total sleep

time, and time above white light of 1,000 lux) and from Chi-squared tests for categorical variables (gender and race).

c. N = 9 for time above white light of 1,000 lux in the evening group.

doi:10.1371/journal.pone.0155601.t001
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Physiological Arousal
Sleepiness. Subjective sleepiness was reduced more with the blue-enriched light exposure

compared to the dim light condition in both the morning and evening groups (Fig 4A and 4B).
In the morning group, sleepiness was reduced more with blue-enriched light exposure than

with dim light exposure (Fig 4A), however sleepiness started higher at baseline for the blue-
enriched light compared to the dim light condition.

In the evening group, sleepiness was decreased 15 minutes after onset of blue-enriched light
exposure and remained lower for one hour after lights returned to dim conditions (all p<0.05)
compared to dim light exposure (Fig 4B).

Cortisol. There were no significant differences in cortisol levels between blue-enriched
light exposure and dim light exposure conditions or between morning and evening groups (Fig
4C and 4D and Table 3).

Associations between sleepiness and cortisol with hunger or HOMA-IR
There were no significant correlations between the change in the measures of arousal (sleepiness
or cortisol) from the blue-enriched light and dim light condition with hunger or HOMA-IR.

Discussion
Blue-enriched light exposure acutely altered metabolic function in both the morning and the
evening compared to dim light. Specifically, both the morning and evening blue-enriched light
exposure resulted in higher insulin resistance relative to dim light. In the evening group, blue-
enriched light also led to higher peak glucose compared to dim light, suggesting an inability of
insulin to adequately compensate for the increase in glucose at this time of day.

Fig 2. Hunger in dim versus blue-enriched morning and evening light. Subjective hunger composite
scores (A-B) and component scores (C-J) during dim light (dotted line) compared to blue-enriched light (solid
line) for morning (left panels; n = 9) and evening (right panels; n = 10) participants. Grey shading indicates
specified light exposure condition; M denotes meal given 1 or 11 hours after wake for morning and evening
participants, respectively. Results are plotted as mean ± standard error.

doi:10.1371/journal.pone.0155601.g002

Table 2. Change from baseline (prior to start of light exposure) in leptin and ghrelin measures, between conditions (dim versus blue-enriched
light) within each group and between groups (morning versus evening).

Group

Morning (n = 9) Evening (n = 10)

Condition Between groups comparison

Dim Blue-enriched p-value Dim Blue-enriched p-value Morningc Eveningc p-value

Leptin (ng/mL)

30min Lighta -2.97 ± 8.54 -1.68 ± 2.40 0.58 -0.34 ± 0.98 -0.38 ± 1.56 0.96 1.29 ± 6.79 -0.03 ± 2.05 0.56

2.5hrs Lightb -0.46 ± 1.81 -1.66 ± 1.96 0.26 2.43 ± 2.96 1.64 ± 3.94 0.45 -1.19 ± 2.97 -0.79 ± 3.13 0.78

Ghrelin (pg/mL)

30min Lighta -51.4 ± 172.9 46.7 ± 198.8 0.40 -43.4 ± 108.1 39.9 ± 148.9 0.15 98.11 ± 333.9 83.3 ± 168.0 0.90

2.5hrs Lightb -147.1 ± 222.8 -116.3 ± 186.4 0.64 -167.5 ± 155.8 -117.2 ± 139.5 0.35 30.8 ± 192.0 50.3 ± 160.3 0.81

All values are shown as mean ± standard deviation as a change from baseline.

a. 30min Light refers to change relative to baseline from the time point approximately 30 minutes after the onset of the specified light exposure condition.

b. 2.5hrs Light refers to change relative to baseline from the time point approximately 2 hours post meal and 2.5 hours into the 3 hour specified light

exposure condition.

c. Difference between blue-enriched and dim light conditions relative to baseline.

doi:10.1371/journal.pone.0155601.t002
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While blue-enriched light clearly altered subjective alertness in the evening, the lack of effect
on subjective hunger was surprising considering the findings from a previous study showing
changes in subjective appetite with morning bright light exposure [27]. It is possible that,
unlike subjective alertness, a single acute light exposure may not be sufficient to illicit changes
in subjective hunger. However, repeated daily exposures or exposure while in a natural envi-
ronment (as opposed to a laboratory setting with controlled food intake and little physical
activity) may lead to different outcomes more in line with these prior field-based studies.

