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BRIEF COMMUNICATION

Light-Dark Patterns Mirroring Shift Work 
Accelerate Atherosclerosis and Promote 
Vulnerable Lesion Phenotypes
Mariana G. Figueiro, PhD; Young-Hwa Goo, PhD; Ryan Hogan, BSc; Barbara Plitnick, RN; Jeong-Kyung Lee, PhD; 
Kiran Jahangir, BSc; Mousumi Moulik, MD; Vijay K. Yechoor, MD; Antoni Paul , PhD

BACKGROUND: Despite compelling epidemiological evidence that circadian disruption inherent to long-term shift work en-
hances atherosclerosis progression and vascular events, the underlying mechanisms remain poorly understood. A challenge 
to the use of mouse models for mechanistic and interventional studies involving light-dark patterns is that the spectral and 
absolute sensitivities of the murine and human circadian systems are very different, and light stimuli in nocturnal mice should 
be scaled to represent the sensitivities of the human circadian system.

METHODS AND RESULTS: We used calibrated devices to deliver to low-density lipoprotein receptor knockout mice light-dark pat-
terns representative of that experienced by humans working day shifts or rotating shift schedules. Mice under day shifts were 
maintained under regular 12 hours of light and 12 hours of dark cycles. Mice under rotating shift schedules were subjected 
for 11 weeks to reversed light-dark patterns 4 days in a row per week, followed by 3 days of regular light-dark patterns. In 
both protocols the light phases consisted of monochromatic green light at an irradiance of 4 µW/cm2. We found that the shift 
work paradigm disrupts the foam cell’s molecular clock and increases endoplasmic reticulum stress and apoptosis. Lesions 
of mice under rotating shift schedules were larger and contained less prostabilizing fibrillar collagen and significantly increased 
areas of necrosis.

CONCLUSIONS: Low-density lipoprotein receptor knockout mice under light-dark patterns analogous to that experienced by 
rotating shift workers develop larger and more vulnerable plaques and may represent a valuable model for further mechanistic 
and/or interventional studies against the deleterious vascular effects of rotating shift work.
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The central clock synchronizes peripheral mo-
lecular clocks to the day-night cycle, and light-
dark patterns reaching the retina are the primary 

entraining environmental cue to the 24-hour solar 
day.1 Circadian disruption resulting from disrupted 
light-dark patterns, such as that experienced by 
shift workers, leads to metabolic and cardiovascular 
disorders, and compelling epidemiological data have 
linked shift work to a higher incidence of atheroscle-
rosis-related vascular events such as myocardial 
infarction and stroke.2 Unfortunately, as a 24-hour 

society we cannot eliminate shift work, and there is 
an urgent need to understand the underlying mech-
anisms and develop preventive strategies for at-risk 
populations. Studies in mice have significantly ad-
vanced our understanding of the pathogenesis of a 
vast number of diseases, and mice are a common 
preclinical model for translational research. However, 
knowledge from lighting interventions in mice cannot 
be easily translated to humans, because, although 
mice and humans share some of the same photore-
ceptors, their sensitivities to light are very different. 

Correspondence to: Vijay K. Yechoor, MD, Diabetes and Beta Cell Biology Center, Division of Endocrinology, Department of Medicine, University of Pittsburgh 
School of Medicine, Pittsburgh, PA 15238. E-mail: yechoorv@pitt.eduor Antoni Paul, PhD, Department of Molecular and Cellular Physiology, Albany Medical 
College, Albany, NY 12208. E-mail: paula@amc.edu 

For Sources of Funding and Disclosures, see page 6.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

mailto:
mailto:￼
https://orcid.org/0000-0002-5006-2328
mailto:yechoorv@pitt.edu
mailto:paula@amc.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2021;10:e018151. DOI: 10.1161/JAHA.120.018151 2

