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Abstract  Artificial light exposure is associated with dyslipidemia in humans,
which is a major risk factor for the development of atherosclerotic cardiovascular
disease. However, it remains unclear whether artificial light at night can exacer-
bate atherosclerosis. In this study, we exposed female APOE*3-Leiden.CETP
mice, a well-established model for human-like lipid metabolism and atheroscle-
rosis, to either a regular light-dark cycle or to constant bright light for 14 weeks.
Mice exposed to constant light demonstrated a minor reduction in food intake,
without any effect on body weight, body composition, or the weight of metabolic
organs. Constant light increased the plasma levels of proatherogenic non-high-
density lipoprotein (HDL) cholesterol but did not increase the size or severity of
atherosclerotic lesions in the aortic root. Mice exposed to constant light did show
lower immune cell counts, which could explain the absence of an effect of athero-
sclerosis despite increased non-HDL cholesterol levels. Behavioral analysis dem-
onstrated variability in the response of mice to the light intervention. Constant
light completely blunted behavioral rhythms in some mice, while others
extended their behavioral period. However, rhythm strength was not an impor-
tant determinant of atherosclerosis. Altogether, these results demonstrate that
constant bright light does not affect atherosclerosis in APOE*3-Leiden.CETP
mice. Whether artificial light exposure contributes to cardiovascular disease risk
in humans remains to be investigated.
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The availability of artificial light has allowed our social opportunities. However, these advantages
society to develop a 24/7 culture, thereby accelerat- have come at the cost of our biological rhythm.
ing productivity in the workplace and providing new Artificial light exposure results in misalignment
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between the biological clock and behavior, which
causes internal desynchrony and disruption of essen-
tial physiological processes within the body (Blume
et al.,, 2019). Indeed, artificial light at night has been
associated with deleterious health effects in humans
(Fonken and Nelson, 2011), such as an increased risk
of developing cancer (Kloog et al., 2008; Kloog et al.,
2009; Garcia-Saenz et al., 2018), psychiatric disorders
(Bedrosian and Nelson, 2013), diabetes (Obayashi
et al., 2014), and obesity (McFadden et al., 2014; Koo
et al., 2016; Rybnikova et al., 2016; Park et al., 2019).
Many of these associations have been substantiated
by studies in rodents exposed to constant light, as a
model of circadian disruption by artificial light at
night in humans (Emmer et al., 2018).

Aside from an increased body weight, aberrant
lipid profiles have been reported in humans exposed
to artificial light at night (Obayashi et al., 2013). This
is concerning because dyslipidemia is a major risk
factor for the development of atherosclerotic cardio-
vascular disease, which is currently the number one
cause of death globally (Benjamin et al., 2018).
Dyslipidemia is most often manifested by an eleva-
tion of circulating triglycerides and proatherogenic
non-high-density lipoprotein (HDL) cholesterol,
which together drive the development of atheroscle-
rotic lesions in the vessel wall (Miller, 2009). In addi-
tion to lipids and cholesterol, a proinflammatory state
importantly contributes to atherosclerosis develop-
ment (Hansson and Hermansson, 2011), but little is
known about the effect of artificial light exposure on
the immune system in humans.

Considering the above-mentioned evidence, it is
tempting to assume that increased light exposure exac-
erbates atherosclerotic cardiovascular disease, which
could have major public health consequences. This is
supported by a recent epidemiological study reporting
a significant association between light at night and
progression of subclinical carotid atherosclerosis in an
elderly population (Obayashi et al., 2019). However,
whether artificial light is a causal risk factor for athero-
sclerosis remains to be confirmed.

In this study, we aimed to investigate whether con-
tinuous artificial light exposure aggravates athero-
sclerosis development in a well-established mouse
model of human atherosclerosis.