Fig 3. Glucose, insulin, and HOMA-IR in dim versus blue-enrichedmorning and evening light.Glucose levels (A-B), insulin levels (C-D),
and homeostatic model assessment of insulin resistance (E-F) during dim light (dotted line on line plots and grey bar on bar graph) compared to
blue-enriched light (solid line on line plots and black bar on bar graph) for morning (n = 9; n = 8 for insulin and HOMA-IR) and evening (n = 10)
participants. Grey shading on line plots indicates specified light exposure condition; M on line plots denote meal given 1 or 11 hours after wake
for morning and evening participants, respectively. Results are plotted as mean ± standard error. *p<0.05, **p<0.01.

doi:10.1371/journal.pone.0155601.g003
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There was also no effect of blue-enriched light exposure on hormonal measures of hunger/
satiety (leptin and ghrelin). This is in contrast to findings from Figueiro and colleagues [28]
reporting changes in leptin and ghrelin in response to morning red, green, and blue light fol-
lowing sleep restriction (5 hours of time in bed). This difference could be explained by the
sleep restriction in their study, while the participants in the current study were given more
opportunity to sleep (8 hours of time in bed) prior to light exposure.

In both rodents [11, 33] and humans [30], daily light exposure patterns are associated with
body weight, body composition, and metabolism even after taking caloric intake into account.
Given these reports, light’s influence on weight regulation likely involves other mechanisms
beyond a potential increase in caloric intake due to changes in hunger/appetite. One possible

Table 3. Glucose, insulin, HOMA-IR, and cortisol between conditions (dim versus blue-enriched light) within each group and between groups
(morning versus evening).

Group

Morning (n = 9) Evening (n = 10)

Condition Between groups comparison

Dim Blue-enriched p-
value

Dim Blue-enriched p-
value

Morningf Eveningf p-
value

Glucose

Total areaa

(mg*min/dL)
20,280 ± 2184 20,321 ± 1,441 0.92 24,630 ± 3,35160 25,776 ± 4,666 0.27 41.7 ± 1,269 1,146 ± 3,114 0.34

Peak value
(mg/dL)

128 ± 13 122 ± 7.5 0.14 148 ± 24 162 ± 33 0.02 -6.11 ± 11.0 13.8 ± 15.6 <0.01

Peak time
(hrs since wake)

1.69 ± 0.26 1.69 ± 0.26 1.00 12.1 ± 0.2 12.0 ± 0.3 0.68 0 ± 0.43 -0.1 ± 0.37 0.79

Insulina

Total areab

(pmol*min/L)
25,914 ± 12,151 35,127 ± 16,347 <0.01 46,833 ± 22,494 55,885 ± 25,529 0.02 9,213 ± 7,279 9,052 ± 10,333 0.97

Peak value
(pmol/L)

271 ± 130 325 ± 130 0.42 385 ± 193 449 ± 227 0.18 53.7 ± 71.4 64.8 ± 140 0.84

Peak time
(hrs since wake)

2.00 ± 0.71 2.00 ± 0.25 1.00 12.3 ± 0.5 12.4 ± 0.7 0.61 0 ± 0.75 0.1 ± 0.61 0.75

HOMA-IRac

30min Lightd 0.83 ± 0.56 1.08 ± 0.47 0.04 1.40 ± 0.91 1.66 ± 0.96 <0.01 0.25 ± 0.27 0.27 ± 0.19 0.87

Total areae 994 ± 538 1307 ± 619 0.03 2145 ± 1291 2741 ± 1716 0.04 313 ± 338 595 ± 771 0.35

Cortisol (mg/dL)

Total areab 2292± 711 2178 ± 408 0.58 1206± 741 972 ± 438 0.28 -114 ± 591 -234 ± 645 0.68

Values are shown as mean ± standard deviation.