Figueiro et al Shift Work Paradigm Accelerates Atherosclerosis

In most species the sensitivity of the circadian sys-
tem to light is generally irradiance dependent, that is, 
once above threshold, the higher the irradiances at 
the cornea, the greater the response until it reaches 
a saturation point. In humans exposure to the nor-
mal indoor light in office environments at night in-
duces intermediate levels of melatonin suppression.3 
However, mice are 3000 to 10 000 times more sen-
sitive to optical radiation than humans. Typical indoor 
light in laboratory facilities, for example, is above sat-
uration for the mouse circadian system.4 Moreover, 
the spectral sensitivity in nocturnal rodents peaks 
close to 500 nm, whereas the spectral sensitivity of 
acute melatonin suppression peaks at 460 nm in hu-
mans.4 In agreement with other studies, previously 
we determined that an irradiance ≈0.1  μW/cm2 of 
green light (peak λ=519  nm) is below threshold for 
activation of the murine circadian system, and satu-
ration of the response was achieved at ≈10 μW/cm2. 
An irradiance of 4 μW/cm2 elicited an intermediate 
response that would be equivalent to that experi-
enced by most humans in indoor work environments 
at night.3–5 A subsequent study on glucose homeo-
stasis demonstrated that mice subjected to rotating 
shift schedules (RSS) using 4 μW/cm2 of green light 
develop glucose intolerance.6 To investigate the ef-
fects on atherosclerosis development, here we have 
implemented a similar shift work paradigm on ath-
erosclerosis-prone low-density lipoprotein receptor 
knockout mice. In line with epidemiological and longi-
tudinal studies in human shift workers, we found that 
mice under RSS develop accelerated atherosclerosis 
and unstable plaque phenotypes, and identified en-
doplasmic reticulum (ER) stress-induced apoptosis 
as a putative underlying mechanism.

METHODS
The data and methods that support the findings of this 
study are available from the corresponding authors 
upon reasonable request.

Mice and Lighting Interventions
Low-density lipoprotein receptor knockout mice 
were purchased from the Jackson Laboratory (stock 
No: 002207). Female mice were used to allow com-
parisons to previous studies done in polychromatic 
light. Each experimental group consisted of 11 mice 
in order to have an 80% chance of detecting 30% 
differences between groups at P<0.05. At 8 weeks 
of age, mice were randomly divided into 2 groups 
and housed in 2 separated rooms. In 1 room the 
mice were exposed to a pattern of 12 hours of light 
and 12 hours of dark, similar to that experienced 
by a dayshift (DS) worker (Figure 1A). In the second 

room, mice were exposed to a reversed light-dark 
pattern similar to that experienced by a rotating-shift 
worker working 4 days in a row per week, followed 
by a light-dark pattern experienced by a dayshift 
worker (Figure 1A). These RSS were repeated for 11 
consecutive weeks. Illumination for every cage inte-
rior was provided by software-regulated light emit-
ting diodes that provided green irradiances (peak 
λ=519 nm) of 4 µW/cm2 on the cage floor. This was 
the only biologically meaningful light stimulus for 
mice, whether lights were on during the day or dur-
ing the night. Ambient room lighting was turned off 
during the entire experiment, and caretakers used 
red flashlights to navigate the room. Mice were fed a 
western diet (Harlan TD.88137) containing 21% wt/
wt milk fat and 0.20% wt/wt cholesterol through the 
duration of the study. At 19 weeks of age mice were 
fasted overnight, a blood sample was obtained from 
the retro-orbital venous plexus under anesthesia 
with isoflurane, and mice were immediately eutha-
nized by cervical dislocation. The mice in the RSS 
group were in their light phase the night just before 
euthanasia. All animal protocols were approved by 
the Rensselaer Polytechnic Institute Institutional 
Animal Care and Use Committee.