MATERIALS AND METHODS

Experimental Animals

Mice heterozygous for the APOE*3-Leiden gene
(van den Maagdenberg et al., 1993) were crossbred
with mice homozygously expressing human
cholesteryl ester transfer protein (CETP) to yield

heterozygous APOE*3-Leiden.CETP transgenic mice
(Westerterp et al.,, 2006), a mouse model with a
human-like lipoprotein metabolism. Female APOE*3-
Leiden.CETP mice aged 8 to 12 weeks were group
housed at 21 °C (n = 4-5/cage) and fed ad libitum
with a Western-type diet (WTD) containing 15%
(w/w) fat from cocoa butter and 1% (w/w) fat from
corn oil (diet T, Hope Farms BV, Woerden, the
Netherlands), enriched with 0.1% (w/w) cholesterol.
We specifically used female mice for this study, as the
development of hypercholesterolemia and athero-
sclerosis in the APOE*3-Leiden.CETP model is
restricted to the female sex (Pouwer et al.,, 2019).
During a run-in period of 3 weeks, mice were housed
under standard 12 h:12 h light-dark (LD) conditions.
Afterward, mice were divided into 2 groups (n = 18/
group, each group consisting of mice from 12 differ-
ent litters) that were balanced for fasting plasma total
cholesterol and triglyceride levels, body weight, and
age. The groups were exposed to either regular 12
h:12 h LD cycles or to 12 h:12 h light-light (LL; i.e.,
constant bright-light exposure) for the total duration
of 14 weeks. During the last 10 days of the light inter-
vention, behavioral activity patterns were assessed
by housing mice individually in cages fitted with
passive infrared detectors. At the end of the study,
mice were killed by cervical dislocation around 1000
h, corresponding to zeitgeber time (ZT) 2 (i.e., 2 h
after onset of the light phase) of the control group,
and tissues (i.e., heart, aorta, liver, spleen, bone mar-
row, interscapular brown adipose tissue [iBAT],
gonadal white adipose tissue [gWAT], and subcuta-
neous white adipose tissue [sWAT]) were collected
for further analyses.

A second cohort of WTD-fed female APOE*3-
Leiden.CETP mice aged 8 to 12 weeks was group
housed (n = 3-5/cage) and, after a 3-week run-in
period, subjected to either LD or weekly alternating
light dark cycles (12-h shifts; LD-DL) for the total
duration of 15 weeks, as described previously
(Schilperoort et al., 2020). After 10 weeks, a subset of
mice was killed by CO, inhalation at ZT0 and ZT12 (n
= 7-8 per timepoint/group) on the third day, after a
switch in light regime to collect aortas for gene
expression analysis. During week 14 and 15 of the
light intervention, behavioral activity patterns were
assessed by housing mice (1 = 15/group) individu-
ally in cages fitted with passive infrared detectors.

Mice were housed in clear plastic cages with mini-
mal and semitranslucent bedding, placed in light-tight
cabinets fitted with diffuse white fluorescent light (~100
lux). The light intensity and spectral power distribution
of the light source were evaluated using an AvaSpec
2048-SPU light meter (Avantes BV, Apeldoorn, the
Netherlands; Suppl. Fig. S1). All mouse experiments
were approved by the institutional ethics committee
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on animal care and experimentation at Leiden
University Medical Center, Leiden, the Netherlands.

Food Intake, Body Weight, and Body Composition
Measurements

Food intake and body weight were measured
throughout the study at 1200 h, corresponding to ZT4
of the control group. Food intake was monitored at
weekly intervals by weighing food on the lid of the
cages. During the first 12 weeks of the study, food
intake was determined per cage in group-housed ani-
mals (n = 4-5/cage). During the last 2 weeks of the
study period, food intake was determined in individ-
ually housed animals. Every 2 to 4 weeks, body
weight was measured with a scale. At the end of the
study, after 14 weeks, body composition was mea-
sured with an EchoMRI-100-analyzer (EchoMRI,
Houston, TX).

Plasma Lipid Measurements

Every 2 to 4 weeks, unfasted blood samples were
obtained at 1200 h, corresponding to ZT4 of the con-
trol group, for plasma lipid measurements. Plasma
was isolated by centrifugation, and plasma triglycer-
ide and total cholesterol levels were measured by
using enzymatickits (Roche Diagnostics, Indianapolis,
IN). HDL was isolated by precipitation of ApoB-
containing lipoproteins, wherein 20% polyethylene
glycol 6000 (Sigma-Aldrich, St. Louis, MO) in 200
mM glycine-buffered saline (pH 10) was added to
plasma (1:2, v/v), mixed, and centrifuged for 30 min
at 6000 rpm. HDL cholesterol was determined by
measuring the total cholesterol in the supernatant as
described above. Non-HDL cholesterol was calcu-
lated by subtracting the HDL cholesterol from the
total cholesterol in plasma.