a. N = 8 for insulin and HOMA-IR measures in the morning group

b. Total area refers to the area under the curve calculated across eight half-hourly blood samples from 1–4.5 hours after wake (for the morning group) or

11 to 14.5 hours after wake (for the evening group) during the specified light exposure condition.

c. Homeostatic model of assessment for insulin resistance (HOMA-IR) was calculated for dim and blue-enriched light exposure conditions as [glucose

(mg/dl) x insulin (μU/mL)/405].

d. 30min Light time point refers to HOMA-IR calculated with values for glucose and insulin coming from the blood sample taken approximately 30 minutes

after the onset of the specified light exposure condition and immediately prior to the morning meal given 1 hour after wake for the morning group or

immediately prior to the evening meal given 11 hours after wake for the evening group.

e. Total area for HOMA-IR refers to the area under the curve calculated across seven half-hourly blood samples from 1.5–4.5 hours after wake (for the

morning group) or 11.5 to 14.5 hours after wake (for the evening group) during the specified light exposure condition.

f. Difference between blue-enriched and dim light conditions.

doi:10.1371/journal.pone.0155601.t003
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mechanism is the impact of blue-enriched light exposure on glucose metabolism, as observed
in these earlier animal studies and in the current study. The metabolic response to blue-
enriched light exposure was quick; within 30 minutes of blue-enriched light exposure onset,
HOMA-IR was 30% higher in the morning and 19% higher in the evening compared to dim
light exposure. It is plausible that extended or more chronic exposure to blue-enriched light
may further impact insulin resistance, given that HOMA-IR is 50–65% higher in the morning
with repeated sleep restriction compared to the fully rested state [38, 44]. These changes in
insulin resistance with blue-enriched light exposure could, over time, impact feeding behaviors,
body composition, and/or body weight.

The differential effect of morning compared to evening light on peak glucose and the subse-
quent possibility that participants are less able to maintain glucose with increased insulin secre-
tion in the evening may be due to the fact that glucose levels are naturally greater following the
evening meal than the morning meal [9], which influences the ability of insulin to bring down
glucose levels during evening light exposure. While the effects of a single pulse of blue-enriched
light in the morning or the evening on glucose and insulin levels suggest that light exposure
later in the day may be detrimental [30], they do not necessarily support the idea of morning
light being beneficial [27, 29]. It is also unclear whether these effects would continue to be
observed with repeated daily exposures.

Fig 4. Sleepiness and cortisol in dim versus blue-enriched morning and evening light. Subjective sleepiness (A-B) and cortisol levels
(C-D) during dim light (dotted line) compared to blue-enriched light (solid line) for participants in the morning (n = 8 for sleepiness and n = 9 for
cortisol) and evening (n = 9 for sleepiness and n = 10 for cortisol) groups. Grey shading indicates specified light exposure condition; M denotes
meal given 1 or 11 hours after wake for morning and evening participants, respectively. Results are plotted as mean ± standard error.

doi:10.1371/journal.pone.0155601.g004
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The lack of change in cortisol in response to blue-enriched light exposure was surprising
given our hypothesis that the effects of light exposure on hunger and metabolism may occur
via increases in sympathetic activation, in particular via light exposure’s effects on cortisol.
There are, however, several potential explanations for why we observed no significant change.
One possibility is that we may not have sampled cortisol frequently enough. If cortisol drove
the effects on glucose metabolism that were observed within 30 minutes of light exposure, cor-
tisol would need to change almost immediately following onset of light exposure, and 30 min-
ute sampling of cortisol may not be sufficient. Another explanation is that the effects of light
exposure may not have a significant effect on cortisol; evidence of this in the literature is equiv-
ocal, with some studies showing decreases in cortisol [23, 45] while others show increases in
cortisol [24]. Finally, Fonken and colleagues concluded that the reductions in corticosterone
that they observed in mice under conditions of bright light for 8 weeks were due to masking of
the glucocorticoid rhythm by food intake and that changes in glucocorticoid concentrations
are probably not necessary for altered metabolism [33].