Plasma Lipids and Atheroma Analyses
Hearts were dissected by a parallel cut under the tip 
of the atria and immediately embedded in optimal 
cutting temperature compound and stored frozen at 
−80°C. Cryosections spanning the entire aortic sinus 
were stained with oil red O similarly as we previously 
described.7 The size of atherosclerotic lesions was 
determined in 4 specific regions: (1) the region where 
the aortic valve contains 3 complete leaflets; (2) the 
region where the leaflets begin to emerge from the 
leaflet base; (3) the region where the leaflet base be-
gins to bulge; and (4) the ascending aorta ≈200 μm 
from region II. Lesion composition in the regions with 
3 complete leaflets was analyzed using Masson’s 
trichrome and hematoxylin-eosin to quantify col-
lagen and necrosis, respectively. Additional sec-
tions were immunostained with anti-Mac3 (Lamp2/
Mac3 SC-19991 or Lamp2/Mac3-Alexa647 SC-
19991AF647, Santa Cruz Biotechnology), anti-Bmal1 
(NB100-2288, Novus Biologicals), and anti-GRP78/
BiP (anti-glucose-regulated protein 78/binding im-
munoglobulin protein; ab21685, Abcam). A TUNEL 
(terminal deoxynucleotidal transferase–mediated 
biotin–deoxyuridine triphosphate nick-end labeling) 
assay (12156792910, Roche) was used to identify ap-
optotic cells. Plasma cholesterol and glucose were 
determined using Cholesterol E (Wako Diagnostics) 
and glucose hexokinase (Thermo Fisher Scientific), 
respectively.
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Statistical Analysis
Data were plotted and analyzed using GraphPad 
Prism Software and are presented as mean± SEM. 
Analyses were performed using 2-tailed unpaired 
t test when the data followed a normal distribution 
or using Mann-Whitney U if the distribution was not 
normal.

RESULTS
Mice Under RSS Develop Larger 
Atherosclerotic Lesions and Vulnerable 
Phenotypes
There were no significant differences between groups 
in fasting body weight (24.93±0.76  g in DS ver-
sus 23.49±0.76  g in RSS), total plasma cholesterol 
(1938±80  mg/dL in DS versus 2048±105  mg/dL in 
RSS), and plasma glucose (203±23 mg/dL in DS ver-
sus 226±46  mg/dL in RSS) (Figure  1B through 1D). 
However, supporting that shift work-induced circadian 

disruption is also proatherogenic in mice, the athero-
sclerotic lesions at the aortic sinus were larger in mice 
under RSS than in DS (control) mice (712±42×103 μm2 
in DS versus 936±72×103  μm2 in RSS). These dif-
ferences were consistent through the entire sinus 
(Figure  1E through 1G). Interestingly, besides an in-
crease in lesion size, the analysis of sections stained 
with oil red O used for lesion quantification suggested 
important morphological differences between groups, 
and lesions of mice under RSS seemed more necrotic. 
To better characterize lesion compositions, we stained 
sections consecutive to those stained with oil red O 
with hematoxylin-eosin, Masson’s trichrome, and the 
macrophage marker Lamp2/Mac3. Quantification of 
acellular areas in sections stained with hematoxylin-
eosin confirmed that necrotic cores were significantly 
larger (≈2-fold) in the RSS group (Figure 2A). In addi-
tion, Masson’s trichrome showed a significant reduc-
tion in collagen deposition (Figure 2B). Mac3 staining 
showed that macrophages were the predominant cell 
type (>50% of lesion area), and macrophage content 
was similar in lesions of both experimental groups 

Figure 1. Light-dark patterns mirroring shift work accelerate atherosclerosis.
A, Diagram summarizing the lighting conditions experienced by mice maintained under regular day shifts (DS) and rotating shift 
schedules (RSS). B through D, Fasting body weight (BW) (B), plasma cholesterol (C), and plasma glucose (D) at the time of euthanization 
(19 weeks of age) were similar in mice maintained under DS and under RSS. E, Representative oil red O images of the aortic sinus 
in (I) the region where the aortic valve contains 3 complete leaflets; (II) the region where the leaflets begin to emerge from the leaflet 
base; (III) the region where the leaflet base begins to bulge; and (IV) the ascending aorta, ≈200 μm from region (II). F, Quantification 
lesion size in regions I to IV. G, Total lesion size determined by adding lesions in regions I to IV. Bar=200 μm. N=11 mice per group. 
Comparisons were performed using t test except for lesions in regions III and IV, which were analyzed using Mann Whitney U. N.S. 
indicates not significant. *P<0.05.
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(Figure 2C). Thus, the RSS paradigm increased lesion 
size but also reduced collagen content and induced a 
marked increase in lesion necrosis.