Immune Cell Composition

At the end of the study, after 14 weeks of LD or LL
intervention, mice were anesthetized by intraperito-
neal injection of acepromazine (6.25 mg/kg; Sanofi
Santé Nutrition Animale, Libourne, France), mid-
azolam (6.25 mg/kg; Roche, Basel, Switzerland), and
fentanyl (0.31 mg/kg; Janssen-Cilag BV, Breda, the
Netherlands), and blood was drawn retro-orbitally
into EDTA-coated cups for immune cell analysis.
After the mice were killed, long bones were removed
and bone marrow was flushed into EDTA-coated
cups. The immune cell composition of freshly iso-
lated whole blood and bone marrow was determined
using a Sysmex XT-2000i hematology analyzer
(Sysmex Corporation, Kobe, Japan).

Histological Analysis of the Heart

Hearts were fixated in phosphate-buffered 4%
paraformaldehyde, embedded in paraffin, and cross-
sectioned (5 pm) throughout the aortic valve region.
Sections were stained with hematoxylin-phloxine-
saffron for histologic analysis. The area of the athero-
sclerosis lesion was analyzed in the aortic root,
starting from the appearance of the open aortic valve
leaflets in 4 subsequent sections with 50-um intervals
using Image]J software (version 1.50). Lesion severity
(mild: types I-III and severe: types IV-V) was scored
according to the guidelines of the American Heart
Association adapted for mice, as described previ-
ously (Zadelaar et al., 2006).

Gene Expression Analysis

RNA was extracted from iBAT, gWAT, liver, and
aorta using TRIzol RNA isolation reagent (Thermo
Fisher, Waltham, MA) following the manufacturer’s
protocol. RNA concentration was determined with a
NanoDrop spectrophotometer (Thermo Fisher), and
100 ng RNA was transcribed with M-MLV reverse
transcriptase (Promega, Madison, WI). Quantitative
reverse-transcriptase polymerase chain reaction was
performed using a SYBR Green kit (Promega) on a
7500 Fast RT-PCR System (Applied Biosystems,
Foster City, CA). Primer sequences are listed in
Supplementary Table S1. The mRNA expression of
genes of interest was normalized to the mRNA
expression of the housekeeping gene 36b4.

Statistical Analysis

All data are expressed as means = SEM, and statis-
tical analysis was performed using GraphPad Prism
(version 8.1.1). Means were compared using a 2-tailed
unpaired Student ¢ test, for which the test statistics
are included in Supplementary Table S2. When mea-
surements were taken over time, comparisons were
made using repeated-measures analysis of variance
(ANOVA) or mixed models in case of missing values
(test statistics are included in Suppl. Table S3).
Pearson correlation analysis was performed to exam-
ine potential linear relationships between variables.
Behavioral patterns were analyzed using ClockLab
data analysis software (Actimetrics, Wilmette, IL).
F-periodograms were plotted using activity data
binned into 10-min intervals to evaluate rhythm
strength, as defined by the amplitude in the periodo-
gram (q) and rhythm period. Actograms were plotted
for visualization of behavioral patterns. Differences
between groups were considered statistically signifi-
cant if p < 0.05.
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Figure 1.

Constant light decreases food intake without affecting body weight or adiposity. APOE*3-Leiden.CETP mice fed a Western-

type diet were exposed to LD or LL (z = 18/group). Mice were group housed up to and including week 12, and the average cumulative
food intake per cage (n = 4) was calculated for this period (A). In weeks 13 and 14, mice were single housed, and the average food intake
per mouse per day was determined (B). Body weight was measured at regular intervals (C), and body composition was determined at
endpoint (D). Weights of the liver, spleen, interscapular brown adipose tissue, gonadal white adipose tissue, and subcutaneous white
adipose tissue were measured at endpoint (E). Data are expressed as individual values or as means = SEM. Significance was tested by
2-way repeated-measures analysis of variance (A, C) or 2-tailed unpaired Student ¢ test (B, D, E), of which the test statistics are included
in Supplementary Tables S2 and S3. *p < 0.05 compared with the LD control group.