Despite the lack of change in cortisol, sleepiness results were in line with the hypothesized
increase in physiological arousal: both morning and evening subjective sleepiness were reduced
more with blue-enriched light exposure compared to the dim light condition as a change from
baseline. Although this indicates that light exposure had the expected alerting effect, the lack of
association between these changes in sleepiness from the blue-enriched light and dim light con-
dition with changes in HOMA-IR suggests the need to explore additional explanations (other
than increased physiological arousal) for the observed changes. Also, morning subjective sleep-
iness was unexpectedly higher at baseline on the blue-enriched light day (Day 3) compared to
the dim light day (Day 2); this phenomenon was consistent among the morning group partici-
pants. The reason for this difference is unclear, but we postulate that it may be due to the num-
ber of procedures in a short period of time, including the insertion of the intravenous needle
for repeated blood sampling on Day 2, which was around the time of the baseline measure-
ment. In addition, there may be an order effect since the dim light day always preceded the
blue-enriched light day.

Another possible mechanism implicated in the effects of light exposure on metabolic func-
tion is alteration of melatonin levels. While light exposure suppresses melatonin [46] and mela-
tonin downregulates insulin secretion [47, 48], it is unlikely that melatonin plays a role in the
changes in insulin observed in the current study. Melatonin production ends, on average,
about 2 hours before wake and rises about 14 hours after wake in healthy men and women
[49–51]. The acute light exposure in this study (starting 0.5 or 10.5 hours after wake) was given
at a time when melatonin levels are typically still low. However, future studies with light expo-
sure over successive days and light exposure at different times of day should determine effects
on melatonin phase and its possible contribution to any hunger, weight, or metabolic alter-
ations; there remains a potential role for melatonin in altering hunger, weight regulation [52],
and insulin sensitivity [53] in these situations, since light exposure at specific time points can
phase shift the circadian clock [54] and day-time light levels influence nocturnal melatonin lev-
els [55].

While the results from the current study support a role for light exposure in regulation of
metabolism, the study is not without limitations. For example, we have a small sample that was
selected with a limited range of BMI, sleep, and feeding patterns and participants were kept in
dim light (< 20 lux) during wake except for the 3 hour light exposure period. It is possible that
we would not see the same effects in participants who were obese, had irregular eating and/or
sleep patterns, or if participants were in typical room light conditions of 150–500 lux through-
out the wake period [56]. Furthermore, food intake was strictly controlled (calories, composi-
tion, and timing), which may have also influenced the subjective ratings of food preference
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since participants knew they could not actively select their preferred food and were required to
eat all of their given meals. Future studies with a free choice of the amount and content of
meals as well as timing of food intake may allow for elucidation of blue-enriched light expo-
sure’s impacts on behaviors concerning food preference and actual caloric intake. Finally, even
though the current study was designed to compare the impact of morning versus evening blue-
enriched light exposure, the lack of counterbalancing between the dim and blue-enriched light
conditions could be considered a limitation for within group comparisons (dim compared to
blue-enriched).

This study highlights the need for further investigation of light exposure in a real-world set-
ting. If the effects of light exposure on glucose metabolism reported in this study are sustained
and/or amplified with repeated light exposure and/or under conditions with free access to
food, consequences could include changes in hunger, food intake, and/or fat storage, thereby
affecting body weight. In addition, if potential changes are dependent on time-of-day, as they
seem to be, there may be further consequences since, for example, the timing of food intake has
been related to obesity and weight loss success [57, 58]. Also, given that light history influences
the magnitude of light exposure’s effects on the circadian system [59], future research is needed
to explore whether prior light exposure during the day may impact the effects of evening blue-
enriched light exposure on glucose metabolism.

In summary, acute blue-enriched light exposure in the morning and the evening impacts
glucose metabolism in healthy adults. Further research is required to determine the mecha-
nism(s) by which this occurs, and how the mechanism(s) may be different at various times of
day. Future exploration should also investigate how the relative increase in insulin resistance
with light exposure would be beneficial to weight regulation in the morning and detrimental in
the evening, as suggested by earlier studies. The data from this study supports the theory that
environmental light exposure can impact health and enforces the need for additional research
to answer remaining questions to resolve whether manipulating light exposure may be a novel
approach for altering glucose metabolism.
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