Rotating Shift Schedules Disrupt the 
Foam Cell’s Molecular Clock and Induce 
ER Stress and Increased Apoptosis
In other tissues, changes in light patterns have been 
shown to alter the expression of the molecular clock, 
including Bmal1, the core transcriptional activator of 
the circadian loop.1 However, the effect of light on ar-
terial foam cells remains poorly understood. As seen 
in Figure 3A, the intensity of Bmal1 immunostaining in 
Mac3-positive areas within atherosclerotic lesions was 
significantly reduced in lesions of mice under RSS, in-
dicating that changes in light patterns also affect the 

molecular clock in foam cells. The development of ne-
crosis within atheroma is normally caused by exces-
sive foam cell apoptosis that exceeds the phagocytic 
clearance capacity of neighboring cells.8 We carried 
out TUNEL staining, focusing the analysis on regions 
of lesions that were still cellular and mainly composed 
of macrophages. As seen in Figure  3B, the number 
of TUNEL-positive cells was ≈4-fold higher in mice 
subjected to RSS, indicating that circadian disruption 
from RSS paradigm increases foam cell apoptosis. ER 
stress is a main catalyzer of cell death within ather-
oma.8 Prolonged circadian disruption often activates 
adaptive stress responses, and a number of studies, 
including our own in pancreatic ß-cells, have associ-
ated circadian rhythm perturbations and disruption 
of the molecular clock with increased ER stress.9,10 
We assessed the expression of GRP78/BiP, an ER 

Figure 2. Mice under RSS develop vulnerable lesion phenotypes.
A, Representative images of hematoxylin-eosin staining with necrotic cores outlined by dotted line and quantification of areas of 
necrosis. B, Representative images of Masson’s trichrome staining, which stains collagen in blue, and quantification of collagen-
positive areas. C, Mac-3 immunostaining (brown) and quantification of Mac3-positive areas. DS indicates day shift; N.S., not 
significant; and RSS, rotating shift schedules. Bar=200 μm. N=11. *P<0.05, **P<0.01, t test.
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chaperone commonly used to monitor ER stress, and 
found that levels were ≈3-fold higher in macrophage-
rich regions within the plaques of mice in the RSS 
paradigm group (Figure  3C). Altogether, these data 
suggest that changes in light patterns disrupt the mo-
lecular clock in foam cells, leading to ER stress and 
enhanced necrosis.

DISCUSSION
In this study we maintained low-density lipoprotein 
receptor knockout mice under 12 hours of light and 
12 hours of dark schedules (DS/control) or under RSS 
paradigm mirroring those experienced by shift work-
ers. We found that the RSS paradigm accelerates 
atherosclerosis development, reduces fibrillar colla-
gen, and increases ER stress, apoptosis, and areas 
of necrosis within lesions. To date, we were able to 

identify only 1 report on the effects of simulated shift 
work on atherosclerosis development in mice.11 In this 
study, weekly alternating light-dark cycles using poly-
chromatic light increased atherosclerosis by about 
2-fold in female APOE*3-Leiden mice.11 Given that the 
sensitivities to light of the human and murine circadian 
systems are very different, by demonstrating that ir-
radiances that were previously calculated to exert an 
intermediate level of circadian disruption that mimics 
that experienced by human shift workers are sufficient 
to enhance atherogenesis, the present study validates 
and adds a critical layer of understanding on the ef-
fects of RSS on atherosclerosis development in mice.