RESULTS

Constant Light Mildly Reduces Food Intake with-
out Altering Body Weight

Dyslipidemic female APOE*3-Leiden.CETP mice
were subjected to 14 weeks of either normal LD cycles
or kept under constant LL conditions. During the first
12 weeks of the study, when mice were group housed,
we observed a marginally but consistently lower food

intake in mice subjected to LL (Fig. 1A). Analysis of
food intake over time by 2-way ANOVA revealed a
significant interaction between time and group (Fy 4,
= 2.253,p = 0.026). Although the effect of group alone
was not statistically significant (F, ; = 1.563, p = 0.258),
possibly related to the insufficient power due to the
group housing resulting in an n = 4 per experimental
group, we observed a significantly lower food intake
in the last 2 weeks of the study when mice were single
housed (-11.2%; p 0.020; Fig. 1B; n = 18 per
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Figure 2. Constant light increases plasma non-high-density lipoprotein (HDL) cholesterol. APOE*3-Leiden.CETP mice fed a Western-
type diet were exposed to LD or LL (n = 18/group), and plasma triglycerides (A) and total cholesterol (B) was measured every 2 to 4
weeks. Total cholesterol exposure throughout the study was calculated from the total cholesterol measurements (C). At weeks 8, 12, and
14, plasma HDL cholesterol (D) and non-HDL cholesterol (E) were measured. Data are expressed as individual values or as means *=
SEM. Significance was tested by mixed models (A, B, D, E) or 2-tailed unpaired Student t test (C), of which the test statistics are included
in Supplementary Tables S2 and S3. *p < 0.05 compared with the LD control group.

experimental group). This difference in food intake
did not result in significant differences in the body
weight of mice over time (Fig. 1C) nor in fat mass or
lean mass as determined by EchoMRI (hereto mag-
netic resonance imaging at the endpoint of the study;
Fig. 1D). In addition, after 14 weeks of light interven-
tion, weights of various metabolic organs were similar
between LD and LL mice (Fig. 1E). Of note, the fact
that we did not observe differences in body weight
and adiposity—while this was previously demon-
strated in male mice (Fonken et al., 2010; Coomans
et al., 2013; Fonken et al., 2013; Kooijman et al., 2015;
Lucassen et al., 2016)—may be explained by the use of
female instead of male APOE*3-Leiden.CETP mice, as
we found that females are less susceptible to high-fat
diet-induced obesity (unpublished observation).

Constant Light Increases Plasma Non-HDL choles-
terol and Decreases White Blood Cell Counts

As circulating lipids and cholesterol are a key
determinants of atherosclerosis, we monitored plasma

triglycerides and total cholesterol throughout the
study. While plasma triglyceride levels were not sig-
nificantly different between LD and LL mice (Fig. 2A;
no significant group effect nor time-by-group interac-
tion effect by mixed models), plasma total cholesterol
levels were higher over time in LL mice as compared
with LD mice, as demonstrated by a significant inter-
action between time and group (F5;s5) = 2.801, p =
0.019; Fig. 2B). Accordingly, cholesterol exposure, as
determined by calculating the area under the curve of
all individual plasma cholesterol measurements, was
nonsignificantly higher in LL mice (+13%; p = 0.052;
Fig. 2C). HDL cholesterol was identical between the
groups (Fig. 2D), but non-HDL cholesterol was
increased over the course of the experiment (F, ;; =
5.771, p = 0.022; Fig. 2E). This difference in non-HDL
cholesterol was most prominent after 12 weeks of
light intervention (+35%; p = 0.038).

Next, we aimed to evaluate the inflammatory
state as another important contributor of atheroscle-
rosis. We used Sysmex analysis to examine the
(immune) cell composition of bone marrow and
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Figure 3. Constant light reduces the number of white blood cells in bone marrow and blood. APOE*3-Leiden.CETP mice fed a Western-
type diet were exposed to LD or LL (n = 18/group) for 14 weeks, after which Sysmex analysis was used to evaluate the concentration of
white blood cells (WBCs), red blood cells (RBCs), and platelets (PLTs) in bone marrow (A) and blood (B). In addition, different types of
WBCs were quantified as a percentage of total WBCs in the blood (C). Data are expressed as individual values, including the means +
SEM. Significance was tested by the 2-tailed unpaired Student ¢ test, of which the test statistics are included in Supplementary Table S2.
*p < 0.05, **p < 0.01, ***p < 0.001 compared with the LD control group.

blood. The bone marrow of LL mice demonstrated a
lower concentration of white blood cells (-36%; p =
0.009) and red blood cells (-=34%; p = 0.008; Fig. 3A).
We also observed a markedly lower concentration of
white blood cells in the circulation (-39%; p =
0.0003), along with a lower concentration of platelets
(=26%; p = 0.013; Fig. 3B). We did not find significant
differences in immune cell composition between LD
and LL mice (Fig. 3C), suggesting that the lower
number of white blood cells is the result of a lower-
ing of all white blood cell types.

Constant Light Does Not Affect Atherosclerosis

To determine whether the observed changes in
cholesterol and /or immune cells affected atheroscle-
rosis, we evaluated atherosclerotic lesions in the aor-
tic root (Fig. 4A). Both LD and LL groups showed a
comparable lesion area (Fig. 4B). In addition, lesion
severity was similar between both groups, with an
approximately equal number of mild (type I-III) and
severe (type IV-V) lesions (Fig. 4C).

Rhythm Strength Is Differentially Affected by
Constant Light but Does Not Explain Variation in
Atherosclerosis

To confirm that the light intervention disrupted
circadian rhythm, we determined rhythm strength
and period by evaluating patterns of behavioral
activity. As expected, rhythm strength was signifi-
cantly lower in LL versus LD mice (-28%; p = 0.022;
Fig. 5A), while rhythm period was more than 2 h lon-
ger (p < 0.0001; Fig. 5B). When examining actograms
of LD and LL mice, we observed that in contrast to
LD mice, all of which showed a comparable actogram
profile (Fig. 5C), actograms of LL mice demonstrated
quite some variation. Some mice exposed to LL dem-
onstrated a completely random pattern of behavioral
activity as reflected by a low rhythm strength (Fig.
5D), whereas others still demonstrated a somewhat
organized behavioral activity pattern with a rela-
tively high rhythm strength and a rhythm period lon-
ger than 24 h (Fig. 5E).

Given that rhythm strength was highly variable in
LL mice, we wondered whether variation in rhythm
strength could explain (some of) the observed
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Figure 4. Constant light does not affect the size or severity of atherosclerotic lesions. APOE*3-Leiden.CETP mice fed a Western-type
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means = SEM. Significance was tested by 2-tailed unpaired Student ¢ test, of which the test statistics are included in Supplementary

Table S2. Color version of the figure is available online.

variation in atherosclerosis. However, we did not
find negative correlations between rhythm strength
and the atherosclerotic lesion area (Fig. 6A; Suppl.
Table S4) nor between rhythm strength and the rela-
tive number of severe atherosclerotic lesions (Fig. 6B;
Suppl. Table S4), indicating that rhythm strength was
not a determinant of atherosclerosis in this study.
Because we have previously observed an effect of
circadian disruption through repeated shifts in light-
dark cycle (LD-DL) on atherosclerosis (Schilperoort
et al., 2020), we evaluated whether that intervention
affects rthythm strength differently from LL. Rhythm
strength calculated per week was lower in LD-DL
mice as compared with LD mice (-34%; p = 0.0009;
Suppl. Fig. S2A), an effect that seemed to be more
consistent between mice as compared with the LL
intervention. The calculation of rhythm strength per
day revealed a significant time-by-group interaction
effect (Fy,,, = 17.33, p < 0.0001), as determined by
mixed models. Rhythm strength in LD-DL mice was
strongly reduced, particularly 1 to 2 days after a shift
in LD cycle (-55%, p = 0.0002 and —49%, p = 0.0022,

respectively; Fig. 52B), which can also be appreciated
from representative actograms (Suppl. Fig. S2C).
Rhythm strength (per week) in LD-DL mice did not
correlate to the atherosclerotic lesion area (Suppl. Fig.
S2D) but negatively correlated to the atherosclerotic
lesion severity (R* = 0.368; p = 0.0279; Suppl. Fig.
S2E).