In humans most ischemic vascular events are 
triggered by the disruption of a vulnerable athero-
sclerotic lesion, and an increase in lesion size is 
not necessarily paralleled by the development of 
unstable phenotypes.12 Lesions with large necrotic 
cores, particularly when necrosis is accompanied 

Figure 3. RSS induce ER stress and apoptosis.
A, Representative images of immunostaining for Bmal1 and coimmunostaining for Bmal1, Mac3, and 4′,6-diamidino-2-phenylindole 
(DAPI), and quantification of Bmal1 in macrophage-rich regions of lesions of mice maintained under DS (n=6) and RSS (n=6). B, 
Representative images of TUNEL (terminal deoxynucleotidal transferase–mediated biotin–deoxyuridine triphosphate nick-end 
labeling) staining (red nuclei, arrowheads) and quantification of TUNEL positive cells within lesions. N=6 per group. C, Representative 
images of immunostaining for GRP78/BiP and co-immunostaining for GRP78/BiP and Mac3, and quantification of BiP in macrophage-
rich regions of lesions of mice maintained under DS (n=5) and RSS (n=6). BiP indicates binding immunoglobulin protein; DS, day shift; 
ER, endoplasmic reticulum; GRP78, glucose-regulated protein 78; and RSS, rotating shift schedules. Bar=100 μm. *P<0.05, **P<0.01, 
***P<0.001, t test.
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by a reduction in fibrillar collagen that confers ten-
sile strength and reinforces the plaque structure, are 
considered more vulnerable.12,13 These 2 parame-
ters were impaired in plaques of mice under RSS, 
which contained significantly less collagen and a 
marked increase in necrosis, indicating that, as in 
humans, prolonged circadian disruption in mice re-
sults in structural defects that predispose to plaque 
rupture. Previously we found that a similar shift work 
paradigm induced glucose resistance.6 In this study 
plasma glucose in mice under RSS was ≈15% higher, 
yet differences did not reach statistical significance. 
However, to study atherosclerosis mice were under 
prolonged western diet feeding, and given that fast-
ing plasma glucose was relatively high in both experi-
mental groups, suggesting a strong effect of the diet, 
it is difficult to determine whether the lack of signifi-
cance in plasma glucose is real or related to low sta-
tistical power. Although the focus of our study was on 
the analysis of atheroma, changes in light-dark pat-
terns induce neural and hormonal changes that can 
affect multiple organs and tissues.1 It is possible that 
these systemic disturbances could have indirectly af-
fected atherosclerosis development. Determining the 
relative contribution of systemic and local factors to 
the proatherogenic effects of shift work is a com-
plex task that will require analysis of mouse mod-
els with tissue-specific clock deficiency and/or gain 
of function. However, to our knowledge this is the 
first study to prove that the molecular clock of foam 
cells is affected by light-induced circadian disruption. 
Together with a significant increase in ER stress and 
macrophage apoptosis in the lesions of the RSS par-
adigm group, these data suggest that arterial foam 
cells are circadian responsive and that circadian dis-
ruption such as that experienced by shift workers 
augments the ER stress response, eventually result-
ing in increased cell death and development of larger 
lesions with more vulnerable phenotypes.

Notwithstanding recent progress, there are still 
many mechanistic unknowns and an urgent need to 
develop preventive strategies for shift workers who 
are at higher risk of atherosclerotic vascular diseases. 
This study provides further evidence and mechanis-
tic insight on the proatherogenic effects of circadian 
disruption stemming from shift work and identifies 
pathways that are amenable for therapeutic interven-
tion. Prospective studies in humans have shown that 
shift work increases both the extent and the severity of 
coronary and carotid atherosclerosis.14,15 By demon-
strating that low-density lipoprotein receptor knock-
out mice under our shift work paradigm also develop 
larger lesions with more vulnerable phenotypes, this 
study identifies an experimental platform that may 
prove very valuable for future mechanistic and inter-
ventional studies.
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