Constant light affects clock gene expression in
peripheral tissues

We next aimed to confirm circadian disruption in
LL mice by measuring the expression of various clock
genes within peripheral tissues. We could detect alter-
ations in clock gene expression in brown fat (Fig. 7A),
white fat (Fig. 7B), and liver (Fig. 7C) of LL mice as
compared with LD mice, of which brown fat was most
strongly affected by the light intervention (5 of the 7
measured clock genes were significantly up- or down-
regulated). Clock gene expression was also measured
in the aortic vessel wall, which is a common site of ath-
erosclerosis. The expression of Reverba and Per2 in the
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Figure 5. Rhythm strength is variably lower in mice exposed to continuous light. APOE*3-Leiden.CETP mice fed a Western-type diet were
exposed to LD or LL (1 = 18/group) for 14 weeks. During the last 10 study days, #» = 8 LD mice and #» = 18 LL mice were housed individu-
ally in cages fitted with passive infrared detectors to assess behavioral activity patterns. F-periodogram analysis was performed to calculate
the rhythm strength (A) and rhythm period (B) of behavioral activity. Representative double-plotted actograms (left) and F-periodograms
(right) of LD mice (C), LL mice with a low rhythm strength (low q) (D), and LL mice with a high rhythm strength (high q) (E) are shown.
Data are expressed as individual values, including the means = SEM. Significance was tested by 2-tailed unpaired Student t test, of which
the test statistics are included in Supplementary Table S2. *p < 0.05, ***p < 0.001 compared with the LD control group.

aorta was significantly affected by the LL intervention LD-DL (Suppl. Fig. S3), atleast at ZT0-2. Also, although
(=51%, p = 0.006 and +69%, p = 0.032; Fig. 7D) but not gene expression markers of inflammation, oxidative
to the same extent as observed in mice exposed to stress, and leukocyte recruitment were previously
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and p values are reported in Supplementary Table S4.

found to be upregulated in the aorta of LD-DL mice at
ZTO (Schilperoort et al., 2020), the aortas of mice
exposed to LL did not show any changes in the mark-
ers Tnfa, Sod1, Icam1, and Vcam1 (Suppl. Fig. S4).

DISCUSSION

In this study, we investigated whether continuous
artificial light exposure aggravates atherosclerosis by
exposing APOE*3-Leiden.CETP mice to either normal
LD cycles or LL conditions. Our main findings dem-
onstrate that constant light mildly modulates plasma
cholesterol and circulating immune cells, without
affecting atherosclerotic lesion size or severity.

Previously, we and others demonstrated that pro-
longed light exposure promotes body weight gain
and the accumulation of fat mass in male wild-type
mice (Fonken et al., 2010; Coomans et al., 2013; Fonken
etal., 2013; Kooijman et al., 2015; Lucassen et al., 2016).
In the current study, we did not find any effect of con-
stant light on body weight or composition in female
APOE*3-Leiden.CETP mice. This seeming discrep-
ancy could potentially be explained by the use of
APOE*3-Leiden.CETP instead of wild-type mice and/
or by the use of female instead of male mice. It is well
known that male mice are more susceptible to diet-
induced obesity than female mice (Hong et al., 2009),
and this also holds true for APOE*3-Leiden.CETP
mice (unpublished observations). In addition, it has
recently been shown that exposure to light at night
increases body weight in young male but not female
mice (Cisse et al., 2017), suggesting that male mice are
also more susceptible to the negative metabolic effects
of artificial light. Artificial light at night has been asso-
ciated with obesity in cohorts of women (McFadden

et al., 2014; Park et al., 2019) and cohorts of men and
women combined (Reid et al., 2014; Koo et al., 2016;
Rybnikova et al., 2016), but sex differences in effect
size have not yet been investigated in humans. As
both obesity and circadian rhythm demonstrate sex-
specific characteristics (Lovejoy and Sainsbury, 2009;
Santhi et al., 2016), sex differences in light-driven obe-
sity in humans would be an interesting subject for
future research.

Mice exposed to constant light showed no changes
in HDL cholesterol but a mild increase in non-HDL
cholesterol. We have previously shown that plasma
cholesterol does not demonstrate a robust diurnal
rhythm (Schilperoort et al., 2020), suggesting that the
observed differences in non—-HDL cholesterol are not
the result of a shift in acrophase. Although non-HDL
cholesterol importantly contributes to atherosclero-
sis development, we did not find an increase in the
size or severity of atherosclerotic lesions following
constant light exposure. Constant light did reduce
the number of circulating leukocytes, which con-
firms previous findings in rodents (Bedrosian et al.,
2011; Lucassen et al., 2016). The circadian clock is a
potent regulator of the immune system and dictates
diurnal rhythms in circulating leukocytes (Labrecque
and Cermakian, 2015; Orozco-Solis and Aguilar-
Arnal, 2020). In our study, samples for leukocyte
measurements were obtained at a time point corre-
sponding to ZT4 of the control group, which is
around the time of the physiological circadian peak
in circulating leukocytes (Scheiermann et al., 2012;
Druzd et al., 2017). A lower circulating leukocyte
number in mice exposed to constant light could
therefore be the result of a blunted rhythm in circu-
lating white blood cells, rather than an overall reduc-
tion in the production of white blood cells through
hematopoiesis. Nevertheless, we also found a lower
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Figure 7.

Expression of clock genes is disrupted in mice exposed to continuous light. APOE*3-Leiden.CETP mice fed a Western-type

diet were exposed to LD or LL (z = 18/group) for 14 weeks, after which the interscapular brown adipose tissue (A), gonadal white adipose
tissue (B), liver (C), and aorta (D) were isolated (1 = 9/group) at ZT2 for analysis of clock gene expression. Data are expressed as means
+ SEM. Significance was tested by 2-tailed unpaired Student ¢ test, of which the test statistics are included in Supplementary Table S2.
*p < 0.05, **p < 0.01, ***p < 0.001 as compared with the LD control group.

number of leukocytes in bone marrow of mice
exposed to constant light. As bone marrow does not
display a diurnal rhythm in total white blood cell
counts (Stenzinger et al., 2019), these data suggest
that hematopoiesis and thus overall circulating white
blood cells could indeed have been reduced.
Considering the essential role that immune cells play
in the pathophysiology of atherosclerosis (Libby,
2002), such a reduction in leukocytes may have coun-

teracted the proatherogenic effects of increased cho-
lesterol levels in our study.

We have previously shown that the response of
mice to a constant light intervention is variable. In
some mice, constant light exposure results in severe
loss of rhythmicity, whereas other mice are relatively
resistant to this intervention and remain fairly rhyth-
mic with a lengthened free-running period (Lucassen
et al., 2016). These observations are confirmed in the
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current study and made us wonder whether a poten-
tial effect of constant light on atherosclerosis could be
concealed by mice that remain rhythmic upon con-
stant light exposure. However, this did not appear to
be the case, as rhythm strength did not correlate to
atherosclerosis. As of yet, it is unclear why such a
variability exists in the response of mice to a constant
light intervention. Nevertheless, variation has been
reported in the extent of desynchronization of clock
gene expression within the suprachiasmatic nucleus
(SCN; Ohta et al., 2005) as well as in the robustness of
rhythms in electrical activity of the SCN (Lucassen
et al., 2016). In our study, variability in the rhythm of
mice exposed to constant light may have been aug-
mented by group housing. For the purpose of this
study, group housing was preferred over single hous-
ing, as the latter could aggravate atherosclerosis on
its own by inducing stress and hyperphagia (Schipper
et al., 2018). A disadvantage of group housing is that
it enables mice to huddle together, thereby providing
some shelter to the light intervention. However, we
previously observed negative health effects of con-
tinuous light in group-housed animals (Lucassen
etal., 2016), indicating that group housing per se does
not prevent the deleterious effects of increased light
exposure.

Very recently, another study has been published in
which effects of constant light exposure on athero-
sclerosis were investigated. Here, atherosclerosis-
prone Apoe”’~ mice were subjected to constant light
for 12 weeks, which exacerbated atherosclerosis in
male but not female mice (Chalfant et al., 2020). These
findings corroborate the results from our study, in
which we did not find effects of constant light on ath-
erosclerosis in a female mouse model. Similar to the
potential sex differences in light-driven obesity as
discussed above, these findings strongly suggest that
male mice are also more susceptible to light-induced
atherosclerosis progression. However, this may not
be the case for other methods of circadian disruption.
We have recently performed a study in which we
subjected female APOE*3-Leiden.CETP mice to
weekly shifts in LD cycle to disrupt circadian rhythm
in a way that occurs in human shift workers. Like
exposure to light at night, shift work has been associ-
ated with various metabolic disorders including car-
diovascular disease (Brown et al., 2009; Vyas et al.,
2012; Reutrakul and Knutson, 2015; Vetter et al.,
2016). It is unclear whether these negative health
effects of shift work are mainly due to aberrant light
exposure or whether other factors (e.g., diminished
sleep, alterations in physical activity, alterations in
food intake) play an important role. In our model, we
found that repeated shifts in LD cycle aggravates ath-
erosclerosis by promoting oxidative stress and
inflammation in the vessel wall, without affecting

circulating levels of cholesterol or immune cells
(Schilperoort et al., 2020). These results are clearly dif-
ferent from those of the current study, indicating dif-
ferential effects of continuous versus mistimed light
exposure on cardiometabolic outcome. Our data
demonstrate a more profound effect of shifts in LD
cycle on the circadian timing system of female mice,
which could explain why that intervention, rather
than constant light, aggravates atherosclerosis in
female APOE*3-Leiden.CETP mice.

Not only does artificial light exposure disrupt
intrinsic circadian rhythm but it also has a negative
impact on sleep quality and quantity in humans,
which could further exacerbate cardiovascular
health (Cappuccio et al., 2011; Cho et al., 2016; Cho
et al.,, 2018). This is supported by a recent study
showing that chronic sleep fragmentation aggra-
vates atherosclerosis in Apoe”~ mice (McAlpine et al.,
2019). Mechanistically, they found that mice sub-
jected to sleep fragmentation produce less hypocre-
tin, a neuropeptide that controls hematopoiesis,
resulting in increased levels of neutrophils and
monocytes that contribute to atherosclerosis devel-
opment. This is likely the result of reduced sleep
quality rather than quantity, as mice subjected to
sleep fragmentation generally maintain their total
sleep duration (Ramesh et al., 2009; Ramesh et al.,
2012). In our study, we used a constant bright-light
intervention that has been shown to disrupt circa-
dian sleep-wake rhythms in rats (Stephenson et al.,
2012). However, nocturnal rodents exposed to pro-
longed light also extend their sleep duration
(Borbély and Neuhaus, 1978; Stephenson et al.,
2012), which may compensate for a potentially
reduced sleep quality. Thus, overall sleep in mice
exposed to constant light may not have been
impaired, which could explain why hematopoiesis
and atherosclerosis were not affected in the same
way as observed with sleep fragmentation.

To conclude, we demonstrate that constant light
increases plasma cholesterol while decreasing circu-
lating leukocytes in female APOE*3-Leiden.CETP
mice, resulting in no net effect on atherosclerosis. In
contrast, constant light has been shown to aggravate
atherosclerosis in male mice, and other interventions
that disturb circadian rhythm in mice, such as shift-
ing LD cycles or chronic sleep disruption, have shown
effects on atherosclerosis in both sexes via distinctive
mechanisms. Thus, selection of an appropriate exper-
imental model seems paramount when investigating
the effect of circadian disruption on cardiovascular
health. By using our model of constant bright-light
exposure in female mice to mimic the human situa-
tion of artificial light at night, we could not confirm
that artificial light is a causal risk factor for athero-
sclerosis. Further research is necessary to identify
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whether light at night does in fact contribute to (sex-
specific) cardiovascular disease risk in humans.
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